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ABSTRACT 
 

 

The research described in this dissertation is concerned with two different types of magnetic 

materials. Both types of systems involve competing interactions between transition metal ions. 

New approaches involving magnetic resonance in the large hyperfine fields at nuclear sites have 

been developed. The interactions responsible for the properties that have been investigated in the 

materials studied are geometric frustration in an insulator and ferromagnetic and 

antiferromagnetic interactions in a metal alloy. Further details are given below. 

The extended kagome frustrated system YBaCo4O7 has 2D kagome and triangular lattices of Co 

ions stacked along the c-axis. Antiferromagnetic (AF) ordering accompanied by a structural 

transition has been reported in the literature. From a zero field (ZF) NMR single crystal rotation 

experiment, we have obtained the Co spin configurations for both the kagome and triangular 

layers.  A ‘spin-flop’ configuration between the spins on the kagome layer and the spins on the 

triangular layer is indicated by our results. Our NMR findings are compared with neutron 

scattering results for this intriguing frustrated AF spin system. The non-stoichiometric 

oxygenated sister compound YBaCo4O7.1 has application potential for oxygen storage. The 

magnetic properties are quite different from those of the stoichiometric compound, in spite of 

their similar structures of alternating kagome and triangular Co layers. Various techniques, 

including ZF NMR have been used to investigate the spin dynamics and spin configuration in a 

single crystal of YBaCo4O7.1. A magnetic transition at 80 K is observed, which is interpreted as 

the freezing out of spins in the triangular layers.  At low temperatures (below 50 K), the spin 

dynamics persists and a fraction of spins in the kagome layers form a viscous spin liquid. Below 

10 K, a glass-like spin structure forms and a large distribution of spin correlation times are 

suggested by nuclear spin lattice relaxation behavior. 

The magnetic shape memory alloys Ni-Mn-Sn exhibit interesting properties including, field-

induced transformations, conventional and inverse magnetocaloric effects. They have potential 

for use as sensors, actuators and energy conversion devices. The Heusler alloy, Ni50Mn50-xSnx 

with x=10 is one of these materials. It undergoes a transition from an austenite phase to a 

martensitic phase at 400 K, with the emergence of rich interesting magnetic properties below the 

transition. Coexistence of ferromagnetic (F) and AF spin configurations is reported in these 

compounds. 
55

Mn NMR has been used as a local probe to study the magnetic properties of this 
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alloy. Rich peak features are observed with the various components assigned to nanoscale F or 

AF regions. Our results have provided detailed information on the AF regions, which has not 

been provided by other techniques. Measurements of the temperature dependence of the NMR 

spectra, in ZF and in a perturbing field were made. The spin-lattice relaxation dependence on T 

provides detailed information on the nanocluster size distribution and relative concentrations of 

the F and AF regions. Recently, the Heusler alloy Ni50-xCoxMn40Sn10, with 5 ≤ x ≤ 8, has 

attracted interest because the low thermal hysteresis and the large change in magnetization which 

they exhibit at the martensitic transition. Evidence for phase separation of ferromagnetic and 

antiferromagnetic regions at low temperatures is provided by magnetization and small angle 

neutron scattering measurements. Superparamagnetism and intrinsic exchange bias effects have 

been detected below 50 K. Zero field 
55

Mn NMR has provided detailed information on the 

nanoscale magnetic properties of samples with x = 7 and, for comparison, x = 14. For x = 7 F and 

AF regions, with a broad size distribution are identified and our results show that F clusters with 

the highest blocking temperatures are associated with regions rich in Co ions.  
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CHAPTER ONE 

INTRODUCTION 
 

 

1.1 Fine and hyperfine structure of atoms 

 
Nuclear Magnetic Resonance (NMR) uses the properties of the nuclear magnetic moments of 

isotopes to study the magnetic and electronic properties of solids. The coupling between the 

nuclear and electronic spins is a relativistic quantum mechanical effect emerging from the Dirac 

equation. For the present purpose, the simplest case is the relativistic hydrogen atom, which can 

be solved exactly and that shows the origin of all the relevant couplings. In this chapter we start 

presenting the main results of the Dirac equation for hydrogen and then we proceed introducing 

the magnetic properties of solids.  

 

1.1.1 Dirac equation 

 

The Dirac equation is the relativistic invariant quantum mechanics equation for fermions. It is a 

first order partial differential equation (linear in the momentum), which requires the introduction 

of spinors to account for positive and negative energy solutions and the spin. In this section we 

first introduce the Dirac equation and discuss its solution for the hydrogen atom, including the 

origin of the fine and hyperfine interactions. For the interested reader a good reference is the 

book of Messiah [1, 2]. The system of units used here is .  

The Dirac equation involving electromagnetic interactions has the form,  

    ,                                                                                                 (1.1) 

where , , ,  are the famous gamma matrices [1], ,  is the covariant 

form of the electromagnetic potential, m is the mass of the particle,  is the Dirac spinor, which 

for a spin-1/2 particle is written as  

  .                        

(1.2) 

Detailed calculations show that Eq. (1.1) can be rewritten as [2] ∑ , ∑ , ,                                           (1.3) 
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from which, the Dirac Hamiltonian is defined as, ∑ , ∑ ,  .                                                   (1.4) 

For a static central potential, as found in the hydrogen atom, the Dirac equation simplifies to the 

following eigenvalue problem,  

  .                                                                                                                             (1.5) 

In particular, for the hydrogen atom, in the absence of external fields, , , the 

solution of the Dirac equation yields the energy spectrum 

,  ,                                                                             (1.6)      

where n is the principle quantum number and  is the total angular momentum.  

In the nonrelativistic limit Eq. (1.6) can be expanded as 

, ⋯ ,                                                                          (1.7)     

where the first term is the electron rest mass, the second term is the non-relativistic Rydberg 

spectrum and the third term is the fine structure. The fine structure is a relativistic contribution 

that partially lifts the degeneracy of the Rydberg multiplets.                                                                                    

In the presence of a homogeneous constant magnetic field, the vector potential  is nonzero such 

that . In the nonrelativistic limit the Dirac Hamiltonian takes the form (see Refs. [1] 

and [2]) ∙ ∙ ∙  ,                                          (1.8) 

where  is the spin operator of the electron, 	is the orbital angular momentum operator, and  is 

the three dimensional momentum operator. The first term in Eq. (1.8) corresponds to the kinetic 

energy of the electron, the orbital Zeeman splitting and diamagnetic terms. The second term is 

the electrostatic potential (Coulomb potential). The term  in Eq. (1.8) corresponds to the 

relativistic mass increase. This can be seen from the expansion of the relativistic kinetic energy, 	.                                                                                                     (1.9) 
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The term ∙  is the spin-orbit coupling, which describes the interaction between the 

orbital angular momentum and the spin of the electron.  

The magnetic moment for a single electron is given by,  

 .                                                                                                                   (1.10) 

For a many electron atom, the associated magnetic moment is discussed in section 1.2.  

The term  is called the Darwin term and has the form   for the hydrogen atom with 

 being the Dirac delta function. This term is only nonzero for S-states, because of the  

term. Physically, it is due to the quantum fluctuations in the position of the electron which makes 

the electron sensitive to the charge density in the vicinity of the electron’s average position [2]. 

This term does not have a semiclassical analog. The combination of the three terms,  ∙  is called the fine structure energy of the hydrogen atom, which contributes 

the term  in Eq. (1.7) [1, 2]. 

 

1.1.2 Hyperfine structure and dipole-dipole coupling 

 

In Eq. (1.8) the vector potential  and the external field  are nonzero,	 . Now we 

consider  containing the field created by the magnetic moment of the nucleus. This form 

describes the interaction between the electron and the magnetic moment of the center nucleus.  

For a nucleus with magnetic moment , the vector potential is given by, 

.                                                                                                              (1.11) 

Inserting 	 into Eq. (1.8) we retain only the linear term in  (or )  ∙ ∙     ,                                                                                      (1.12) 

where the first term is the kinetic energy term and the second term in the parentheses describes 

the electron-nucleus interaction. Since	 ∙ , we have 	 ∙ ∙ ∙ . Thus, the 

first supplementary term, which describes the interaction between the nuclear moment and the 

electron is [1], ∙ ∙  .                                                                                              (1.13) 
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Eq. (1.13) is similar to the spin-orbit coupling term (spin of the nucleus and orbital angular 

momentum of the electron). 

Viewing the problem in the reference frame of the nucleus, an orbital induced field can be 

introduced, given by 

 ,                                                                                                                          (1.14) 

and Eq. (1.13) becomes ∙ .                                                                                                                        (1.15) 

A second supplementary term that describes the interaction between the nucleus and the electron 

is [1], ∙ ∙ ∙ ∙  ,                                             (1.16) 

where ∙  is the magnetic moment of the electron associated with the spin angular 

momentum.  After a detailed calculation [1], the following expression is obtained  ∙ ∙ ∙ ∙  .                                            (1.17) 

In the reference frame of the nucleus, Eq. (1.17) corresponds to an effective magnetic field given 

by, ∙  ,                                                                              (1.18) 

where the first term is the contact field involving only S-electron contributions, and the term ∙  is the dipolar field produced by the electron. 

The Hamiltonian can be written as ∙ .                                                                                                                        (1.19) 

Of course, the Hamiltonians (1.13) and (1.16) will alter the energy levels of the electron slightly 

due to the interaction with the magnetic moment of the central nucleus. However, in the 

reference frame of the nucleus, also the surrounding electron creates a magnetic field on the 

nucleus, which contains the orbital term (1.14), the contact term and the dipolar term (1.18). 

Thus, without an external magnetic field, it is possible for a nucleus to see an internal magnetic 

field created by the surrounding electron. The hyperfine field is further discussed in chapter 2 

and is used in a technique called zero-field NMR. Since the main experiments in the thesis use 

zero field NMR to study the magnetic properties in several different compounds, we now focus 

on bulk magnetism in solids.  
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1.2 Magnetic moment of an ion 

 
The electrons in the inner closed shells of an atom are paired up and there is no net orbital 

angular momentum or spin contributions from these electrons [3, 4]. Only electrons in the outer 

shell, which is not completely filled, have net orbital angular momentum and spin. The 

combination of the orbital and spin angular momentum of the outer shell electrons produces the 

magnetic moment of an atom or an ion.  

Let us consider outer shell electrons characterized by orbital angular momentum with quantum 

number l. The projection of the orbital angular momentum on the z-axis takes values from –l to l 

i.e. (2l+1) states. By including the two possible spin states (up and down) of an electron, there 

are 2(2l+1) allowed states in this shell. The corresponding number of electrons (labeled n) is 

greater than 0 but less than 2(2l+1). The electrons are distributed in the 2(2l+1) states, with total 

orbital angular momentum L, total spin S and total angular moment J, according to Hund’s rules 

[3, 4]. Here we summarize Hund’s rules. 

Hund’s first rule: for n electrons in 2(2l+1) states, the configuration which maximizes the total 

spin S has the lowest energy [4]. 

Hund’s second rule: Subject to the first rule, the total orbital angular momentum L has its 

maximum value in the lowest energy configuration. [4]. 

Hund’s third rule: This follows the previous two rules and determines the value of the total 

angular momentum J, according to the following expressions | |   ,                                                                                                     (1.20) 

      ,                                                                                                     (1.21) 

After obtaining L, S and J, we can obtain the magnetic moment of an ion assuming Russell 

Saunders coupling by using the following two equations [4], 

                        

   ,                                                                                                                     (1.22) 

where  is the Bohr magneton. Taking  and 	we have   

 ,                                                                                                            (1.23) 

which is exact for the considered multiplet. The direction of  is effectively parallel to J. 
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1.3 Paramagnetism 

 
A system containing magnetic ions, which do not undergo magnetic ordering (section 1.4), may 

exhibit paramagnetism. In an applied magnetic field, the magnetic moments tend to align along 

the field and a net magnetization is induced. The energy for an individual magnetic ion in the 

magnetic field is given by, ∙ ∙   ,                                                                                    (1.24) 

where the magnetic moment μ takes the form in Eq. (1.22),  is the applied field and the range of 

 is from  to . 

For a system of identical ions at a temperature T, the energy distribution is given by the 

Boltzmann distribution with the partition function Z given by, 

∑ exp	 /     .                             (1.25) 

The net magnetization of these N ions is given by, 

  ,                                                                           (1.26) 

where V is the volume and 	is the Brillouin function coth coth   .                                                                        (1.27) 

As ∞,  and for , . 

In Eq. (1.26), as	 , the magnetization approaches , which means every individual 

ion is aligned with the field.  

Before ending this section, let us introduce the concept of magnetic susceptibility. Magnetic 

susceptibility is a dimensionless quantity that characterizes the change of the magnetization as a 

function of the applied field and is defined as 

    ,                                                                                                                               (1.28) 

where M is the induced magnetization and /  is the magnetic field strength.  

When	 , the magnetization saturates and the magnetic susceptibility is zero.  At very high 

temperatures, when 	 , the approximate form of 	 can be used. The 

corresponding magnetic susceptibility is 
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           (	 ) .                                                                       (1.29) 

This is Curie’s law and is applicable for the magnetic susceptibility in many paramagnetic 

systems.  

There are other kinds of paramagnetism, namely, Van Vleck and Pauli paramagnetism. The Van 

Vleck paramagnetism dominates for an ion with 	since there is no first order magnetic field 

correction (Eq. (1.24)) to its ground state energy. To second order perturbation theory the energy 

of the ground state is reduced by mixing in the excited states with  [3]. For more details 

about Van Vleck paramagnetism, we encourage the reader to check references [3, 4]. 

Last in this section, we briefly address the Pauli susceptibility of the free Fermi electron gas. In a 

free electron gas system, each 	momentum ( ) state can be doubly occupied because of the two 

possible spin states of the electron and there are equal number of spin up and spin down 

electrons in the absence of a magnetic field. By applying a magnetic field, the Zeeman energy of 

the electron either raises or lowers its energy depending on the spin direction with respect to the 

field [3]. This will cause an extra number of electrons with spins aligned parallel to the field and 

a deficit in the number of electrons with spins antiparallel to the field, and, thus a net 

magnetization. The magnetic susceptibility due to this effect is [3] 

,                                                                                                     (1.30) 

where  is the density of states at the Fermi surface for the free electron gas [3], and n 

is the number of electrons per unit volume [3]. 

 

1.4 Magnetic ordering 

 
In section 1.3, paramagentism has been discussed assuming that the magnetic moments in a 

system interact weakly with each other and, hence, in zero external magnetic field, the directions 

of these moments are randomly distributed (Fig. 1.1 (a)). If the interactions between neighboring 

moments are sufficiently large, then, below a certain temperature the ground state spin 

configuration can change from randomly oriented to either a parallel configuration 

(ferromagnetism, Fig. 1.1 (b)) or an antiparallel arrangement of neighbors (antiferromagnetism, 

Fig 1.1 (c)). There is also ferrimagnetic and spiral ordering (not discussed here) and spin glass 

behavior discussed in section 1.4.3. 
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Fig. 1.1: Cartoon of different magnetic spin configurations. (a) Paramagnetism, in which spins 

are randomly distributed. (b) Ferromagnetic ordering, in which spins are aligned parallel to each 

other. (c) Antiferromagnetic ordering, in which two sub-lattices of spins are oriented antiparallel 

to each other. 

 

 

1.4.1 Ferromagnetism 

 

Ferromagnetism occurs below the Curie temperature with magnetic moments aligned parallel to 

each other to achieve the lowest energy state. For a ferromagnet in an external magnetic field H, 

the Hamiltonian can be written as, ∑ ∙, ∑ ∙        ,                                                                                (1.31) 

where  is the spin of the magnetic ion 
1
, B is the external magnetic field and  is the exchange 

interaction parameter, which is positive for ferromagnetism. The first term in Eq. (1.31) 

represents the exchange interaction between ions and the second term is the Zeeman energy in 

the external field.  

The ground state of the Hamiltonian (1.31) is given by [4]  | 	 ∏ | ,  ,                                                                                                         (1.32)  

and | , | ,  ,                                                                                           (1.33) 

where the z direction is the field direction. Here | ,  represents a state in which the spin 

projection on the z-axis takes the maximum value S, which means that every spin is parallel to 

the z-axis. The ground state energy is given by, ∑ ,  .                                                                                              (1.34)   

Both, the ordering temperature and the magnetic susceptibility are important in ferromagnetism. 

                                                 
1 For simplicity we assumed that for each ion J = S (i.e, L = 0 ). This assumption is not essential to the development 
of a spin Hamiltonian [4]  N. W. Ashcroft and N. D. Mermin, Solid State Physics (Harcourt Asia, 2001). 
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In the following, we are going to derive the ordering temperature and magnetic susceptibility 

based on the Hamiltonian (1.31) using mean field theory.  

To do this, we first introduce an effective field, which is the field on the i
th

 spin produced by the 

exchange interaction with the neighboring spins, defined as ∑   .                                                                                                               (1.35)       

Secondly, the mean value of the effective field is assumed to be proportional to the 

magnetization of the system. 

,                                                                                                                       (1.36)       

where  is a proportionality constant related to the exchange interaction parameter 	 . Using 

Eqs. (1.35) and (1.36), the Hamiltonian (1.31) can be written as   ∑ ∙   .                                                                                                           (1.37) 

This Hamiltonian is equivalent to N identical non-interacting magnetic ions in an effective field 

given by , the energy of which is similar to that in Eq. (1.24). Thus, the solution is 

given by Eq. (1.26) with B replaced by , 
2
 

   ,                                                                                                                       (1.38) 

where  and  . Taking B = 0, Eq. (1.38) can be solved graphically.  

As shown in Fig. 1.2,  is always a solution. To have a nontrivial solution for Eq. (1.38) it 

requires that the slope of the straight line is smaller than the slope of the Brillouin curve at y = 0. 

By using the Taylor expansion result of the Brillouin function near the origin, Eq. (1.27), it can 

be shown that if		 	 , Eq. (1.38) has a second solution. Hence, only below	  can the system 

have a spontaneous magnetization. 	  is given by [3, 4], 

   ,                                                                                                                 (1.39) 

where 	  is the critical temperature at which the magnetic spins transition from a paramagnetic 

phase to an ordered ferromagnetic phase.  

When , applying a small field H, results in a magnetization M that is small and the 

parameter   is also small. Using the fact that  when , Eq. 

(1.38) can be written as, 

                                                 
2 Reminder: we are assuming J = S and L = 0. 
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   .                                                                                                        (1.40)            

Expressing the magnetization M and differentiating with respect to the field H, we obtain  ∝      ,                                                                                                                 (1.41) 

where  is the ordering temperature in Eq. (1.39). This is the famous Curie Weiss law 

characterizing the magnetic susceptibility for a magnetic system in the paramagnetic phase 

(above ).  Note that  diverges as	 .              

 

 

 

Fig. 1.2: Graphical solution of Eq. (1.38) [1]. The straight line is /  as a function of y, and 

represents the left side of Eq. (1.38). The curves are based on the Brillouin function which is on 

the right side of Eq. (1.38). The solution is given by the intersection of the straight line and the 

Brillouin function.  

 

                        

There is another kind of ferromagnetism called Stoner ferromagnetism, which explains the 

ferromagnetism in metals. Like the free electron gas, the paramagnetic state in zero external 

field, has equal amount of spin up and spin down electrons. While below , the ferromagnetic 

exchange interaction, shifts the energy of states with spins pointing in one direction up and with 

spins pointing in the other direction down, which will cause a net magnetization under the Fermi 

statistics. The criterion for the Stoner ferromagnetism is given by  

,                                                                                                                              (1.42) 
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where  is Stoner parameter describing the energy reduction due to the electron spin correlation 

[3, 5] and  and  are the same as those in Eq. (1.30). Only Fe, Ni and Co pass the Stoner 

criterion. A more detailed discussion about the Stoner ferromagnetism is given in Refs. [3, 5]. 

                                                                         

1.4.2 Antiferromagnetism  

 

Antiferromagnetism involves magnetic order in which below a certain temperature, , the 

magnetic moments of nearest neighbors align antiparallel to achieve the lowest energy state. The 

antiferromagnetic configuration is favored when the exchange interaction parameter   between 

nearest neighbors on a bipartite lattice is negative, as contrasted to ferromagnetism where  is 

positive. An antiferromagnetic spin lattice can be decomposed into two sub-lattices, with spins in 

one sub-lattice pointing upward and spins in the other sub-lattice pointing downward, as shown 

in Fig. 1.3.  

 

 

Fig. 1.3: Decomposition of antiferromagnetism into two sub-lattices. 

 

 

The magnetization of the spin-up sublattice is labeled as  and the magnetization of the spin-

down sublattice is labeled as . An antiferromagnetic system does not possess any net 

magnetization in zero external field, with	 .  If we assume that the mean magnetic 

field produced on each spin in one sub-lattice is proportional to the magnetization of the other 

sub-lattice, we obtain two effective fields defined as follows 

                                                                                                                   (1.43)     

and   

   ,                                                                                                               (1.44)    

where  is a positive number. The negative sign in front of   is introduced because of the 
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opposing orientations of the two sub-lattices. According to Eq. (1.38), the magnetization of the 

sub-lattices is given by,  

    ,                                                                                                   (1.45) 

and  

 ,                                                                                                      (1.46) 

where  and N is the number of sites of each sub-lattice. 

If the external field is zero  equals - . By labelling the absolute value of the sub-lattice 

magnetization as M, it follows that, 

,                                                                                                         (1.47)           

which is analogous to Eq. (1.38). The Néel ordering temperature for antiferromagnetism can then 

be obtained in analogy to Eq. (1.39)  

  .                                                                                                                (1.48)            

For temperatures  , applying a small field B ( ), the net magnetization  is 

different from zero and both  and  in Eqs. (1.45) and (1.46) are small. 

Taylor-expanding the Brillouin function 	  in Eqs. (1.45) and (1.46) we have  

      .                                (1.49) 

The magnetic susceptibility for antiferromagnetism above the ordering temperature is given by  ∝    .                                                                                                                (1.50) 

This is the Curie Weiss law for the magnetic susceptibility for antiferromagtism above the 

ordering temperature.  

Comparing Eq. (1.50) with Eq. (1.41), the magnetic susceptibility of a magnetic system can in 

general be written as  ∝        .                                                                                                                             (1.51)      

If  , the system is paramagnetic, if  , the system is ferromagnetic, and if  , the 

system is antiferromagnetic [3, 4]. 

Finally, we would like to mention that an interacting electron gas can also become 

antiferromagnetic. This requires nesting of the Fermi surface as found in Cr metal.  
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1.4.3 Spin glass 

 

As shown in Fig 1.1 (b) and (c), both ferromagnetism and antiferromagnetism involve a uniform 

spin lattice with the spins pointing either parallel or antiparallel to neighboring spins at 

temperatures below the ordering temperature. If the majority of the ions in the lattice are non-

magnetic but with some magnetic spins sparsely distributed in the lattice, as in Fig. 1.4 (b), will 

there be an ordering temperature? Each of the spins in Fig. 1.4 (b) experiences ferromagnetic 

interactions from some neighboring spins and antiferromagnetic interactions from some other 

neighboring spins (mixed interactions). It turns out that below a certain temperature	 , those 

spins, which are sparse in space, form a stable configuration (frozen), compared to the fast 

flipping of spins in the paramagnetic phase.  In this stable configuration, spins are not necessarily 

parallel to each other but may have random orientations (stabilized in time). We call this stable 

configuration a spin glass and the freezing temperature  is the spin glass transition temperature. 

Spin glass is a ‘metastable’ state because the stable frozen configuration is not necessarily the 

lowest energy state. 

 

 

 

Fig. 1.4: Ferromagnetic ordering and the spin glass configuration. (a) Shows the normal 

ferromagnetic ordering with a uniform spin lattice. (b) Shows a spin glass configuration. The 

magnetic moments are randomly distributed in the lattice and their orientations are frozen below 

the spin glass transition temperature. 

 

 

If a material is field cooled from very high temperature (above the magnetic transition 

temperature, if there is one) to a very low temperature, and following by a reduction of the field 
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to zero, then for a paramagnetic system the magnetization will disappear immediately. For a 

ferromagnetic material the magnetization will stay, but zero field cooling or field cooling may 

lead to different magnetizations due to domain formation. Under the same procedure, for a spin 

glass, when removing the field, the magnetization will not immediately disappear but will decay 

very slowly with time, which is a unique property of a spin glass and frustrated systems. 

AC susceptibility is a useful technique for measuring the freezing temperature  of a spin glass 

[6]. In the following, we will give an example of the AC susceptibility measurement on the Cu1-

xMnx compound, where Mn is the magnetic ion. As shown in Fig. 1.5, the real part of the AC 

susceptibility will have a cusp at the spin glass transition temperature. Also the spin glass 

transition shifts slightly as the frequency of the AC susceptibility measurement changes. This 

feature is linked to the slow relaxation dynamics at temperatures close to the spin glass transition 

temperature.   

 

Fig. 1.5: AC susceptibility of Cu1-xMnx [6]. A cusp occurs at the spin glass freezing temperature.  

The inset shows the rounding of the cusp and the location of the cusp has a slight dependence on 

the measuring frequency.  

 

 

1.5 Geometrical frustration 

 
Geometrical frustration is a phenomenon that emerges when interactions between the magnetic 

degrees of freedom are incompatible with the underlying crystal geometry [7].  The effect is 

illustrated in Fig. 1.6 (a), for a system of three spins arranged on an equilateral triangular lattice 

with antiferromagnetic interaction between spins. When two spins in the triangle are anti-aligned 

to favor the antiferromagnetic interaction (spins 1 & 2), the third spin cannot align antiparallel to 
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the other two spins to minimize the energy [7]. This is an example of geometrical frustration 

showing that the antiferromagnetic interaction is not compatible with triangular geometry [7]. 

Fig. 1.7 (b) is the three dimensional example of geometrical frustration on a tetrahedron. 

Typically geometrical frustration in systems made up of triangular or tetrahedral subunits gives 

rise to a degenerate set of ground states rather than a single stable ground state. Long range 

magnetic order may not occur even at the very low temperatures [7]. The frustration we will 

study in this thesis involves the systems with two dimensional kagome and triangular lattices, as 

described in chapter 3 and 4.  

 

 

Fig. 1.6: Geometrical frustration for a triangular spin structure and a tetrahedral structure. In (a) 

the spin positioned at the question mark cannot choose a direction to simultaneously minimize 

the interaction energy with both neighboring spins. The orientation of that spin can be either up 

or down with the same energy in each case (degeneracy).  Similarly (b) is a three dimensional 

tetrahedral arrangement of spins that can produce frustration. 

 

 

However, if an equilateral triangle of spins, or a perfect tetrahedron, is distorted, the geometrical 

frustration is lifted. As illustrated in Fig. 1.7 (b), spin 3 is spatially closer to spin 2 and further 

away from spin 1. Assuming that the antiferromagnetic exchange decreases with distance, the 

distortion makes spin 3 favor an antiparallel orientation with spin 2 rather than with spin 1. Thus, 

the previously degenerate ground states change into a single ground state and the frustration is 

lifted. Long range magnetic ordering may occur at a critical finite temperature for a system of 

this type. In our experiments, which will be discussed in chapter 3, the geometrical frustration is 

lifted due to a structural transition of the lattice.  
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Here only a brief introduction to geometrical frustration is given. For interested readers, Ref. [7] 

is a good source. 

 

Fig. 1.7: Lifting of geometrical frustration. (a) Shows geometrical frustration for AF coupled 

spins situated at the corner of an equilateral triangle. (b) The equilateral triangle is distorted and 

the frustration of the system is lifted. 

 

 

1.6 Magnetic domain 

 
A magnetic domain is a uniform region inside a ferromagnet in which the moments are aligned 

along a particular direction [8]. For bulk ferromagnets, there is not necessarily a single domain 

but many smaller magnetic domains may exist with different magnetization directions as shown 

in Fig. 1.8.  

The physical reason for this multi-domain structure is given below. The system in Fig. 1.8 (a) 

possesses a large uniform magnetization (single domain) that creates a large magnetic field in the 

surrounding space, which is associated with high magneto-static energy. By dividing the large 

single domain into two smaller domains, there is reduced magnetic field in the surrounding space 

and less magneto-static energy, as sketched in Fig. 1.8 (b). If the two large domains are split into 

smaller ones, so that there is an even smaller magnetic field outside the material, the magneto-

static energy can be minimized further (Fig. 1.8 (c)). In Fig. 1.8 (c), the magnetization directions 

in the small domains are not parallel and the interface region between the domains is called a 

domain wall [8].  

Under the influence of an external field, the magnetization in small domains lines up with the 

external field forming a uniform large domain.  The domain walls no longer exist in a 

sufficiently large external field. This is shown is Fig. 1.9. 
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Fig. 1.8: Magnetic domains. (a) A large single domain with magnetic field extended into the 

surrounding space. (b) The large single domain is split into two domains to reduce the external 

magnetic field and to lower the energy. (c) The magnetic energy is even lower, for multiple small 

domains.  

 

 

Fig. 1.9: Removal of magnetic domains in an external field. (a) A ferromagnet divided into 

domains in zero external field. (b) The domain configuration disappears in a large external field. 

 

 

1.7 Superparamagnetism 

 
Superparamagnetism arises when single-domain-nanosized magnetic clusters, which can be 

treated as a particle with a giant magnetic moment, are embedded in a paramagnetic or anti-

ferromagnetic matrix as shown in Fig. 1.10. The magnetic moment aligns along the easy axis of 

the cluster at low temperatures. Because of the magnetic anisotropy, the magnetic potential 

energy for a superparamagnetic nanocluster is given by  
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   ,                                                                                                                    (1.52)       

where K is the anisotropy energy density, V is the volume of the cluster and  is the angle 

between the direction of the magnetic moment and the easy axis [9, 10]. Eq. (1.52) represents a 

uniaxial potential that has two minima. 

 

 

Fig. 1.10: Cartoon of a superparamagnetic cluster embedded in an AF matrix. The dark shaded 

circles represent superparamagnetic clusters with giant magnetic moments. The dashed line is the 

easy axis for each cluster. The light grey region (square) is the matrix, which can be either 

antiferromagnetic or paramagnetic.  

 

 

Due to thermal agitation, the direction of the moment of the nanoparticles can reverse direction 

by transitioning from one minimum of the uniaxial potential to the other minimum. The reversal 

time  is given by the Néel-Arrhenius relation exp	  ,                                                                                                                     (1.53) 

where  is a characteristic time, which is typically  s to  s, 	  is Boltzmann’s 

constant and T is the temperature [9, 10].   

As in Fig. 1.11, if the reversal time is much shorter than the measuring time of the technique 

used, the net moment of the nanoparticles is averaged to zero and the system is in the 

superparamagnetic state. If the reversal time is much longer than the measurement time, the total 

moment of the particles will be observed. We define a temperature as the blocking temperature, 

when the flipping time in Eq. (1.53) equals the measuring window time . Below the blocking 

temperature, the finite magnetic moment of the clusters is observed. After simple mathematical 

manipulation, we have the blocking temperature  as,  
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	  .                                                                                                                         (1.54) 

For the NMR technique, the definition of the blocking temperature is somewhat different, which 

we will further discuss in chapters 4 and 5.  

 

 

Fig. 1.11: Blocking condition for magnetization measurement. A superparamagnetic cluster 

becomes blocked in a magnetization measurement when the cluster flip time at a particular 

temperature   is comparable to the magnetization measuring time. At lower temperatures 	the cluster moments are observed in magnetization measurements of superparamagnetic 

systems.  
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CHAPTER TWO 

NUCLEAR MAGNETIC RESONANCE AND EXPERIMENTAL SETUP 
 

 

Nuclear magnetic resonance (NMR) is a powerful experimental condensed matter technique, 

which in particular examines the electronic and magnetic structures of solids. In this chapter, the 

basic principles of NMR, including the experimental procedures are presented. For the interested 

readers, good references for this chapter are Abragam [11], Slichter [12] and Fukushima and 

Roeder [13].  

 

2.1 NMR basics 

 
NMR exploits the properties of nuclei in a sample located in a coil in the presence of a magnetic 

field. The magnetic field produces some alignment of the nuclear spins and quantum 

mechanically establishes Zeeman energy levels for those spins. The role of the coil is to transmit 

radio frequency (RF) which excites nuclei from one energy level to another, and to receive the 

signal generated by the nuclei after turning the RF field off. Basic NMR observables from those 

nuclei are free induction decay (FI), spin echo, T1 and T2 relaxation times. These concepts are 

discussed in the following.  

 

2.1.1 Free induction decay  

 

For a nucleus with angular moment I , the corresponding magnetic moment is  

 ,                                                                                                                                    (2.1) 

where  is gyromagnetic ratio of the nuclei. The Zeeman energy levels for the nucleus in a 

magnetic field  are ∙   ,                                                                                          (2.2) 

where Iz is the angular momentum component along  and m is its quantum number, the range 

of which is from -I to I . 

In thermal equilibrium, the populations of nuclear spins in different Zeeman energy levels obey 

the Boltzmann distribution.  The net macroscopic magnetization aligns along the field direction 

and is given by 
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  ,                                                                                                                    (2.3) 

where N is the number of nuclear spins,  is the magnitude of the magnetic field, I is the 

angular momentum of an individual nucleus, and  is the gyromagnetic ratio, 	 is	 the	 reduced	Planck	constant,	kB	is	the	Boltzmann	constant	and	T		is	the	temperature.	The	magnetization	is	proportional	to	the	field	because	the	nuclear	Zeeman	splitting	is	much	smaller	than	 .	
The motion of individual magnetic moments in a static magnetic field obeys the Lamor 

precession[12] in the lab frame, 	
  .                                                                                                                          (2.4) 

Similarly, a collection of N spins yields a net macroscopic magnetization  following the same 

Larmor relationship,  

  .                                                                                                                        (2.5) 

As derived in chapter 1, the moment in equation (2.5) precesses about the magnetic field 

direction at a frequency ω = , which is named Larmor frequency.  

 

Fig. 2.1: The free induction decay. Larmor precession of the moment generates a emf signal. Due 

to interaction of the spins with the lattice and other spins, this signal decays with the time. The 

picture on the right is the RF envelope [13]. 

 

 

However, in thermal equilibrium, there is no Larmor precession for the net macroscopic moment, 

because the moment is aligned along the magnetic field direction. To detect a signal, a radio 
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frequency (RF) pulse is used to tip the macroscopic moment away from the equilibrium 

direction. When the RF is turned off, the moment, produced by the nuclear spins, Larmor 

precesses about the field direction, which creates an emf in the coil, detected as our NMR signal. 

Due to spin-lattice interactions and spin-spin interactions, the emf signal created by the nuclear 

spin decays with time. This is free induction decay shown in Fig 2.1. 

 

 

Fig. 2.2: The lab frame and the rotating frame. (a) The lab frame with the z direction chosen 

parallel to the applied magnetic field direction. (b) The rotating frame, which rotates about an 

axis parallel to the field direction at a frequency ω. 

 

 

2.1.2 The rotating frame  

 

Before we proceed further, it is useful to introduce a coordinate frame called the rotating frame. 

As shown in Fig. 2.2 the rotating frame is a coordinate system that rotates about an axis parallel 

to the field at a frequency ω, which is chosen equal to the frequency of the applied RF field. The 

reason to introduce a rotating frame is to absorb the time dependence of the alternating RF field. 

Assuming the polarized alternating RF field is applied parallel to the x-axis in lab the frame, it 

has the following form, 

 .                                                                                                                  (2.6) 
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Equation (2.6) can be decomposed into two rotating components [12], ̂	 	 ̂ 	sin                                                                                                 (2.7 a) ̂	 	 ̂ sin   ,                                                                                    (2.7 b) 

where ̂ and ̂ are the unit vectors in the x and y-direction. Here,  rotates clockwise and  

rotates counter-clockwise.   

When ω is at the Larmor frequency of the precessing moment, one component in equation (2.7) 

rotates with the moment, while the other rotates in a direction opposite to the moment. We need 

to consider only the component rotating with the moment and can neglect the other one[12].  

Assuming,  is the component that rotates in the same direction as the macroscopic moment, 

we can write the effective RF field as, ̂	 	 ̂ sin 				.            (2.8)                        

In the lab frame, the equation of motion of a moment M in the static field 	and an alternating 

RF field  is  				.                 (2.9)                        

In the rotating frame, by choosing a proper phase the equation becomes [12] 	 ̂	  .                                     (2.10)                        

Fig. 2.3 shows the motion of the macroscopic magnetic moment in the rotating frame for the on-

resonance condition ,  under which equation (2.10) is simplified to  ̂  .                                                                                                                     (2.11)                        

Initially, the macroscopic moment is aligned along the static field direction with the system in 

thermal equilibrium. With the pulsed RF field applied in x’-axis direction, the moment precesses 

in the y’-z’ plane. The angle through which the moment precesses in the y’-z’ plane is given by 

(2.12) [12, 13] 

 ,                                                                                                                                (2.12) 

where τ is duration of the RF pulse.  

For  =  , the moment is rotated from the z’ direction to the y’ direction. For  = π, the moment 

is rotated from the z’ direction to the –z’ direction.  These are the famous  and π pulse 

conditions. 
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Fig. 2.3: An alternating RF field causes the macroscopic magnetic moment to precess in the 

rotating frame. H1 is the RF field that is parallel to the x’-axis of the rotating frame.  The 

magnetization M is aligned along z’ axis in thermal equilibrium, which is the direction of the 

static field.  

 

 

2.1.3 Spin echo  

 

After a π/2 pulse, the net macroscopic moment generated by a group of nuclear spins lies in the 

x-y plane, as in Fig. 2.4 B. This group of nuclear spins is Larmor precessing about the static field 

direction. The local magnetic inhomogeneity causes some spins to precess faster and others to 

precess slower. In the rotating frame there is a spreading of the nuclear spins and causes a decay 

of the detected NMR signal, as shown in Fig. 2.4 C.  If a π pulse is applied at time t after the first 

pulse, which flips the spins into the x-y plane through 180 degrees, the faster spins are behind 

and slower spins are ahead.  If there is no change of the local inhomogeneity with time, the 

spread spins will refocus at time 2t from the first pulse, Fig. 2.4 D, E, F. The signal from the 

refocused moment at time 2t is the spin echo. [13] 

Quantum mechanically, a π pulse in the spin echo pulse sequence is a time reversal operator, 

which removes the loss of the magnetization due to the static local field inhomogeneity. A π 

pulse cannot recover a time irreversible loss of the macroscopic magnetization. Time irreversible 

effects involve the T1 and T2 relaxation processes that are discussed in the next section. 

 



25 

 

 

 

Fig. 2.4: Spin echo pulse sequence. A) The macroscopic moment aligned along the static field 

direction in thermal equilibrium. B) A π/2 pulse turns the moment from the z direction into the x-

y plane. C) The nuclear spins start to dephase due to local magnetic field inhomogeneity. D) A π 
pulse reverses the spin orientation by 180 degrees. E) Slower spins are ahead and faster spins are 

behind. F) Spins refocus at time 2t. (Produced by Gavin W Morley)  

 

 

2.1.3 NMR relaxation  

 

The time irreversible processes result in the decay of the NMR signal, which cannot be restored 

by the π pulse in the spin echo sequence. The relaxation processes include spin-lattice relaxation 

and spin-spin  relaxation. We will discuss them one by one.  

T1 relaxation characterizes the time scale over which the net macroscopic moment of the nuclear 

spins relaxes to thermal equilibrium (longitudinal direction of the static field) after being excited 

into the x-y plane by a π/2 pulse, as in Fig. 2.5. This relaxation is due to interactions of the 

nuclear spins with the surrounding lattice involving, for example, fluctuations of the direction of 

an electron moment or the motion of the nearby molecules. As in the later Redfield theory 

section, it is the fluctuation fields, which are perpendicular to the static field, created by the 

surrounding electrons or molecules that are the source of the T1 relaxation. [12] 

The projection of the macroscopic moment on the longitudinal axis after a π/2 pulse obeys 

equation (2.13), 

 ,                                                                                                                  (2.13) 
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where M is the net macroscopic moment along the static field direction in thermal equilibrium, 

T1 is the time constant characterizing spin-lattice relaxation, 	is a time window as shown in Fig. 

2.6. 

 

 
Fig. 2.5: Relaxation of the magnetic moment to thermal equilibrium after being excited to the x-y 

plane by a π/2 pulse.  z’ is the static field direction. M is net macroscopic moment of the nuclear 

spins. Mz is the recovery of the moment in the longitudinal direction after the π/2 pulse. 

 

 

 
Fig. 2.6: Pulse sequence of T1 measurement. The first π/2 pulse excites the macroscopic moment 

from thermal equilibrium into the x-y plane.  is the waiting time after the first pulse. The 

second π/2 pulse and the third π pulse are the normal echo sequence.  

 

 

In Fig. 2.6, the first π/2 pulse excites the net macroscopic moment M from the thermal 

equilibrium direction (z’) to the x’-y’ plane.  is the waiting time, after the first pulse. The 

longer we wait, the more the net macroscopic moment M recovers to thermal equilibrium, that is, 
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the larger Mz will be. The second and the third pulse are the spin echo sequences. The function of 

the second and the third pulse is to read out how large 	  is after a certain waiting time with that 

part of net macroscopic moment that did not relax to the longitudinal direction. As in the normal 

spin echo case, Mz  is rotated to the x’-y’ plane and measured as the spin echo by the second and 

the third pulse. Those parts of M that were previously in the x’-y’ plane, will precess about the –z’ 

axis after the second pulse and they will not contribute to the echo. The area of the echo, which 

is proportional to the value of Mz , is obtained by integration and plotted as a function of the wait 

time	 . Equation (2.13) is used to fit the echo area vs. wait time 	plot giving T1.  

 

 

Fig. 2.7: Pulse sequence of a T2 measurement. The procedure involves a set of echo signals 

obtained by varying the time between the first π/2 pulse and the second π pulse.  

 

In a spin echo experiment, a π/2 pulse knocks the nuclear spins from the thermal equilibrium 

direction into the transverse plane (perpendicular to the static field direction). As in section 2.13, 

a π pulse is used to reverse these spins, when they start to dephase, and make them refocus into 

an echo. This π pulse is a time reversal operator removing the dephasing of the spins in the x-y 

plane due to time reversible effects. Time irreversible effects that cannot be removed by the π 

pulse will still cause a decaying of the macroscopic magnetization in x-y plane (transverse). T2 is 

the time that characterizes the decaying of this transverse magnetization due to time irreversible 

effects. As in the later Redfield theory section, it is the longitudinal fluctuation fields, which are 

parallel to the static field, causing the T2 relaxation. The irreversible decaying of the transverse 

magnetization with time is given by equation (2.14) 
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exp 	,                                                                                                 (2.14) 

where  is the transverse magnetization and T2 is the time constant, and t is the time between 

the center of the first pulse and where the echo forms.   

T2 is measured by varying the time between the first π/2 pulse and the second π pulse for a group 

of echoes. An echo forms at time 2τ from the center of the first pulse, where τ is the time 

between the π/2 pulse and the π pulse. The larger τ is, the more the transverse magnetization 

decays and the smaller the echo will be, as seen in figure 2.7.  Areas of these echoes are 

integrated and plotted as the function of  2τ. The T2 relaxation constant can be obtained by fitting 

the echo areas using equation (2.14).  

 

2.2 Zero field NMR 

 
Normally a static external field is required to split the different Zeeman energy levels for nuclear 

spins. For some compounds, which have magnetic ordering, static electronic moments or have 

nuclear quadrupolar moments, the energy levels for the nuclear spin are already split and there is 

no necessity to apply an external field. This technique is called zero-field NMR.  

 

2.2.1   Internal hyperfine field [14] 

 

The internal magnetic field for the nuclei originates from the interaction with the surrounding 

electrons. There are three different internal magnetic fields, the contact field, the dipolar field 

and the orbital field, the sum of which we call the internal hyperfine field, 

 .                                                                                                     (2.15) 

Hdip in equation (2.15) is a dipolar field from the spins of the surrounding electrons,  Horb is the 

orbital field from the surrounding unpaired electrons, Hcon is the Fermi contact field, which can 

be divided into another three terms as indicated in equation (2.16) 

 .                                                                                               (2.16) 

In equation (2.16), Hcore arises from the polarization of the inner shell s electron wave function 

due to the exchange interaction with the outer shell electrons that carry the onsite magnetic 

moment.  Hcond arises from the polarization of the spin of the inner shell electron due to the 

onsite magnetic moment. Htran arises from the polarization of the spin of the inner shell electron 
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due to the neighboring magnetic moment. For 3d elements, the Fermi contact field is the 

dominant term [15] ∙  ,                                                                                                                 (2.17) 

where  is the hyperfine tensor and 	is the onsite moment.  

For 3d elements, such as Co or Mn ions, the internal hyperfine field can be as large as 20 to 40 T, 

which can create large Zeeman energy levels splittings. Thus, NMR experiments can be 

performed in those compounds without applying an external field. An external field may, 

however, be necessary to orient the magnetic moments of the electrons.  

 

2.2.2   Frequency sweep spectra 

 

If we Fourier transform a spin echo or a FID (free induction decay), the signal would center at 

the resonance frequency and have a finite width, due to the finite duration of the π/2 or π pulse in 

the pulse sequences.  The width of an echo or a FID in the frequency domain and the duration of 

pulses obey the following relationship,  ∆ ∆ ,                                                                                                                               (2.18) 

where ∆  is the width and ∆  is the duration of the pulse, which is normally of the order of 

microseconds. ∆  in equation (2.18) is approximately 0.5 to 1 MHz. Thus, an echo or a FID can 

only cover a range in the frequency domain of 0.5 to 1 MHz around the resonance frequency.  In 

zero-field NMR, the signal may spread over a broad range in the frequency domain, much larger 

than 1 MHz, due to a distribution of the internal hyperfine fields. To observe this broad range, 

we increment the resonance frequency step by step in 0.5 to 1 MHz steps and measure the echo 

at each frequency. The area of the echo is plotted as a function of frequency and the resulting 

envelope curve gives the frequency sweep spectrum.  

 

2.2.3   Effect of a small perturbed field 

 

Both ferromagnets and antiferromagnets have static magnetic moments below the ordering 

temperature, which produce stable internal hyperfine fields at the nuclei. These stable internal 

hyperfine fields make the zero-field NMR possible. In order to distinguish whether the internal 

hyperfine field is due to an AF or an FM ordered magnetic moment, we use a small perturbing 

magnetic field.  
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Fig. 2.8: AF ordering with a perturbing field (parallel situation). AF internal hyperfine fields tend 

to align in a direction parallel to the field direction, when the applied perturbing field is small. 

Application of the perturbed field splits the frequency sweep spectra into two parts, if the 

previous zero field peak spectrum is narrow (zero-field frequency sweep before adding a field). 

If the previous zero field peak spectrum is broad enough, the applied field will only make the 

spectrum even broader, but will not split it. 

 

 

Fig. 2.8 shows how changes of the frequency sweep spectra, are produced in an AF system, by 

applying a small field. When the applied perturbing field is small, the AF internal hyperfine 

fields tend to align in a direction parallel to the field direction. This will cause two different 

effective fields, one from the applied field added to the internal hyperfine field and one from the 

applied field subtracted from the internal hyperfine field. If the previous zero field spectrum is a 

narrow peak, the application of the perturbing field splits the frequency sweep spectra into two 

separate peaks. If the previous zero field spectrum is a broad peak, the applied field only makes 

the spectra broader without obvious split and the peak position remains unchanged. For perfect 

alignment of the internal hyperfine direction and the perturbed field direction, the distance 

between the two peaks (narrow case) or the increase of spectra width (broad case) obeys the 

following formula  ∆ ∆  ,                                                                                                                              (2.19) 

where ∆  is the distance between the two peaks or the increase of the spectra width,  is the 

gyromagnetic ratio of the nuclei, and ∆  is the applied perturbing field. 
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When the applied field is sufficiently large, the parallel configuration is not energetically 

favorable anymore, instead, the hyperfine fields tend to be perpendicular to the applied field and 

form a spin-flop configuration, as shown in Fig. 2.9 

 

Fig. 2.9: Spin flop configuration with the internal hyperfine fields and the perturbed field 

direction.  

 

 

2.3    Radio frequency enhancement 
  

For nuclei in magnetic materials, the radio frequency (RF) field enhanced by the oscillation of 

the surrounding electron moments is called RF enhancement. It is characterized by the RF 

enhancement factor, which is the ratio between the effective RF field on the nuclei and the 

original RF field from the transmitter,  ɳ  ,                                                                                                                                  (2.20) 

where  is the original RF field from the transmitter and  is the effective RF field on the 

nuclei. The local anisotropy field of the electron moment can be obtained by dividing the internal 

hyperfine field of the nuclei by the RF enhancement factor ɳ  [14] 

ɳ   .                                                                                                                                (2.21) 

For nuclei with RF enhancement, the observed NMR echo signal amplitude as a function of  the 

original RF field 	obeys the following formula [14], 
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, ɳ exp	 /  ,                                             (2.22) 

where <ɳ> is the average RF enhancement factor, N(ω) is the density of nuclei, I is the spin of 

the nuclei, T is temperature and H1opt is the RF field value for which the echo signal is 

maximized. When  approaches H1opt, the echo signal amplitude is proportional to the 

enhancement factor times the nuclei density.  

The echo signal of the nuclei is maximum when the effective RF field on that nuclei satisfies the 

π/2 pulse condition,   

 ,                                                                                                                            (2.23) 

where  is gyromagnetic ratio of the sample nuclei and τ is the duration of the pulse.  

Combing equation (2.20) and (2.23), the optimized condition for H1 is  ɳ  .                                                                                                                         (2.24) 

Experimentally, we are able to change the RF field H1 by adjusting the attenuation at the 

transmitter. For a fixed pulse length, the NMR echo signal amplitude maximizes, when H1 

approaches H1opt  and the corresponding attenuation on the transmitter is recorded as LdB. 

Since the fluorine nuclei in the teflon tap around the sample have no RF enhancement (ɳ=1), it is 

the NMR experiment which is used to calibrate RF field generated from the coil. To realize this, 

we set the attenuation on the transmitter at a fixed power level   and varying the pulse length. 

When the pulse length satisfies the π/2 pulse condition in equation (2.25), the FID signal of 

fluorine nuclei maximizes,  

  ,                                                                                                                             (2.25) 

where  is the gyromagnetic ratio of the fluorine nucleus and ′  is pulse length when the 

fluorine FID signal maximizes and is measured experimentally. With the value of ′, the RF field 

 corresponding to attenuation level   on the transmitter is calculated by equation (2.25).  

After 	in equation (2.25) is obtained, the RF power H1opt  in  equation (2.24) can be obtained 

by equation (2.26), since they are generated from the same coil, 

	 	.                                                                                                                                           (2.26) 

Substituting H1opt back into equation (2.24) and with the value of τ and , we are able to get the 

value of the enhancement factor ɳ.  

 



33 

 

2.4    Korringa relationship and knight shift 
 

Knight shift is the shift of the resonance frequency for the nuclei in a metal compared to the 

same nuclei in a diamagnetic material when both are measured at the same static field [12], ∆  ,                                                                                                                      (2.27) 

where 	is the resonance frequency for the nuclei in the metal,  is the resonance frequency 

for the same nuclei in diamagnetic material and ∆  that is always positive experimentally, is the 

shifting up of the frequency. This effect is due to the polarization of the conduction electron 

spins by the static field, which creates a non-vanishing coupling with the nuclear spins and is 

common in all the metals. Experimentally, the ratio ∆ /  in equation (2.27) is a fixed number 

that does not change when varying the resonance field and is also temperature independent. 

However, the bigger the nuclear number Z, the larger the ratio ∆ / . Considering the 

interaction with polarized electron spins and using Bloch function form as spatial wave function 

for the conduction electrons [12], the ratio between the extra magnetic field created on the nuclei 

by the electron spin polarization and the static applied field  is, ∆ | |    ,                                                                                                 (2.28) 

where ∆  is the extra magnetic field created on the nuclei in the metal,  is the static applied 

field,  is total spin susceptibility of the electrons, is the Bloch wave function and the term in 

the bra-ket is the average probability of the electrons, whose energy is near the Fermi surface, to 

exist at the position of the nuclei. With the simple Larmor relationship, the fraction  ∆ /  and ∆ /  in equation (2.28) are related in equation (2.29) and will be used to explain the 

experimental facts ∆ ∆ ∆ | | 	.                                                                               (2.29)        

That the right part of equation (2.28) or (2.29) is field independent and also temperature 

independent explains why ∆ /  does not change with the static field or the temperature.  Also, 

the larger the nuclear number Z, the larger the probability that the electron will be pulled into the 

nuclei due to Coulomb interaction and hence, the larger | | . This explains why the 

Knight shift increases with the nuclear number Z.             

Now let us come to the famous Korriga law. The Korringa relationship describes the T1 

relaxation for the nuclei in the metal by their coupling to the spin magnetic moment of the 

conduction electrons[12].  For an individual nucleus, it is the scattering of a conduction electron, 
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with energy close to the Fermi surface from an occupied state to an unoccupied state that absorbs 

energy to compensate the energy loss of the nuclear transition in T1 process.  The form of T1 due 

to electron scattering effect is derived in literature [12], and given by equation (2.30), | |  ,                                                                      (2.30) 

where  is the gyromagnetic ratio of the electron and  is the gyromagnetic ratio of the 

nucleus,	 | | 	 is the same as in equation (2.28),   is the density of electron 

states at the Fermi surface, K is the Boltzmann constant and T is the temperature.  

Combing equation (2.28) and (2.30), we have  		 	    ,                                                                                           (2.31) 

where ∆ / 	 is the Knight shift in equation (2.28). Eq. (2.31) is the Korringa relation. 

For the simple Fermi gas with non-interacting spins,	  is given by  		.                                                                                                                   (2.32)     

Substituting  (2.32) into (2.31), we have an approximate form for (2.31), 

  .                                                                                                                (2.33) 

This is the first published form of the Korringa relation. 

The Korringa relation provides a very convenient way to use Knight shift result to predict the 

spin-lattice relaxation time[12]. Normally, when the measured T1T is a constant, we state that the 

compound behaves like a metal. 

 

2.5    Redfield theory 

 
The Redfield theory is a group of linear differential equations that describes the time evolution of 

the density matrix of a quantum mechanical system and can be used to calculate the transition 

probability from one quantum state to another. In NMR, the Redfield theory has been used to 

compute the T1 and T2 relaxation for the nuclei in a magnetic field H with a large time 

independent term and a much smaller time dependent perturbation H1 , 	,                                                                                                                     (2.34) 

where  is the time independent field,  is the time dependent field, which we name the 

fluctuation field, and . 
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The Hamiltonian of the time dependent interaction is given by  ∑ 	,                                                                                                          (2.35) 

where q = x, y, z . 

The time independent Hamiltonian for a stable field along the z-axis is  [12] 	 .                                                                                                               (2.36) 

The result for the relaxation rates is the following [12] 

                                                                                                  (2.37) 

and  

 ,                                                                                                                 (2.38) 

where  is Fourier transform of the auto-correlation function of the fluctuation field at the 

frequency	 , defined as 

 .                                                                           (2.39) 

From equation (2.37) and (2.38), it is clear that the transverse field fluctuation (relative to the z-

axis) is the source of T1 relaxation and there are two terms for the T2 relaxation, one is the T1 

relaxation and the other is the Fourier transform of the longitudinal field fluctuation auto-

correlation function at zero frequency. 

Before finishing this section, let us consider a simple exponential correlation function as an 

example, 

  ,                                                                                                     (2.40)   

where   is the correlation time.  

The Fourier transform of equation (2.40) is  		
                                                                                                               (2.41) 

and substituting equation (2.41) into (2.37) and (2.38), we have 		
                                                                                                         (2.42)     

and 

   .                                                                                                                   (2.43) 

It turns out that equation (2.42) and (2.43) can explain the nuclear relaxation in many systems.  
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2.6    Experimental setup 

 
2.6.1   Probe and the Tank circuit 

 

The NMR probe has a tank circuit (LC circuit), which contains two capacitors and one resonance 

coil to send RF field (transmission) into the sample and to receive the signal generated by the 

nuclear spins in the sample, as shown in Fig. 2.10. The tank circuit is at one end of the probe and 

connected to the top of the probe through a long coax so that the coil region can reach the center 

of the magnetic field near the bottom of the Dewar. To insulate the heat from the top of the 

magnet and to control the temperature of the sample, we put the probe inside a cryostat first and 

then immerse them together inside a superconducting magnet, which is filled with liquid helium. 

As seen in Fig. 2.10, the sample is put into the coil and the two capacitors are the tuning 

capacitor, which is connected in series with the coil, and the matching capacitor, which is 

connected in parallel to the coil. Both capacitors are tunable. The function of the tuning capacitor 

is to change the resonance frequency of the circuit  approximately given by  

  ,                                                                                                                                 (2.44) 

where L is the inductance of coil and  is the capacitance of the tuning capacitor.  

 

 

Fig. 2.10: Resonance tank circuit. The circuit is made of a resonance coil, a matching capacitor 

and a tuning capacitor. The sample is put inside the coil, which is at the center of the magnet.  

The function of the matching capacitor is to change the impedance of the circuits. 

 

In order to transmit the RF signal from the power amplifier down to the coil, the impedance of 

the entire circuit has to match 50 ohm or the RF field will be reflected back. Before each 

measurement, the whole circuit is first connected to the network analyzer, which is able to tell 
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where the resonance frequency is and how good the circuit matches 50 ohm from the power 

reflection. We tune the probe circuit to the wanted frequency by adjusting the tuning capacitor. 

We also match the probe circuit to make sure the reflected power around the wanted frequency is 

less than -3dB compared to the reflected power at other non-resonance frequencies. Then we 

connect the probe circuit to the whole measuring circuit to perform the NMR experiments. 

 

2.6.2   Inductive matching   

 

Inductive matching is a method to match the probe circuit to 50 ohm with a matching coil instead 

of a matching capacitor, as shown in Fig. 2.11. The impedance of the sample coil 	increases as 

the frequency of the circuit increases,  	,                                                                                                                                (2.45) 

where  is the impedance, 	is the frequency of the circuit and L is the inductance.  

In order to maintain the impedance of the entire probe circuit at 50 ohm, it requires the 

impedance of the matching element to increase, when the impedance of the sample coil 

increases.  

The impedance of a capacitor is given by,  

 ,                                                                                                                                  (2.46) 

where C is the capacitance. 

As seen in equation (2.46), the impedance of a capacitor decreases as the frequency increases for 

a fixed capacitance. Thus, in a capacitor matching circuit, in order to maintain the 50-ohm 

requirement when the frequency of the circuit increases, we have to decrease the capacitance to 

make ZC increase, that is, adjusting the matching capacitor every time when the resonance 

frequency changes.   

While, if we switch the matching capacitor into a matching inductor, the impedance of the 

matching element increases as the frequency increases. This guarantees that the impedance of the 

entire probe circuit is around 50 ohm approximately for a broad frequency range without any 

tuning.  

Due to the limited range of a matching capacitor, the resonance range of the probe with good 

matching is also limited, roughly to within 200 MHz. If switching to a matching coil, for a good 
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matching inductor,  this range can expanded to 400 to 500 MHz and there is no need to adjusting 

the matching capacitor when the resonance frequency changes. 

 

 

Fig. 2.11: Inductive matching tank circuit. The circuit is made of one resonance coil, a matching 

coil and a tuning capacitor. Compared to Fig 2.11, here we changed the matching capacitor into a 

matching coil. 

 

 

2.6.3   Pulse NMR electronics 

 

The pulse NMR electronics is displayed in Fig. 2.12. It is divided into the transmitter part and the 

receiver part. The function of the transmitter circuit is to generate the RF field, which is sent to 

the probe. The function of the receiver circuits is to receive the NMR signal from the probe. The 

switching between the receiving and the transmitting is realized by a device called duplexer 

which allows the high power RF pulse from the amplifier go into the probe and direct the low 

power NMR signal to the receiver part. The power amplifier amplifies the RF field before 

sending it into the probe. The pulse coming out from the power amplifier is normally 500 W to 

1000 W. The frequency source is a frequency synthesizer which can generate a radio frequency 

wave at a chosen frequency. Both transmitter and receiver are integrated in the spectrometer 

called Magres 2000 [23]. The transmitter cannot only regulate the length (duration) of the pulse 

but also the amplitude of the pulse. In order to easily digitize the signal, the NMR signal is 

divided into two, which have 90 degree phase shift and each is mixed with the reference signal 

from the frequency source.  The reference signal has the frequency  and the NMR signal has 

the frequency . The mixed signals have two frequencies, one is the subtraction between  

and  and the other is the addition between them. By using a low-pass band filter, the high 
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frequency component of the mixed signal is filtered out and the low frequency one remains. 

After mixing and filtering, the previous two signals which have a 90 degree shift become, 	~	cos	 ∙ 	                                                                                                                   (2.47 a) 	~	sin ∙ 	 ,                                                                                                                 (2.47 b) 

where  equals the absolute value of the subtraction between  and  .   and  are the 

real and imaginary part the NMR signal that are sent into the computer.  

The computer software with the name Magres 2000 [23] controls all the procedures discussed 

above and is displayed in Fig. 2.12. 

 

 

 

Fig. 2.12: Pulse NMR electronics. The frequency source generates a radio frequency wave at 

certain frequency. The RF pulse generator regulates the duration of radio frequency. The power 

amplifier amplifies the RF pulse and then sends it into the tank circuit.  Pre-amp amplifies the 

NMR signal from the probe. Then, the NMR signal is sent into the receiver, where it is mixed 

with the signal from the frequency source.  The mixed signal is sent to the computer for analysis. 

The Duplexer is like a fast switch that controls whether the transmitter circuit is connected to the 

probe or the receiving circuit is connected to the probe.  
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CHAPTER THREE 

SPIN CONFIGURATION IN THE EXTENDED KAGOME SYSTEM 

YBaCo4O7 

 

 

In this chapter, we will discuss the novel use of zero field 
59

Co NMR to determine the spin 

configuration in the extended kagome system YBaCo4O7.  This system has alternating kagome 

and triangular Co layers. From the hyperfine field orientations, we are able to obtain the Co spin 

configuration on both the kagome and triangular layers.  Our results indicate a ‘spin-flop’ 

configuration between the spins on the kagome layer and the spins on the triangular layer. Our 

findings are compared with neutron scattering results for this intriguing frustrated spin system. 

Parts of this chapter have been adapted from a published paper [15]. 

 

3.1 Introduction 
 

As discussed in Chapter 1, a triangular arrangement (2D) or tetrahedral arrangement (3D) of 

magnetic spins can result in geometrical frustration. These systems may form a spin liquid (no 

long-range magnetic ordering) even at low temperatures. Recent work has revealed that the 

system RBaCo4O7, where R is lanthanum or yttrium, is a geometrically frustrated system [16-

18]. The crystal structure of RBaCo4O7 is shown in Fig. 3.1. The Co ions are tetrahedrally 

surrounded by oxygen and form alternating triangular and kagome layers.  

From now on we will focus on YBaCo4O7. A structural transition from trigonal (space group 

P31c) to orthorhombic (space group Pbn21) has been reported at 310 K[19, 20]. A further 

transition from orthorhombic to monoclinic is reported around 100 K [19, 20]. These structure 

transitions lift the geometrical frustration and allow magnetic ordering of the spins to occur. 

Antiferromagnetic (AF) ordering at TN 106 K for the Co spins on the triangular layers has been 

detected in neutron scattering experiments [19, 20]. But the spins on the kagome layers still 

remain frustrated according to their results [21]. Also different domains of AF order have been 

detected by neutron scattering [19, 20]. In addition, spin re-orientation occurs at around 60 K 

[18]. Fig. 3.2 shows the SQUID magnetization as a function of the temperature. The three 

transitions are indicated by arrows. 
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Fig. 3.1: Crystal structure of RBaCo4O7. (a) Cobalt ions are tetrahedrally surrounded by oxygens. 

Cobalt ions in kagome and triangular layers are denoted as Co1(red) and Co2(blue). (b) 

Representation of alternating triangular and kagome layers of  Co ions [18].  

 

 

Fig. 3.2: Magnetization data of YBaCo4O7. The three phase transitions are indicated by arrows. 

A structural transition from trigonal to orthorhombic occurs at 310 K, and AF ordering at TN 

106  K that is accompanied by a small structural transition from orthorhombic to monoclinic.  

A spin re-orientation transition occurs around 60K. 

 

 

Co ions exist in valence states Co
2+ 

and Co
3+

 , which have S=3/2 and S=2 respectively [22]. 

Neutron scattering suggests that the Co
2+ 

and Co
3+ 

 are randomly distributed in both triangular 

layers and kagome layers. The ratio of cobalt ions on the kagome layers to those on the triangular 

layers is 3:1. 
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A spin configuration for both Co ions on the triangular layers and kagome layers has been 

determined in neutron scattering experiments [20] (Fig 3.3). Spins in the triangular layers order 

antiferromagnetically and are in the ab plane, while spins in the kagome layers are not 

necessarily in the ab plane [20].  

 

 

Fig. 3.3: Spin configuration from neutron scattering [20]. Blue arrows, which are in the ab plane 

and order anti-ferromagnetically, represent spins on the triangular layer. Red arrows are spins in 

the kagome layers. Twelve different spin directions in the kagome layer have been postulated, 

which are not necessarily in the ab plane.  

 

 

3.2 Experiment 
 

The single crystals of YBaCo4O7 were grown in a floating zone furnace at Argonne National 

Laboratory and were oriented by means of X-ray Laue diffraction at the NHMFL. Powder 

samples were obtained by crushing shards from the single crystals. The zero field (ZF) NMR 

technique has been used to study the system as described in section 2.2. A pulsed spin-echo 

NMR spectrometer (Ch.2), with auto-tuned frequency sweep capability, was used to obtain 
59

Co 

spectra, T1 and T2 relaxation rates in ZF, in the temperature range from 0.5 K to 40 K. In ZF 

NMR, signals are obtained only from nuclei that experience hyperfine (HF) fields BHF which are 

static on the NMR timescale (> 10 s). A novel ZF rotation experiment, which rotates the sample 

in the coil and changes the angle between the radio frequency (RF) field and the internal 
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hyperfine field (BHF) is performed. The sample rotates 20 degrees each step along its c-axis and a 

frequency sweep spectra is recorded at each step.  By fitting the spectral area vs. the rotation 

angle, the experiment provides information on the orientation of the internal hyperfine fields, i.e. 

the orientation of the ordered spins, assuming  and  are parallel. Frequency sweep spectra 

and the rotational experiments are also performed in a small perturbed field. By studying the 

splitting of the peak in a perturbing field as a function of the rotation angles, the spin orientation 

is determined.  

 

 

Fig. 3.4: Setup of the rotational experiment. The sample is put on the small deck and the deck is put 

on the goniometer that connects to the probe.  (a) side view. (b) top view.  

 

 

Fig. 3.5 shows the ZF NMR spectra of 
59

Co for polycrystalline YBaCo4O7, obtained by 

integrating the spin-echo signals versus the frequency, at 2.4 K. Five major peaks are observed, 

each with a width of several MHz. For the reason that the Co
3+ 

(S=2) has a larger magnetic 

moment than the Co
2+ 

ion (S=3/2), we provisionally attribute the high frequency spectra (80-130 

MHz) to Co
3+

 ions and the low frequency spectra (below 70 MHz) to Co
2+

. We will mainly focus 

on the spectra associated with Co
3+

 ions, because of the improved sensitivity for high frequency 

spectra (∝ ). Each component is fit with a lorentzian form as shown in Fig. 3.5. The widths of 

the Lorentzians for the 90 MHz and 100 MHz peaks are 3.5 MHz and the width of the 120 MHz 

peak is 9 MHz. In the following we will first analyze the response of the ZF NMR spectra in the 

rotational experiments and then show the data.   
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Fig. 3.5: Zero field 
59

Co NMR spectra for polycrystalline YBaCo4O7 at 2.4 K. Five major peaks 

are observed in the frequency range 50 MHz to 150 MHz. The two low frequency peaks have 

been assigned to Co
2+

 and the top three peaks are assigned to Co
3+

. Among the three high 

frequency peaks, the two blue lines are assigned to the Co
3+

 in the kagome layer and the red line 

is assigned to Co
3+ 

in the triangular layer. 

 

 

3.3 Analysis 
 

3.3.1 Rotational Experiment Analysis 

 

As the sample rotates in the coil, the hyperfine field, which is fixed in the sample, also rotates, 

while, the RF field, which is parallel to the axis of the coil, is fixed in the lab frame. In Fig 3.6, 

we label the internal hyperfine field as  and the RF field is labelled as	  . The signal 

amplitude changes as the angle between 	 and  changes. In the present experiment, 

amplitudes of both 	 and  do not change and only the angle changes. For a fixed duration 

of pulse length, 	satisfies the  pulse condition and  and  are perpendicular. From the 

ANTIOPE simulation in the next section we have, . ∗ ,                                                                                                       (3.1) 

where S is the signal amplitude, which is taken as the spin echo area in our case and  the angle 

between  and .  

Combining simple geometry and eq. (3.1) obtained by density matrix formalism, we have  . sin	 arccos	 ∗ cos	 ∗ sin	 arccos	 ∗ cos	 ,              (3.2)                        
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where , ,  are the angles with the coordinates defined in Fig 3.5. This equation is used to 

simulate the NMR signal using the spin direction from the neutron experiments as the input.                                 

Equation (3.1) is obtained in section 3.3.2.                                            

 

 

 

Fig. 3.6: Cartoon of the rotating hyperfine field and the fixed RF field. The hyperfine field is 

labelled as 	and the RF field is labeled as .  is the angle between  and the x axis,  is 

the angle between the  and the z-axis,  is the angle between the projection of 	in the x-y 

plane and the x-axis, and  is the angle between 	and	 . 

 

 

3.3.2 ANTIOPE simulation 

 
ANTIOPE is a computer program for NMR signal response, which is based on the density matrix 

formalism[23]. The program permits the simulation of a wide variety of nuclear magnetic resonance 

experiments including echo signals or a FID signal [23].  In the program, we are able to choose 

different RF fields, pulse lengths and amplitudes, different Hamiltonians and shifts. Here we are 

going to use the program to simulate the echo signal amplitude as a function of the angle between the 

static field	  and the RF field . The simulation result gives equation (3.1). The details of the 

simulation are given in appendix A. 

3.3.3 Rotational experiments in a perturbed field 

 

In a small perturbing field, as discussed in Section 2.1.3, if the perturbing field is parallel to , 

i.e. along the antiferromagnetic ordering direction (the spin direction), the associated spectra will 
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be split. If the perturbing field is perpendicular to the antiferromagnetic ordering direction, there 

is at most a slight shift in the spectra due to canting of the spins. For a general situation when the 

angle between the antiferromagnetic ordering direction and the perturbed field direction is , the 

splitting of the spectra is given by   ∗ ∗  ,                                                                                                         (3.3) 

where  is the magnitude of the perturbing field. The factor  is due to the fact that only 

the component of the perturbing field parallel to  provides the dominant contribution to the 

splitting of the spectral lines. 

 

3.4 Result and Discussion 
 

3.4.1 Spectra  

 

The ZF NMR spectra have been displayed with various peak features in Fig. 3.5. The evolution 

with T of the ZF NMR spectra (70 MHz -140 MHz) for the single crystal YBaCo4O7 with the RF 

field directed along the sample c-axis is shown in Fig. 3.7. The spectra have been scaled by T to 

compensate the Boltzmann factor. From 4 K to 20 K, the T-scaled areas of 90 MHz and 120 

MHz peaks decrease by a factor of 4. The T-scaled area of the 100 MHz peak decreases by a 

factor of 2. The 90 MHz and 120 MHz peaks are therefore assigned to the more dynamic kagome 

layer and the 100 MHz peak is assigned to the less dynamic triangular layer.  The line width of 

the 120 MHz line is 2.5 times larger than that of the 90 MHz line, which suggests dual peaks 

(two overlapping peaks) under the 120 MHz line. The presence of the three kagome spectral 

components (one under 90 MHz, two under 120 MHz) is consistent with the presence of three 

distinct crystallographic kagome sites. 

At 1.7 K, the ratio of the sum of the area of the 90 MHz and 120 MHz peaks to the area of the 

100 MHz peak is approximately 2. This ratio is smaller than the expected value 3, since there are 

3 spins in the kagome layers for each spin in the triangular layers and Co
2+

 and Co
3+

 ions are 

assumed to be randomly distributed in the layers.  Even at the lowest available temperature of 

T=500 mK, the ratio is still lower than 3. There are two possible explanations for this. Firstly, a 

fraction of spins on the kagome layer may remain dynamic at the lowest temperatures and is 

therefore not detected in the measurements.  Secondly, this may result from the possibility that 

Co
2+

 and Co
3+ 

are not randomly distributed in the layer, but with Co
3+

 favoring the triangular 

layers, corresponding to charge ordering.  However, there is no convincing evidence for charge 



47 

 

ordering in neutron scattering experiments [24].  Also, our relaxation time results, which are 

discussed below, suggest that spin dynamics in the kagome layer persists to very low 

temperature.  

 

 

Fig. 3.7: Temperature evolution of the Boltzmann corrected NMR spectra. The graph shows T 

scaled NMR spectra above 70 MHz for the single crystal YBaCo4O7 in the temperature range 4.8 

K to 20 K. The spectra amplitudes have been multiplied by T to compensate for the Boltzmann 

factor. The RF field  is along the sample’s c-axis. 

 

 

It is instructive to note that the areas of the 90 MHz, 100 MHz and 120 MHz peaks in Fig. 3.7 

are similar to those in Fig. 3.5. The spectra in Fig. 3.7 are taken on a single crystal by directing 

the RF field along the sample’s c-axis and the spectra in Fig. 3.5 are taken on the polycrystalline 

sample. The similarity in areas suggests that the local hyperfine fields are oriented close to the ab 

plane, and therefore perpendicular to the RF field in the single crystal experiments. For the 

polycrystalline compound, hyperfine fields in the crystallites are randomly oriented with respect 

to the RF field and a spatial average reduces the various components in the spectra by the same 

amount. The ratios in the single crystal measurements are very similar to those in the averaged 

polycrystalline case. This close similarity requires that spins associated with the kagome layers 

(90 MHz and 120 MHz) and the spins associated with the triangular layer (100 MHz) have 

similar orientations with respect to the crystal c-axis. In neutron scattering experiments, spins in 
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the triangular layer are reported to lie in the ab plane [24]. Combined with our results, this 

provides strong evidence that both, the spins in the kagome layers and the spins in the triangular 

layers, are in the ab plane. This finding is supported by our further results presented in section 

3.4.2. 

 

3.4.2 Result of the rotational experiment  

 

Fig 3.8 shows the spectral areas of the 90 MHz, 100 MHz and 120 MHz peaks as a function of 

the rotation angle, which is defined as the angle between the RF field in the ab plane and the 

sample’s [110] direction.  The functional form of equation (3.2) has been used to fit the data by 

setting the angle  in Fig. 3.6 equal to π/2, since both the hyperfine field and the RF field are in 

the sample’s ab plane.  The fit results are shown in Fig. 3.8. As discussed in section 3.1, the 

signal maximizes when the RF field and the internal hyperfine fields are perpendicular to each 

other and goes to zero when the two are parallel. To account for the fact that the signal minimum 

is nonzero, three domains, oriented 120 degree with respect to each other (Fig 3.9), have been 

used to fit the data, with the fraction of the principal domain set to 70 %.  The fit results suggest 

that spins in the kagome layers are oriented along the sample’s [110] direction, while the spins in 

the triangular layer are perpendicular to the sample’s [110] direction. This suggests that spins in 

the kagome layer are perpendicular to spins in the triangular layer. The phase agreement of the 

90 MHz and 120 MHz signals further confirmed that these two components are associated to the 

kagome spins.  

The inset gives the simulated rotation experiment result using equation (3.2) and using the spin 

configuration at 5 K from the neutron experiment as input [20] with the assumption that the 

hyperfine field is antiparallel to the spin direction and with the consideration of three domains 

(domain fractions 70%, 15%,15%). In the neutron results, spins in the triangular layer are in the 

ab plane in antiparallel configurations. Also, neutron experiments give spins in the kagome layer, 

which have six different directions, not necessarily in the ab plane. The simulation results (inset) 

are in good agreement with the NMR rotation pattern for the triangular layer. However, the 

simulated result for the kagome layer does not agree with our NMR results, which shows the 

spins on the kagome layer and triangular layer are both in the ab plane and orthogonal to each 

other. The reason for the disagreement between our NMR findings and the neutron results for the 

spin configuration in the kagome layers is not clear at present. 
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Fig. 3.8: Zero field 
59

Co spectra area for single crystal YBaCo4O7 as a function of the angle  

between RF field in the ab plane and the sample’s [110] direction. The full fitted curves are 

described by the model in the text. The observed phase shift between 90 MHz, 120 MHz and 100 

MHz components suggests an orthogonal relationship between these spins. The inset is the 

model prediction based on the spin configuration derived from the neutron scattering 

experiments.  

 

 

 

Fig. 3.9: Three ferroelastic domains. A part of the (hk0) reciprocal plane demonstrating 

superposition of the three types of 120 degree ferroelastic domains, expected in the case of 

orthorhombic symmetry [18]. 
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3.4.2 Results in a perturbing field 

 

Fig. 3.10 shows the frequency sweep spectra for the single crystal compound YBaCo4O7 in a 

perturbed field pointing along the sample’s [110] direction in the ab plane with the RF field 

pointing along the sample’s c-axis. 

 

 
Fig. 3.10: 

59
Co NMR spectra for single crystal YBaCo4O7 in a perturbing field directed along the 

crystal [110] direction and ranging from 0 T to 1.5 T.  The RF field is along the crystal c-axis. 

The major peaks at 90 MHz, 100 MHz and 120 MHz are associated with the principal domain. 

This orientation of the perturbing field induces a splitting of the 100 MHz peak in the major 

domain but not in the 90 MHz and 120 MHz peaks.  The decomposition of the spectra in 1.5 T 

into the components, which are associated with the 90 MHz, 100 MHz and 120 MHz peaks in 

zero field, is shown in the upper inset with the allowance for three domains. The bottom left inset 

shows the splitting of the 100 MHz peak vs the perturbing field, as discussed in the text.  

 

 

The major peaks at 90 MHz, 100 MHz and 120 MHz are associated with the principal domain. 

The splitting of the 100 MHz peak in the principal domain is shown as the dash line in Fig. 3.10. 

The top inset box shows the splitting of the 90 MHz, 100 MHz and 120 MHz spectral 

components in an 1.5 T perturbing field with the allowance of three differently oriented domains 

(70%, 15%, 15% domain fraction), among which peaks in the principal domain are displayed by 

lines with a larger height. The field dependence of the 100 MHz peak in the principal domain is 

shown in the inset of Fig. 3.10 with the slope of the straight line being 10.03 MHz/T, which is 

the gyromagnetic ratio for the 
59

Co nuclei. The 90 MHz and 120 MHz peaks remain unchanged 
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at this orientation of the crystal relative to the perturbing field.  This suggests that spins in the 

kagome layer (90 MHz and 120 MHz) are orthogonal to the chosen perturbing field direction and 

spins in the triangular layer are parallel to the perturbing field direction. A small splitting is 

found in the 90 MHz peak of the principal domain, which suggests that the kagome spins are not 

exactly parallel to the crystal [110] direction but have a slight offset (~10 degree).  

 

 

Fig. 3.11: 
59

Co NMR spectra for single crystal YBaCo4O7  in  perturbing fields with three 

different values of the angle  with respect to the crystal [110] direction.  For =0
o
, the spectra 

associated with spins in the kagome layer (90 MHz) are split. For =90
o
, the spectra associated 

with spins in the triangular layer (100 MHz) are split. At an intermediate angle (40 degrees) both 

peaks are split. 

 

 

Fig. 3.11 shows NMR spectra in a perturbing field for several different angles between the 

perturbing field and the crystal [110] direction. The perturbing field is taken as 0.5 T and the 

angle  equals -90 degree, -40 degree and 0 degree. When the angle  equals 0 degree, the 90 

MHz peak has a major splitting. When  = -90 degree, the 100 MHz peak has a major splitting. 

For an intermediate angle (50 degree), split peaks are found at both 90 MHz and 100 MHz. The 

spectra were fitted with the functional form ∑ , ∆ , , , where  is a 
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Lorentzian function, i represents the sum over all the components, including the consideration of 

all the domains,   is the center frequency for component i, ∆  is the line width, and 	is the 

amplitude parameter. The best fit gives the domain fractions as 70%,15%,15%.  

Fig. 3.12 shows the spectra peak frequency for the principal domain components at 90 MHz and 

100 MHz versus the rotational angle, defined as the angle between the orientation of the 

perturbing field and the crystal [110] direction.  The orthogonality between the spins in the 

kagome layers and spins in the triangular layers is further confirmed. The spins in the triangular 

layers are perpendicular to the [110] direction. Spins on the kagome layer form a spin-flop 

configuration with respect to the triangular layer. 

 

 

Fig. 3.12: Angular dependence of the split spectra peak frequency versus the angle between the 

perturbing field and the crystal [110] direction for the 90 MHz kagome spins and 100 MHz 

triangular spins in the principal domain. The magnitude of the perturbing field is 0.5 T in the ab 

plane. The upper two curves are fit with . . cos	  MHz with the phase shift 	and π. The bottom two curves are fit with  . sin	  MHz with the phase 

shift 	and π. The 90 degree phase shift in the rotational pattern suggests an orthogonal 

relationship between the hyperfine fields in the kagome layers and hyperfine fields in the 

triangular layers. 

 

 

3.4.3 Relaxation  

 

Fig. 3.13 shows the spin lattice relaxation rate /  and the spin-spin relaxation rate /  of 

59
Co as a function of the temperature at 90 MHz, 100 MHz and 120 MHz.  
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Similar trends have been found for all three frequencies. In the range 4 K to 12 K, the 90 MHz 

and 120 MHz relaxation rates are significantly higher than those of the 100 MHz components, 

which is consistent with the spin reorientation in the kagome plane but not in the triangular layer. 

The similar behavior of 1/T1 and 1/T2 suggests a common underlying relaxation mechanism, the 

fluctuating hyperfine fields from the neighboring ions. Note that 1/T2 is an order of magnitude 

larger than 1/T1, which suggests that the longitudinal hyperfine field fluctuations are larger than 

the transverse fluctuations.  Here we will mainly focus on the T1 process. 

There are three regions in Fig. 3.13 (b) with different T behaviors. The 90 MHz and 100 MHz 

rates follow the relation   with  ~	3 in region I (b), which is consistent with a process 

involving magnon scattering. The similar behavior of 90 MHz (kagome) and 100 MHz 

(triangular) peaks indicates a dynamic coupling between layers. The behavior of the 1/T1 for the 

120 MHz rates is different from those two of 90 MHz and 100 MHz peaks below 4 K. This 

difference indicates a different relaxation mechanism than spin waves and is discussed later.  

In region II, the relaxation has a different behavior to that in region I, which indicates that spin 

waves are not a dominant mechanism for the relaxation. In region III, the relaxation rates 

increase more rapidly with temperature, which indicates a change in the correlation time. 

The inset in Fig 3.13 (a) is the t = 0 amplitude obtained from a fit of the echo amplitude decay 

curve. The line follows a 1/T Curie Law behavior. Changes from the Curie behavior above 4 K 

are related to the line shape change, which can increase the echo amplitude.  

It is likely that in regions II and III, the relaxation can be explained by the Redfield theory 

(section 2.5), 		
 ,                                                                                                                       (3.4) 

where  is the mean square transverse field on the nuclei from the neighboring spins. τ	 is the 

average correlation time.  When the temperature is high enough, the neighboring spins are more 

dynamic and the fluctuating fields increase. Also, the correlation time is short when the 

temperature is high. The relaxation mechanism described by equation (3.4) becomes increasingly 

important and competes with the spin wave relaxation. When the temperature is low (below 4 K), 

neighboring spins do not fluctuate that much and the correlation time becomes long enough. In 

this limit the dominant relaxation mechanism is due to spin waves (90 MHz and 100 MHz). 
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However, spins associated with the 120 MHz component remain dynamic below 4 K and the 

dominant relaxation mechanism in the corresponding region is given by the fluctuating field 

from the neighboring spins. This suggests that the 120 MHz line is associated with the kagome 

spins in particular in a somewhat disordered region of the sample. 

 

 

Fig. 3.13:  
59

Co 1/T2 and 1/T1 as a function of temperature for the 90 MHz, 100 MHz and 120 

MHz lines. There are three regions that exhibit different behaviors, designated as region I, region 

II, and region III. The straight lines in (b) each have the functional form 1/  ∝ 	  consistent 

with the spin wave scattering for the 90 and 100 MHz components. Regions II and III reflect the 

2D dynamics in the kagome plane. The inset in (a) shows the spin echo amplitude as a function 

of T. The full curve is given by 1/T, which fits the data well below 4 K. The plateau in the region 

II (4 K -12 K) is discussed in the text.  

 

 

3.5 Summary 
 

We have identified the NMR spectra peaks as either arising from the kagome layer or the 

triangular layer. Our sample rotation experiments and our experiments in a perturbing field show 

that Co spins in the kagome layers and Co spins in the triangular layers lie in the ab plane and 

have an orthogonal relationship to each other, which is a spin flop configuration. A spin 

configuration based on our NMR result is shown in Fig 3.14 with the spin configuration from 
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neutron scattering shown for comparison. Spins in the kagome layer are more dynamic than 

those in the triangular layer. Our relaxation data show that at low temperatures ( 	 ) spin 

waves are a dominant relaxation source for the 90 MHz line and the 100 MHz line. At high 

temperatures, 	 , those spins are relaxed by the fluctuation of the hyperfine field created 

by the neighboring spins. The relaxation of the 120 MHz line is caused by neighboring 

fluctuating local fields, even at low temperature and the 120 MHz line is associated with the 

kagome spins in a particular somewhat disordered region of the sample. 

 

 

Fig. 3.14: Spin configuration from NMR measurements and from the neutron scattering 

experiments [20]. (a) The spin configuration from the NMR measurement. Spins in the triangular 

layer, which are shown blue, order antiferromagnetically and are perpendicular to the sample’s 

[110] direction. Spins in the kagome layers, which are shown red, are orthogonal to spins in the 

triangular layers in a spin flop configuration. (b) The spin configuration from the neutron 

scattering experiments. Spin directions on the triangular layers agree with our NMR results, 

while spins in the kagome layers do not.  
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CHAPTER FOUR 

SPIN ORDERING AND DYNAMICS IN THE FRUSTRATED SYSTEM 

YBaCo4O7.1 

 

 

The stoichiometric compound YBaCo4O7 exhibits long range antiferromagnetic order below the 

Néel temperature at 106 K. However, in the non-stoichiometric compound YBaCo4O7.1 no long 

range magnetic order is detected in the same temperature range. In this chapter, we are going to 

use magnetization, AC susceptibility and zero field NMR to study the spin dynamics and spin 

configuration in single crystal YBaCo4O7.1. A magnetic transition at 80 K is observed, which is 

interpreted as the freezing out of spins in the triangular layer.  At low temperature (below 50 K), 

the dynamics persists and a fraction of spins in the kagome layer can be termed as a viscous spin 

liquid. Below 10 K, a glass-like spin structure forms and a large distribution of spin correlation 

times are suggested by the relaxation studies. Parts of this chapter have been adapted from a 

published paper [25]. 

 

4.1 Introduction 
 

Co ions in the stoichiometric compound YBaCo4O7 form alternating triangular and kagome 

layers and the Co ions are tetrahedrally surrounded by oxygen. A structural transition occurs at  

310 K from a trigonal to an orthorhombic phase, which lowers the symmetry and lifts the 

geometrical frustration, allowing the spins on the triangular layer have long range 

antiferromagnetic order at TN  = 106 K. However, this is not the situation for the non-

stoichiometric compound YBaCo4O7.1.  

The layer structure of YBaCo4O7+δ facilitates the uptake of an additional fraction δ of interstitial 

O atoms with δ changing from 0 to 1.6. This kind of materials have potential for oxygen storage 

since they can absorb or release O freely when heated up above 400 
o
C [26-28]. Additional O 

changes the crystal structure from the original YBaCo4O7 compound, especially the O-Co bond 

length and the polyhedral of the O surrounding the Co ion. Structural changes alter the low 

temperature magnetic properties compared to the stoichiometric compound. No long range 

antiferromagnetic order is observed as δ changes from 0 to 0.1 [29-31]. Neutron scattering 
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experiments on compounds with δ ranging from 0.1 to 1 reveal diffuse scattering at low 

temperature, which is consistent with a spin disordered ground state (no long range order) [32]. 

The structures for the stoichiometric compound δ = 0 and for the nonstoichiometric compound δ 

= 1 are shown in Fig 4.1. Interstitial extra oxygen converts some tetrahedra into octahedra as 

shown in the figure. We expect this is also the case for the δ = 0.1 compound. 

No structural transition from trigonal to orthorhombic is observed in the δ = 0.1 compound, like 

it was seen in the δ = 0 compound. No long range magnetic order is observed in the δ = 0.1 

compound, like it occurs in the δ = 0 compound. However, above TN, short range spin 

correlations have been observed in the δ = 0 compound. What is the magnetic ground state and 

what is the spin configuration of the nonstoichiometric compound (δ = 0.1) below 100 K?  We 

will answer these questions in the experiment described below. 

 

 

Fig. 4.1: Crystal structure for the compound YBaCo4O7+δ with δ=0 and 1. (a) shows the 

triangular layer and (b) shows the kagome layer. In the stoichiometric compound, Cobalt ions are 

tetrahedrally surrounded by oxygen, which are green in color.  The extra oxygen converts some 

tetrahedra into octahedra (gray), as δ becomes nonzero. We expect the structural change of the 

compound for δ=0.1 is similar to the structure change shown in the figure [29]. 
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4.2 Experiment 
 

The YBaCo4O7.1 single crystal was grown in a floating zone furnace by oxidizing the 

stoichiometric single crystal compound YBaCo4O7 at high temperature. After the sample is 

oxygenated, the oxygen content is verified by thermogravimetric analysis of the single crystal 

sample. The orientation of the crystal axes of the single crystal compound YBaCo4O7.1 were 

determined by x-ray diffraction using a four-axis Enral Nonius CAD-4 diffractometer. The 

magnetization measurements of the nonstoichiometric compound were performed in a Quantum 

Design superconducting quantum interference device magnetometer as a function of the 

temperature in an applied field of 0.1 T.  The AC susceptibility measurements of the compound 

were performed in a Quantum Design Physical Property Measurement System using zero applied 

DC field and a 7.5 Oe AC field.  The zero field NMR measurements on the 
59

Co ion were 

performed making use of the internal hyperfine fields, which is similar to the experiments on the 

stoichiometric compound in chapter 3. Both, the frequency sweep spectra and the relaxation rates 

on certain peaks, were obtained. The attempt to search for the Y NMR signal by varying the 

applied field was not successful, which may be due to the short relaxation time of the nucleus.  In 

order to obtain the spin orientations, experiments with the RF field either along the sample’s c-

axis or at various directions in the ab plane were performed, which are similar to that in chapter 

3, using ZF NMR to determine the spin configuration. 

 

4.3 Result 
 

4.3.1 Magnetization and AC susceptibility 

 

Fig. 4.2 shows the magnetization curve for the nonstoichiometric single crystal YBaCo4O7.1 as a 

function of temperature in an applied field of 0.1 T in the ab plane (Fig. 4.2 a) and parallel to the 

c-axis (Fig. 4.2 b). The measurements were performed in a warming run with the preconditions 

of zero field cooling and field cooling to the lowest temperature 2 K. The solid lines in Fig. 4.2 

are the field cooling magnetization curves for the stoichiometric single crystal YBaCo4O7 with 

the same orientation of the measuring field with respect to the crystal axes, which are used for 

comparison. The field cooling magnetization curves are similar in shape for both the 

stoichiometric and the nonstoichiometric compounds, when the measuring field H is along the c-

axis. The magnitude of the nonstoichiometric magnetization data is smaller, reaches a maximum 
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at 40 K and saturates at low temperatures as seen in Fig. 4.2 (b). When the measuring field H is 

in the ab plane, the magnitude of the magnetization of the nonstoichiometric compound is twice 

that of the stoichiometric compound and saturates at low temperatures. 

 

Fig. 4.2: Magnetization curve of the single crystal YBaCo4O7.1 following field cooling and zero 

field cooling protocol. The field cooling data are labelled by blue square boxes and the zero field 

cooling data are indicated with red circles. The solid curve is the magnetization data of 

YBaCo4O7  for comparison. (a) the measuring field of 0.1 T is in the ab plane and (b) the 

measuring field of 0.1 T is parallel to the c axis. A cusplike feature at 80 K is found in both (a) 

and (b). The insets in (a) and (b) show the thermal history dependence of the magnetization 

properties below 80 K. In ZFC1, the sample is gradually heated to 90 K at a rate of 1 K per 

minute, while in ZFC2, the sample is first heated up to 70 K at a rate of 5 K per minute and then 

warmed to 90 K at a rate of 1 K per minute. 

 

 

In both, Fig. 4.2 (a) and (b), an abrupt change with T around 80 K is seen, which might 

correspond to some magnetic order. This feature is more distinct when the measuring field is in 

the ab plane. Below this temperature, the magnetic properties are thermal history dependent, 

which is demonstrated in the insets of Fig. 4.2 (a) and (b). The ZFC 1 data in the insets, which 

are the red open circles, are measurements in which the sample is gradually warmed up from 2 K 

to 90 K at a rate of 1 K per minute. The ZFC 2 data in the inset, which are the dark solid circles, 

are obtained from a different warming procedure in which the sample is heated to 70 K at a fast 
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rate, 5 K per minute, and then warmed slowly from 70 K to 90 K at a rate of 1 K per minute. The 

difference between the ZFC1 curve and the ZFC2 curve clearly shows that the magnetic 

properties are different for different warming procedures, i.e. they are thermal history dependent. 

This effect is more dramatic when the measuring field is parallel to the c-axis.  In both, Fig. 4.2 

(a) and (b), the magnetization undergoes a change at a temperature around 50 K and reaches a 

constant for temperatures below 10 K. The huge difference between the field cooling and zero 

field cooling data is characteristic of spin-glass properties at low temperatures, which is 

discussed in the following section. The anisotropy in the M versus T curves in Figs. 4.2 (a) and 

(b), measured in an applied field of 0.1 T, suggests that the spins in the δ = 0.1 nonstoichiometric 

sample are not isotropically distributed. However, no orientation dependence of the FC 

magnetization in the ab plane was found in experiments in which the crystal was rotated about 

the c axis.  

 

 

Fig. 4.3: AC susceptibility measurement of the nonstoichiometric compound YBaCo4O7.1. The 

measurement was performed as a function of the temperature in the frequency range 1 to 1000 

Hz with an amplitude of the AC field of 7.5 Oe and zero DC field. (a) is the real part of the AC 

susceptibility and (b) is the imaginary part. A peak at 81 K is observed in both the real and the 

imaginary part. 
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Fig. 4.3 reports the AC susceptibility measurement of the nonstoichiometric compound 

YBaCo4O7.1. The measurements were performed as a function of temperature with different 

frequencies from 1 Hz to 1000 Hz. The sample is first cooled to 70 K and the data are taken in 

the warming runs.  A peak at 81 K is found in both the real and the imaginary parts of the 

susceptibility, which corresponds to a magnetic transition. The frequency dependence of the peak 

position is shown in the insets of Fig. 4.3 in both (a) and (b) with an enlarged scale. No distinct 

shifting of the peak position is observed in the real part, when the frequency changes, which 

suggests that the transition at 81 K is not a conventional spin glass transition. 

 

4.3.2 Zero Field NMR 

 

We performed similar zero field NMR experiments on the nonstoichiometric compound 

YBaCo4O7.1 as we did on the stoichiometric compound YBaCo4O7. Fig. 4.4 shows the zero field 

NMR spectra for both the stoichiometric (diamonds) and nonstoichiometric (circles) compounds. 

The spectra were obtained at 2 K on a polycrystalline sample of YBaCo4O7 and on a single 

crystal of YBaCo4O7.1 with the RF field along the sample’s c-axis. As discussed in chapter 3, the 

spectrum for the stoichiometric compound has well resolved peaks with the two lower frequency 

peaks (below 80 MHz) assigned to the Co
2+

 ions and the three higher frequency peaks (90 MHz, 

100 MHz and 120 MHz) assigned to the Co
3+

 ion. The 90 MHz and 120 MHz are assigned to the 

kagome layer and the 100 MHz peak is assigned to the triangular layer. 

In Fig. 4.4, a broad spectrum extending over 100 MHz, centered at 104 MHz is observed for 

YBaCo4O7.1. The observability of the spectra suggests a significant number of Co spins are static 

and give rise to static internal hyperfine fields, which are stable on the NMR time scale (10 μs), 

at 2 K. The spectra with a FWHM of 50 MHz, indicate the wide distribution of the internal 

hyperfine fields, around 5 T. It is impossible to separate the contribution of Co
2+

 or Co
3+

 ions, 

due to lack of the structure features in the spectra. Based on the result in the YBaCo4O7 spectra, 

we may attribute the spectra below 80 MHz to Co
2+ 

ions and spectra above 80 MHz to Co
3+ 

ions 

in YBaCo4O7.1.  

To interpret the spin configuration of YBaCo4O7.1, experiments with four different directions of 

the RF field in ab plane were performed and the zero field NMR spectra were taken for each 

direction of the RF field at the lowest temperature. The finding that the ZF NMR spectra are not 

RF orientation dependent suggests that spins in both the kagome and the triangular layers have 
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no preferred orientation in the ab plane. This result is consistent with the observation that there is 

no long-range order in the nonstoichiometric compound. An experiment with RF field along the 

sample’s c-axis was performed at the same temperature. The spectra with RF field along the c 

axis and the RF field in the ab plane overlap with each other within 2%. This suggests that the 

internal hyperfine fields and the Co spins, which are assumed to be parallel to the hyperfine 

fields, are pointing randomly on a sphere and have spherical 3d symmetry, forming a ‘hedgehog’ 

configuration, which is in contrast to the planar (in ab plane) spin configuration of the long range 

ordered state in YBaCo4O7 (chapter 3). 

 

 

Fig. 4.4: Zero field NMR of the nonstoichiometric compound YBaCo4O7.1 and the stoichiometric 

compound YBaCo4O7.  The spectra for the stoichiometric compound, shown as red diamonds, 

were obtained on a polycrystalline compound. The nonstoichiometric spectra, which are shown 

as blue circles, were obtained for the single crystal compound YBaCo4O7.1 with H1 along the c-

axis. The three high frequency peaks from the stoichiometric compound are attributed to Co
3+

 

and the two lower frequency peaks are attributed to Co
2+

 (see chapter 3). Among the three high 

frequency peaks of the stoichiometric compound, the 90 MHz and 120 MHz lines are assigned to 

the kagome layer and the 100 MHz line is assigned to the triangular layer. The solid line is a 

Gaussian fit of the portion of the nonstoichiometric spectra with frequency higher than 100 MHz. 

The fit gives FWHM 42 MHz and the differences between the stoichiometric spectra and the 

nonstoichiometric spectra are explained in the text. 
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The broad ZF NMR spectra become unobservable as the temperature is raised. Interestingly, the 

amplitude of NMR spectra at low temperature is found to be cooling rate dependent.  Fig. 4.5 

shows the spectra for two different cooling procedures, fast cooling, which is at a rate of more 

than 10 K per minute from 290 K to 1.5 K and slow cooling, which is at a rate of 1 K per minute 

from 290 K to 1.5 K. The spectra were taken at 20 K and 1.5 K for both cooling procedures. At 

the lowest temperature, 1.5 K, both spectra have similar shape and the slow-cooled spectra are 

approximately 30% larger in amplitude than the fast-cooled spectra. The fast cooled spectra at 

the lowest temperature relax toward to the slow cooled spectra over a period of several hours. 

This is clearly demonstrated in Fig. 4.6, where the spectra area were plotted as a function of 

waiting time after the sample being first cooled down to 1.5 K. An exponential model was used 

to fit the data, which gives an average relaxation time of 3.3 hours. This suggests that the spin 

state after fast cooling is a metastable state.  

 

 
Fig. 4.5: Cooling rate dependence of the ZF NMR spectra of YBaCo4O7.1 . The shape and the 

amplitude of the spectra measured at low temperature are cooling rate dependent. Panels (a) and 

(c) show the spectra obtained after fast cooling, which is at a rate more than 10 K per minute. 

Panels (b) and (d) show the spectra obtained after slow cooling, which is at a rate of 1 K per 

minute.  
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For the fast cooling protocol, no signal is detected at 20 K. While for the slow cooling protocol, 

spectra, which have similar structure to those of the stoichiometric compound, are observed at 20 

K, as shown in Fig. 4.5 (c) and (d). The spectra in Fig. 4.5 (d) have 2% of the amplitude of that 

in Fig. 4.5 (b), which is less than the Currie law prediction by 7.5 %. A model to explain this is 

discussed in the following discussion section.  

 

 

Fig. 4.6: Evolution of the fast cooled spectra area amplitude with time. The single crystal 

YBaCo4O7.1 was fast cooled from 290 K to 1.5 K. The spectra were taken at different time delays 

after being cooled to the lowest temperature. The curve is an exponential fitting with the 

characteristic time scale of 3.3 hours.  

 

 

Fig. 4.7 shows the 1/T1 relaxation of 
59

Co nuclei for both YBaCo4O7.1 and YBaCo4O7 as a 

function of the temperature. The measurements were performed at 102 MHz for YBaCo4O7.1 and 

100 MHz for YBaCo4O7 with the RF field pointing along sample’s c-axis. That the relaxation 

rates for YBaCo4O7.1, which lie in the shaded region of Fig 4.7, are significantly higher than 

those of YBaCo4O7 (blue diamonds) points to an enhanced spin dynamics in YBaCo4O7.1 as 

compared to YBaCo4O7. It is clear that the small number of excess oxygen atoms prevents the 

structural transition from trigonal to lower symmetry and the magnetic ordering in YBaCo4O7.1 

has changed both the distribution of hyperfine fields and the Co spin dynamics.   

As shown in Fig. 4.7, the spin-lattice relaxation rate for YBaCo4O7.1 is cooling rate dependent. 

The faster the cooling, the shorter the relaxation rate (the larger T1). The upper bound, which 

corresponds to fast cooling, and lower bound, which corresponds to slow cooling, are labelled as 
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the red and the black solid lines in the figure. The shaded region between the bounds was 

obtained with the cooling rate not being carefully monitored.  In measuring each T1 point, the 

NMR recovery curve following the T1 pulse sequence (section 2.1.3) is fitted with the functional 

form	exp	 , where  is the stretch parameter, which characterizes the distribution of the 

relaxation correlation time and is found to be 0.3 for YBaCo4O7.1 and 0.45 for YBaCo4O7. As in 

section 3.4.3, electron spin fluctuations are the source of the relaxation. The fluctuating HF 

fields, with correlation times on the order of μs, provide the relaxation mechanism and operate 

across the entire frequency range. For YBaCo4O7.1, the short spin-spin relaxation prevents 

reliable measurements of both the NMR spectra and T1 the spin lattice relaxation time above 10 

K. 

 

Fig. 4.7: Inverse of the T1 relaxation time of the Co nuclei for YBaCo4O7.1 (the shaded region) 

and YBaCo4O7 (blue diamond) as a function of the temperature. The relaxation rates for both 

compounds are taken at 102 MHz. The relaxation rate in YBaCo4O7 is significantly lower than in 

YBaCo4O7.1. The relaxation rate for YBaCo4O7.1 is also cooling rate dependent, the faster the 

cooling rate, the shorter the relaxation rate. The upper and lower bounds of the relaxation rate are 

drawn in the graph.  The inset is the T scaled spectra amplitude as a function of the temperature.  

The dashed line gives the expected Curie law. The discrepancy between the expected Curie law 

and the measured T scaled spectra amplitude shows that the number of nuclear spins being 

observed decreases with temperature.  The cusp between 4 K and 7 K is due to a change in the 

spectral line width.  
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The limited temperature range over which the relaxation rates can be obtained precludes any 

detailed analysis but is of interest in establishing that spin fluctuations persist at temperatures 

well below the magnetization cusp at temperature 80 K. This finding indicates that for T << 80 K 

the dynamic spins are associated with a specific spin subsystem that remains unfrozen. The inset 

of the Fig. 4.7 shows the Boltzmann corrected spectra area falling below the expected Curie law 

dependence as the temperature is increased. This shows that a fraction of the static Co moments 

becomes dynamic. To explain these experimental details, a model, in which below 80 K, some 

moments are static and some remain dynamic down to the lowest temperature is proposed in the 

following discussion section. In addition, the spin relaxation measured at other frequencies (70 

MHz and 125 MHz) for YBaCo4O7.1 is similar to those shown in Fig. 4.7.  

 

4.4 Analysis and discussion 
 

Evidence for some form of spin ordering at 80 K has been provided by the magnetization and the 

AC susceptibility measurements. However, the nature of this magnetic order remains unclear. No 

long range magnetic order was observed in the neutron scattering experiments. However, short 

range magnetic correlations are suggested by the broad diffusion scattering peaks below 100 K 

[32]. In order to explain the magnetic properties and the experimental results of the 

nonstoichiometric compound, YBaCo4O7.1, a model for spin ordering and dynamics is presented 

below. The magnetic properties for YBaCo4O7.1 and YBaCo4O7 are also compared below.  

 

4.4.1 The proposed model  

 

Based on the experimental evidence, we assume that the AF spin correlations become important 

for spins on the kagome layer and triangular layer at different temperatures.  Neutron scattering 

reports that no long range magnetic order is observed to temperatures as low as 6 K for 

YBaCo4O7.1 [32]. However, for stoichiometric YBaCo4O7, the AF ordering transition occurs at 

106 K involving spins on the triangular layer. Based on this fact, we suggest that the cusp in the 

magnetization and the peak in the AC susceptibility at 80 K for YBaCo4O7.1 are associated with 

spins on the triangular layer freezing-out to form a frustrated AF layer substructure. The spins in 

the kagome layer remain dynamic to the very low temperature, which can be termed as AF 

viscous spin liquid for T< 50 K. The spins in the kagome layer gradually freeze out to form a 

short-range ordered or a spin-glass-like layer below 10 K. Also, the spins in the kagome layer 
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may be randomly oriented and exhibit inhomogeneous behavior with some regions forming 

dynamically disordered structures. These regions have then shorter correlation times than other 

regions resulting in a broad correlation time distribution and in low  values in the T1 fits. The 

disordered spin substructure on the kagome layer leads to unusual magnetic properties and 

thermally dependent magnetic history.   

 

4.4.2 Low temperature NMR spectra 

 

The lack of detailed structure features in the ZF NMR spectra for YBaCo4O7.1 provides limited 

information on the spin structure, comparing to that of the stoichiometric compound YBaCo4O7. 

The lack of dependence of the spectrum on the RF field direction relative to the crystal axis 

suggests the spins are pointing randomly on a sphere and form a hedgehog spin configuration. 

The T scaled area decreases dramatically due to local spin fluctuations that reduce T2, as the 

temperature increases. The short T2 and the poor signal to noise ratio, prevents us to observe the 

signal above 20 K. These results are consistent with the model in section 4.4.1, which allows the 

spin dynamics in the kagome layer to persist below 10 K.  The discussion in the following will 

further explain the spin dynamics in terms of the proposed model. Relatively small amounts of 

extra interstitial oxygen have changed both the electronic properties and the magnetic 

environment in the nonstoichiometric compound dramatically. We are going to consider various 

physical mechanisms that cause the differences between the NMR spectra in the stoichiometric 

compound (7.0) and the nonstoichiometric compound (7.1). 

To explain the changes in the NMR properties in YBaCo4O7.1, we concentrate our attention on 

changes in the electronic structure of the Co ion produced by the excess oxygen. The broad 

distribution of the internal hyperfine fields indicates that there are a variety of local crystal 

environment on the Co site. According to the discussion in chapter 3 and section 2.2, the 

Hamiltonian of the hyperfine interaction can be written as, 

 ∙ ∙  ,                                                                                                                       (4.1)       

where  is the nuclear spin, S is the electron spin and  is the hyperfine tensor. As in section 2.2, 

the hyperfine tensor can be proportional to identity and the hyperfine interaction can be written 

as  ∙  ,                                                                                                                           (4.2) 
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if the interaction is isotropic. This form is very useful when the contact hyperfine interaction 

dominates the Hamiltonian. According to section 2.2, the hyperfine Hamiltonian can be divided 

into three parts, 

  ,                                                                                                (4.3) 

where  is the contact interaction,  is the dipolar part and   is the orbital part. For 

cases in which the spin-orbit coupling is relatively small compared to the crystal field splitting 

and the orbital angular momentum is quenched in first order, second-order perturbation theory 

applies. The orbital contribution to the hyperfine field at the nucleus is estimated using the 

relation 

 ,                                                                                                         (4.4)     

where   is the radius of the Co ion,  is the Bohr magneton and  is the change in g 

value created by the spin-orbit coupling [33]. As shown in the literature [33], the orbital 

hyperfine field can be significant in this limit, on the order of several tesla.  The dipolar 

contribution from other sites is typically smaller than the contact field and the orbital 

contribution, and is, thus neglected here [34, 35].  The magnetic properties of Co
2+ 

and Co
3+

 have 

been discussed in Ref. [22] and based on the value given there we estimate the orbital 

contribution for Co
2+

 (S=3/2) is 0.5  and the orbital contribution for Co
3+

 (S=2) is 0.2 . 

Using the  estimate and, as an approximation, taking the radial parameters for the two charge 

and spin states to be similar (the effective ionic radii for high spin Co
2+

 and Co
3+

 are 74.5 pm and 

61 pm respectively, that are similar within the 25 % error bar [36]) , we have  

	 .  .                                                                                                                               (4.5) 

The net field at the nucleus is given by the vector sum of the contact field and the orbital field. 

The larger orbital contribution for Co
2+

 than for Co
3+

 should be borne in mind in comparing HF 

NMR resonance frequencies for these two ions in YBaCo4O7 [15] and other 114 systems. Any 

buckling of the layers in the nonstoichiometric material, with associated distortions of oxygen 

tetrahedra from  symmetry, or conversion of tetrahedra into octahedra with  symmetry, will 

lead to changes in the crystal field for associated Co ions, and consequently changes in the HF 

field for these ions. These effects can lead to a distribution of HF fields of the form revealed by 

the 
59

Co spectra for YBaCo4O7. 
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In considering the lattice distortions produced by interstitial oxygen in YBaCo4O7.1, it is 

necessary to allow for two main effects (i) the conversion of a fraction of tetrahedral Co into 

octahedral Co, as seen in the ordered YBaCo4O8 phase [29] illustrated in Fig. 4.1, resulting in 

changes in the crystal field states as mentioned above, and (ii) oxidation of Co
2+

 ions to smaller 

Co
3+

 ions and a concomitant modification in bond lengths in the affected oxygen polyhedra. The 

Co
2+

 to Co
3+

 ratio in YBaCo4O7 is 2.3:1, somewhat lower than the 3:1 in the stoichiometric 

material. Our previous work on YBaCo4O7 has found that the Co
3+

 HF NMR spectral peaks for 

this system are located at 90, 100, and 120 MHz while the Co
2+

 spectral peaks occur below 70 

MHz as shown in Fig. 4.4 [15]. The conversion of Co
2+

 with NMR spectral features at frequency 

f < 70 MHz into Co
3+

, which gives peaks at f > 70 MHz, is expected to increase the NMR 

spectral amplitude in the nonstoichiometric crystal in the 90–100 MHz range and to decrease the 

amplitude of the lower frequency components. While the line shapes of the two 
59

Co spectra 

shown in Fig. 4.4 are very different, and the amplitudes have not been scaled to allow for 

variation in the spectrometer sensitivity with frequency, a comparison suggests that the forms are 

broadly consistent with a change in the Co ion charge state between the stoichiometric and 

nonstoichiometric crystals. 

 

4.4.3 Cooling rate dependency of the YBaCo4O7.1 spectra 

 

As shown in Fig. 4.5 the ZF 
59

Co NMR spectra for YBaCo4O7.1 obtained after slow cooling (1 

K/min) from 290 K to 20 K, suggest that the interstitial oxygen inhomogeneity is established in 

this slow cooling process and that certain local regions generate the spectra that are similar to 

those obtained for the stoichiometric compound.  This observation indicates some local phase 

separation, which is linked to a small miscibility gap. For the fast cooling protocol (>10 K/min) 

from 290 K, no NMR signal is observed even after considerable signal averaging. We propose 

that the mechanism for the dramatic difference between the fast cooled and slow cooled spectra 

is that interstitial oxygen clustering develops in local regions of the crystal during the slow 

cooling procedure but which does not occur in the fast-cooling procedure. This requires 

thermally activated local interstitial oxygen diffusion that produce the nanoscale oxygen 

inhomogeneity in the slow-cooling experiment. Aging effects that involve long-range (10-100nm) 

interstitial oxygen inhomogeneity at 273-300 K have been studied in the literature for 

YBaCu3O7-δ [37, 38], where the aging is accompanied by a structural change from orthorhombic 
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to tetragonal that occurs as a result of the oxygen configuration, with a change of the bulk 

stoichiometry. In the literature [39], long range oxygen ordering (size 300 nm) has been reported 

in ZrWMoO8 at 200 K. It is likely similar aging effects occur in YBaCo4O7.1, although on a 

shorter length scale.  

 

4.4.4 Comparison between YBaCo4O7 and YBaCo4O7.1 

 

For YBaCo4O7, a structural transition occurs at 310 K from trigonal to orthorhombic and AF 

ordering occurs at 106 K accompanied by a small monoclinic distortion. In YBaCo4O7.1, on the 

other hand, the trigonal symmetry remains down to the lowest temperature and the geometrical 

frustration prohibits long range order in the nonstoichiometric compound. In YBaCo4O7.1, the 

magnetization and AC susceptibility measurements suggest the freeze-out accompanied by short-

range spin order for spins on the triangular layer occurs below 80 K. For spins on the kagome 

layer of YBaCo4O7.1 a fraction of spins remains dynamic on the NMR time scale (10 μs) down to 

10 K and may only freeze below 4 K. This is similar to spins on the kagome layer in YBaCo4O7 

where some spins on the kagome layer remain dynamic at temperatures below 10 K with spins in 

the triangular layer ordering AF at 106 K. The spin configurations in YBaCo4O7 and YBaCo4O7.1 

are quite different. As in chapter 3, spins in the triangular layer of YBaCo4O7 are AF ordered 

along the sample’s [110] direction with spins on the kagome layer forming a spin-flop 

configuration with the spins on the triangular layer. Both, the spins on the kagome layer and on 

the triangular layer, are in the ab plane for YBaCo4O7. The majority of spins in YBaCo4O7.1 are 

isotropically distributed about the sample’s c axis with a large fraction of spins pointing out of 

the ab plane.  

 

4.5 Summary 
 

The frustrated antiferromagnet YBaCo4O7.1 exhibits exotic spin properties below the transition 

temperature 80 K. The ground state spin configuration can be described as a spin-glass like 

system, which is made up of two spin subsystems that have different magnetic properties. The 

magnetization measurement and ZF NMR measurement support short range or intermediate 

range spin order for a fraction of spins below the transition temperature 80 K. The broad diffuse 

scattering peaks at low temperature reported in the neutron scattering experiments confirm the 

short-range spin correlations [32].  
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An important difference in the nonstoichiometric compound is the lack of the structural 

transition from trigonal to orthorhombic at 310 K as compared to the stoichiometric compound, 

which prevents the long range AF ordering. The geometrical frustration in YBaCo4O7.1 remains 

to the lowest temperatures because the trigonal phase persists to the lowest temperatures. 

Incorporation of a comparatively small amount of interstitial oxygen in YBaCo4O7.1 has changed 

the physical properties dramatically. Our results suggest that spins in the triangular layer of 

YBaCo4O7.1 order locally below 80 K, while a good fraction of spins in the kagome layer of 

YBaCo4O7.1 remains dynamic until below 10 K. In addition, local interstitial oxygen 

inhomogeneities are suggested by the cooling rate dependence of the spectra. 
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CHAPTER FIVE 

MAGNETICALLY NANOSTRUCTURED STATE IN A Ni-Mn-Sn SHAPE 

MEMORY HEUSLER ALLOY 

 

 
For certain compositions, the Ni-Mn-Sn magnetic shape memory Heusler alloys undergo a 

transition from an austenite phase to a martensitic phase at temperatures in the range from 300 K 

to 400 K, with the emergence of rich magnetic properties below the transition.  The parent 

compound Ni50Mn50 is an antiferromagnet. For the compound Ni50Mn50-xSnx, the substitution of 

Sn on the Mn sites leads to competing ferromagnetic (F) and antiferromagnetic (AF) interactions 

at low temperatures. Details on this coexistence are lacking, especially with respect to the AF 

phase. In this chapter, we describe the use of zero field NMR of 
55

Mn as a local probe to study 

the magnetic properties of the alloy Ni50Mn50-xSnx with x = 10. Rich peak features are observed 

with some components assigned to nanoscale F or AF regions. Measurements of the temperature 

dependence of the ZF NMR spectra, and the spectra in a perturbing field were performed. The 

spin-lattice relaxation provides detailed information on the nanocluster size distribution, relative 

concentrations, and the natures of the F and AF regions. Our results reveal the complex 

nanoscale magnetic features of the x = 10 system. Part of the content in this chapter is adapted 

from a recently submitted paper. 

 

5.1 Introduction 
 

Ni-Mn-based Heulser alloys have attracted considerable attention over the past two decades for 

their rich magnetic properties including magnetic shape memory effects, inverse magneto-caloric 

effects and for their potential applications as magnetic sensors and actuators [40-49].  Certain 

composition of these Ni-Mn-based alloys undergo a martensitic transformation at around room 

temperature, accompanied by a reduction in bulk magnetization, enabling magnetic field tuning 

of the transition at temperatures near ambient [50, 51].  

The off-stoichiometric Ni50Mn50-xSnx Heusler alloys have a rich phase diagram, which shows the 

temperature dependences of the various structural and magnetic transitions over a range of x [43, 

44, 46].  In the austenite phase, the crystal structure of Ni50Mn25Sn25 is cubic L21, but the 

structure is of lower symmetry in the martensitic phase. The martensitic transition temperature, 
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Tm , is strongly x-dependent, falling from 700 K at x = 5 to 200 K at x = 15, accompanied by 

small atomic displacements. Interesting changes in magnetic properties are found as x is 

decreased from x = 25, with antiferromagnetic (AF) correlations becoming dominant for x < 8 

and Ni50Mn50 is a long range AF [44, 48]. The valence electron per atom ratio e/a is a useful 

control parameter for the magnetic properties. It is found that e/a increases from 7.8 to 8.5 as x 

decreases from 25 to 0. The various phase transformations occur at similar e/a ratios in different 

alloys. Highly unusual magnetic behaviors have been reported in these systems, over the 

composition range 8 x 15, for which Tm > 200 K. These properties include 

superparamagnetism (SP) as well as exchange bias (EB), which are suggestive of the coexistence 

or competition of F and AF interactions.   

 

 

Fig. 5.1: Crystal structure. (a) Cubic crystal structure of the Heusler alloy Ni50Mn25Sn25 in the 

austenite phase (above 410 K). (b) Ferromagnetic exchange interaction exists between the 

nearest neighbor Mn atoms at sites 1 and 2 in the (001) plane of Ni50Mn25Sn25. (c) Substituting 

Mn on Sn sites results in a reduced distance between nearest neighbor Mn atoms and induces 

antiferromagnetic exchange interactions between them (site 1 and 3). 

 

 

The coexistence of F and AF phases below the martensitic transformation for x in the range 8 – 

15 can be explained by considering the arrangement of magnetic atoms in the lattice (Fig. 5.1 

(a)). The lattice constant in the austenite cubic phase of Ni50Mn25Sn25 is around 0.605 nm and the 
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nearest neighbor Mn atoms are separated by 0.428 nm. The F exchange interactions, which are 

thought to involve the RKKY mechanism, couple the Mn atoms. For the x < 25 material, the Mn 

substitution on a fraction of the Sn sites changes the NN Mn separation to 0.282 nm and the 

corresponding Mn-Mn interaction is strongly AF (Fig. 5.1 (c)).  As shown in Fig 5.1 (b), when 

Sn instead of Mn occupies the central atomic site (labeled site 3), the magnetic coupling between 

NN Mn is converted from AF to F. Fluctuations in local chemical substitution are then likely to 

seed local F and AF regions [52], the coexistence of which leads to unusual magnetic behavior. 

The available evidence suggests that AF correlations are indeed important, especially in the low 

temperature martensitic phase [48]. The evolution of the AF properties with temperature and 

composition is not known in any detail.  As mentioned earlier, EB effects have been observed in 

Ni-Mn-Sn, Ni-Mn-Sb and Ni-Mn-In alloys, following field cooling from above Tm [53-56]. The 

EB effect points to the coexistence of F and AF regions in close proximity. Recent 

magnetometry experiments on Ni50Mn37In13 provide further insight into EB [56].  These, and 

other results, are qualitatively interpreted in terms of SP regions embedded in an AF matrix. 

Whether this AF matrix exhibits long-range ordering over a wide temperature range is unclear. 

Band structure calculations have been carried out for a number of the Heusler-related alloy 

systems. For instance, density functional theory results have been obtained for full Heusler alloys 

X2MnY, where X is a transition metal, and Y can be Al, In, Sb etc. [57-59].  A d- band of 

itinerant electrons is formed from the Mn and X d states. Effectively localized magnetic 

moments are associated with the Mn sites, due to the exclusion of itinerant spin-down electrons 

from these sites [58]. The magnetic moment of Mn ions in a number of alloys, which includes 

Ni2MnSn, is found to be close to 4 μB [58]. The energy differences produced by small tetragonal 

distortions associated with a martensitic-type transition have been obtained for a number of such 

alloys [59]. Band structure calculations suggest a Jahn-Teller (JT) distortion occurs at the 

martensitic transition in Ni2MnGa, and this is supported by polarized neutron scattering 

experiments that detect changes in the unpaired electron distribution [60, 61]. The density of 

states at the Fermi level has been obtained from low temperature specific heat measurements on 

Heusler alloys, including Ni2MnSn. The experimental value has been compared with the 

prediction of the local spin density approximation calculations and is found to be about 60% 

higher than the theoretical prediction. 
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In order to further understand the Ni-Mn-Sn alloy, in particular the magnetic structure in the 

martensitic phase, it is necessary to probe the magnetic behavior at a local level, ideally with 

F/AF specificity. Here we will focus on the composition Ni50Mn40Sn10 and determine the nature 

and morphology of the F and AF regions, their physical sizes, the thermal stabilities, and the 

interactions with their magnetic surroundings. 

The zero field hyperfine NMR experiments have allowed us to probe a number of these issues.  

Both F and FM regions are explicitly detected and identified in the NMR spectra, and their 

temperature evolution behavior has been successfully tracked. Our results on Ni50Mn40Sn10  

provide clear information on the nanoscale F and AF components and permit the estimation of 

the cluster sizes and their volume fractions. An unexpected dual-peaked form for the size 

distribution of nanoscale regions for both F and AF components is obtained. The NMR 

measurements provide new information of SP and EB effects in these alloys.  

 

5.2 Experimental results and analysis 
 

Polycrystalline samples of Ni50Mn40Sn10 alloy were prepared by arc-melting high-purity 

elemental starting materials in Ar gas. The samples were annealed in vacuum and the properties 

of the samples have been characterized by energy dispersive spectroscopy, differential scanning 

calorimetry, wide angle X-ray diffraction, magnetometry, and small-angle neutron scattering 

[62-64].  The martensitic transition is found at around 430 K with the thermal hysteresis around 

15 K. In our NMR experiment, the polycrystalline specimens were embedded in the paraffin wax 

to allow the RF penetration into the metallic grains. As in the diffraction experiments, annealing 

of the sample was performed at 500 to 600
 o

C to relieve any strain induced during the grinding 

[63]. Zero field (ZF) NMR experiments were performed on the 
55

Mn nuclei (I =5/2, 2   = 

10.5 MHz/T) at temperatures from 1.5 to 320 K with a frequency-scan pulsed NMR spectrometer 

as described in chapter 2. 

Figure 5.2 shows a waterfall plot of the frequency-sweep spectra of 
55

Mn in Ni50Mn40Sn10, as a 

function of temperature, from 1.6 K to 320 K covering the range 150 to 360 MHz. NMR signals 

are detected in the range 200 to 360 MHz, corresponding to static internal hyperfine fields from 

19 to 34 T at the 
55

Mn site.  Assuming that the hyperfine interaction is dominated by the Fermi 

scalar contact term, we can write the internal hyperfine field as 

 hf A   B S ,                                                                                                                      (5.1) 
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where A is the nuclear hyperfine coupling constant involving d-electrons, and S is the spin of the 

Mn ions. The observed distribution of the internal hyperfine fields as inferred from Fig. 5.2 

reflects variations in the local electronic structures in F and AF regions of this inhomogeneous 

metal alloy . In order to compensate for the Curie law temperature dependence of the nuclear 

magnetization, we have scaled the spectra in Fig. 5.2 by a factor T. The spectral peaks in the 

range 240 to 340 MHz are designated as AF1 to AF3 and F1 to F3, respectively. Also, we label 

the two broad underlying F and AF components, which are observed for T < 10 K as AF4 and 

F4. The procedures used to assign these spectral peaks as F or AF are explained below. 

150 200 250 300 350
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3.8

9.2

22

52
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Fig. 5.2: T-scaled 
55

Mn NMR spectra as a function of the temperature. Those spectra were 

obtained at temperatures in the range 1.6-320 K, after zero field cooling. Spectra components 

centered at 248 MHz are identified as AF and the component at frequencies above 280 MHz are 

F. The center frequencies of the F components are temperature-dependent, while the center 

frequencies of AF components remain constant. 

 

 

First, the NMR signal enhancement factor  as described in chapter 2, was measured at a number 

of frequencies across the spectra, 

  ,                                                                                                                                   (5.2) 

where  is the anisotropy field. The enhancement effect in F and AF materials is caused by the 

small angle oscillations of the S spins and the associated local hyperfine field fluctuations 

induced by the RF field. This effect leads to an increase in the effective RF field at nuclear sites 

and an amplification of the NMR response.  can be obtained from the NMR spectra and the 
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enhancement factor  can be obtained by calibrating the RF field H1 using a reference 
19

F signal. 

Thus, it is possible to obtain the anisotropy field  by using equation (5.2).  The values of  

obtained from  measurements are consistent with magnetization measurements on similar alloys 

[52].  Normally, the RF enhancement factor  is significantly higher in F materials than it is in 

AF materials and this difference can be used to distinguish F from AF. In our experiment the 

enhancement factor  increased by a factor of about 2 as the frequency increased from 250 MHz 

to 330 MHz. Although this increase is relatively small, it does suggest that the low frequency 

spectral components in Fig. 5.2 are AF and higher frequency components are F.  Frequency 

sweep spectra in a small-perturbed field confirm that this is the case, as is discussed below. The 

corresponding anisotropy field is largest for the lowest frequency components and decreases as 

the frequency goes up from 0.3 T at 250 MHz to 0.2 T above 300 MHz, with uncertainties of 

about 10%.  

200 250 300 350

 

 

AF1

F1 F2

F3AF3

AF4

F4

AF2

(a)

 

 

A
m

p
lit

u
d

e
 (

a
rb

. 
u

n
it
s
)

Frequency (MHz)

1.6K (b)

 

Fig. 5.3: The fitting of the spectra. (a) Individual Gaussian components that best fit the 
55

Mn 

spectrum at 1.6 K. The AF components comprise a narrow line (AF2) with two shoulders (AF1 

and AF3), which persist to high temperature (300 K) and an underlying broad line (AF4) that 

decays in amplitude as the temperature is raised and cannot be observed above 10 K. The F 

signals consist of narrow components at 284 MHz, 309 MHz and 334 MHz (F1, F2 and F3) and 

a broad F underlying component (F4). The narrow components reduce in amplitude with 

increasing temperature, and can no longer be observed above 300 K. The broad component F4 is 

not observed above 10 K. (b) A representative fit of the 1.6 K spectrum of 
55

Mn. 
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The spectra in Fig. 5.2 can be fit over a wide temperature range using Gaussian curves as 

depicted in Fig. 5.3 (a). Fig. 5.3 (b) shows a good fit of the obtained spectrum at 1.6 K when 

summing all the components together. Note that below 10 K there are two broad components 

under the narrow AF and F components (FWHM less than 12 MHz), labeled AF4 and F4 

(FWHM around 40 MHz). The various Gaussian component amplitudes were adjusted to allow 

for the Currie law 1/T effect and for any further T-dependence due to the evolving spin dynamics 

and resultant reduction, or even complete disappearance, of a particular component. With the 

allowance for the amplitude changes, and for small shifts in frequency of the F components at T 

above 100 K, the spectra were fitted nicely over the entire temperature range. 

 

 

Fig. 5.4: 
55

Mn NMR center frequencies of the F2, F3 and AF2 component vs. temperature. The 

F2 and F3 components shift down in frequency as the temperature goes up, while the AF2 

remains constant up to 340 K. The linear fit to the F3 data in the low temperature regime 

provides an estimate of the large cluster energy density (see the text). The curves through the 

points are spline fits to guide the eye. The inset shows an expanded plot of the low temperature 

region for F3. 

 

 

Fig. 5.4 shows the center frequencies obtained from the fit procedure (F2, F3 and AF2) as a 

function of temperature. The two shoulder lines track the behavior of AF2 exactly, which 

suggests that they could be barely resolved 
55

Mn quadrupolar satellite lines due to electric-field 

gradients in the non-cubic crystal lattice. The AF components show no frequency dependence 
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over the range 1.5 to 330 K, although the T-scaled amplitudes do decrease with T. The 

frequencies of F2 and F3 components decrease slightly over the range 1.5 to 80 K and then drop 

more rapidly above 80 K. The difference in the frequency shift vs. the temperature for both AF 

and F components suggests differences in the spin dynamics in the sample regions associated 

with these lines.  

A small perturbed field , which leads to different trends of the center frequencies of the 

narrow AF and F components with increasing H0, was applied to further distinguish F and AF 

components.  The F components of the 
55

Mn spectral lines are expected to shift linearly to lower 

frequencies with slope – . If no spin-flop transition occurs, the AF lines are expected to broaden 

with increasing field and then split into a doublet. If there is a spin-flop transition, the 

corresponding AF spectral line will broaden and exhibit small shifts to higher frequencies, due to 

spin canting in sufficiently high fields.   
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Fig. 5.5: Center frequencies of the narrow F and AF spectral components as function of the 

applied field at 1.6 K. The slope of the straight lines fitting components F1, F2 and F3 is 10.5 

MHz/T, which is the gyromagnetic ratio for 
55

Mn nuclei. The center frequency of AF2 increases 

gradually for the field between 0 and 1 T and then increases somewhat more rapidly for fields 

larger than 1 T. This is consistent with the spin-flop transition followed by canting of the spins 

above 1 T. 

 

 

Fig. 5.5 shows a plot of the spectral center frequencies as a function of a small applied field at 

1.6 K. The spectral components F1, F2, and F3 are clearly F, with the frequencies decreasing 

linearly as the field is increased above 0.5 T. The straight line fit has slope – . The center 
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frequency of the AF2 spectral component increases gradually as the field is increased above 1 T 

confirming that this line is AF. AF correlated spins undergo a spin-flop transition at a field less 

than 1 T and start to cant slightly as the field is above 1 T. Our classification of the AF and F 

components are consistent with those suggested by the enhancement factor measurements.  The 

shifts of the broad lines AF4 and F4 with applied field are hard to determine. However the 

enhancement factor measured in the wings of these components supports the AF assignations 

made above. Spectra in ZF following field-cooling (FC) in 1 T showed no increase in the 

amplitudes of the F1 – F3 and AF1– AF3 components but did result in a marked increase in 

amplitude of the broad underlying disordered components AF4 and F4.  The finding of an 

increase in signal for AF4 and F4 suggests that, during slow-cooling, field-induced alignment of 

the spins along H (perpendicular to the RF field) occurs in these regions, consistent with spin-

glass or cluster-glass-like behavior.   

 

 

 

 

 

 

 

 

 

 

Fig. 5.6: Spectral area vs. the temperature (0 T and 1 T). Red triangles are T-scaled, and 

enhancement-corrected spectral areas for F (F1, F2, F3, and F4) taken in fields of 0 T and 1 T. 

The scaled areas are proportional to the number of 
55

Mn spins observed. The data taken in 1 T 

show little change compared to the data at 0 T. Black triangles are the T-scaled, and 

enhancement-corrected areas for AF (AF1, AF2, AF3 and AF4) measured in both 0 T and 1 T. 

The spectral areas decrease markedly for both F and AF in the temperature range from 2 to 10 K. 

A plateau occurs between 10 K and 150 K.  The fitted curves (full line for F and dash line for 

AF) are obtained by integrating over bimodal distributions of cluster sizes. The spin clusters are 

assumed to be spheroidal as discussed in the text. The 1 T applied field produced only small 

changes in the spectral behavior.  

 

Fig. 5.6 shows the T-scaled, and enhancement-factor-corrected spectral areas for both the 

collective AF and F components, as a function of temperature, in 0 T and in applied 1 T. The 
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plotted areas were obtained by integrating the spectra in two intervals (F, above 270 MHz and 

AF, below 270 MHz). The spectra in these two frequency intervals were recorded at different RF 

power levels to allow for differences in . There are little changes in behavior between the 

spectra area measured in 0 T and in 1 T. The stepwise decrease in signal amplitude with the 

temperature is because of the S spin dynamics in various regions. The normalized spectra area in 

Fig. 5.6 can be used to compare the fraction of Mn sites in F and AF regions as a function of 

temperature. We suggest that there is a small fraction of Mn ions that could remain dynamic on 

the NMR timescale even at the lowest temperatures.  In Region I, which is labeled by the dashed 

vertical line below 7 K, the broad components AF4 and F4 decrease steadily. For high 

temperature regions, region II, the spectra area amplitudes show plateau features, which are 

discussed in the following section. 

Fig. 5.7 shows the T1 relaxation for the F3 (Fig. 5.7 (a)) and AF2 (Fig. 5.7 (b)) spectral 

components as a function of temperature. Regions I and II which are separated by the vertical 

dashed lines exhibit different types of T1 behavior. In Fig. 5.7 (a), the application of a magnetic 

field induces a small change in T1 in region I, increased by a factor of 2 and even smaller 

changes in region II. In contrast, in Fig. 5.7 (b), the T1 for AF2 shows a little field-induced 

increase in region I, but a significant increase in region II. Note that the underlying broad 

spectral components AF4 and F4 contribute a major part to the observed NMR signals at the 

center frequencies of AF2 and F3. For this reason, the measured T1 values represent averages of 

contributions from different regions, with different sizes, as discussed below.  The observed 

nuclear magnetization recovery curves for both F and AF components have been fitted with the 

stretched exponential functional form 

   .                                                                                                                (5.3)  

This form with  1 reflects the inhomogeneous nature of the sample, with the various 

sized regions giving different relaxation behaviors at a given temperature. At temperature less 

than 4 K, we find smaller  values for the F than for the AF components, which indicates that 

there is a broader distribution of relaxation times in F than in AF. As T is increased from 1.5 -7 

K,  decreases to around 0.5. Signals from F4 are of diminishing importance but still observable 

in this range.   increases in region II, above 10 K, as the larger F regions make the dominant 

contributions to the NMR signal amplitude.  for the AF shows less variation than for the F 
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component with increasing T, which reflects a greater proportion of extended regions with AF 

correlations as compared to F correlations. 
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Fig. 5.7: T1 relaxation as a function of the temperature for applied fields of 0 T and 1 T. (a) 

shows T1 measured at the center frequency corresponding to F3 (plus F4) and (b) measured at the 

AF2 (plus AF4) frequencies. The curves that are fit to the 0 T data involve a cluster size 

distribution as discussed in the text. The insets show the temperature dependence of the stretched 

exponential parameter  obtained from nuclear magnetization recover fits. 

 

 

Fig. 5.8 shows the transverse spin-spin relaxation time (T2) for component F3 (plus F4) and AF2 

(plus AF4) as a function of T. T2 for F3 is considerably shorter than for AF3 and shows greater 

variation with temperature below 20 K. The stretched exponential functional form has been used 

to fit the spin echo decay curve (see chapter 2) with the  values displayed in the insets of Fig. 

5.8 (a) and Fig. 5.8 (b). The stretched exponential  for F3 decreases sharply to below 0.5 in 

region I and then increases steadily with rising temperature in region II, which shows that the 

distribution of T2 values evolves from broad to narrow as the underlying F4 component 

diminishes in importance. The  values for AF2 have a shallow minimum near 4 K followed by a 
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decrease above 20 K. The T2 for both F3 and AF2 in Fig. 5.8 are approximately two orders of 

magnitude shorter than the corresponding T1 values (at the same temperature) in Fig. 5.7. 

The stretched exponential form suggests that the local fluctuating fields involved in the T2 

relaxation, have a distribution of correlation times. The NMR spin-echo measurement timescale 

is around 20 μs. If the hyperfine field fluctuations have short correlation times and T2 
 is less than 

20 μs, no NMR signal from the corresponding I spin is observed. Signals are observed for 

regions with long correlation times, where T2  is longer than 20 s. This is discussed in the next 

section. 
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Fig. 5.8: T2  relaxation as a function of the temperature for applied field 0 T and 1 T. (a) is 

measured at the center frequencies corresponding to F3 (plus F4) and (b) for the AF2 (plus AF4).  

The curves through the 0 T data are a guides to the eye. The insets show the stretched 

exponential parameter  obtained from the fits of the spin echo decays.  

 

 

5.3 Discussion 
 

The ZF 
55

Mn NMR spectra, which exhibit distinct F regions and AF regions can provide a basis 

source for interpreting the nanoscale magnetic properties of Ni50Mn40Sn10. We have assigned 

spectral features to AF or F in section 5.2. Previous 
55

Mn NMR experiments were performed in 

three different samples of the full Heusler alloy Ni2MnGa, which provides information, derived 

from the enhancement factor, on the anisotropy field both above and below the martensitic 
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transition (around 200 K) [65]. There exists a dominant peak at 315 K in the NMR spectra for all 

three samples, which shifts to lower frequencies as the temperature is raised. Small structural 

features in the spectra are attributed to austenite remnants that persist to 5 K. The resonance 

frequency for the dominant spectral component of Ni2MnGa is close to that found for F2 and F4 

in the present NMR experiments, which are, in fact, similar to those obtained in earlier 
55

Mn 

NMR experiments on Ni2MnSb [66]. Neither of these investigations on the full Heusler alloys 

showed spectral components in the range 200-300 MHz. However, strong AF lines are found in 

the present experiments on Ni50Mn40Sn10. This is consistent with the structural concepts 

summarized in the Introduction (section 5.1), i.e. that AF Mn-Mn interactions are introduced 

when excess Mn occupies Sn sites. In the following, our analysis will elucidate the length scales 

associated with these AF and F regions. 

 

5.3.1 Ferromagnetic and antiferromagnetic spectral component 

 

The temperature dependence of the scaled areas for the low frequency components (below 270 

MHz) in Fig. 5.6 suggests that there are two different types of AF components with different spin 

dynamics.  These two AF components exhibit NMR spectral area transitions with midpoint 

transition temperatures at ~ 4.5 K and ~ 260 K, which are well below the martensitic phase 

transition temperature (400 K).  Similarly, there are also two types of regions for high frequency 

(above 270 MHz) F components in Fig. 5.6, with spectral area transition midpoints at the 

temperature ~	3 K and ~	150 K. The midpoints of the lower T transitions in F and AF are almost 

coincident, whereas the higher T transitions are not.  The observed distributions of frequencies in 

the 
55

Mn NMR spectra, which exhibit multiple peaks, with both broad and narrow components, 

clearly point to a distribution of hyperfine fields at nuclear sites in different regions of the 

sample. The hyperfine field distribution is attributed to variations in the local electronic 

structure, which might be due to statistical fluctuations in the local Mn concentrations, 

particularly at the interfaces between F and AF regions. The spectra of the AF components are 

located at lower frequencies than those of the F components. The down shift is again attributed 

to the differences in the local electronic structure of the corresponding Mn sites.   

The spectral area data in Fig 5.6 can be used to estimate the volume fractions of the NMR-

detected F and AF magnetic regions as a function of temperature.  There are 45 % F and 55 % 

AF at 1.6 K, with uncertainties of ±5%.  From 4 K to 10 K, the AF fraction decreases by a factor 
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of 2, corresponding to the loss of the broad AF4 contribution, while the F fraction decreases by 

a factor of 4 due to the complete loss of F4 and half loss of F1, F2 and F3.  Thus, the fraction of 

F above 10 K is around 12 %.  There is a much larger loss in F volume fraction than AF volume 

fraction in the transition from region I to region II. Most importantly, these data reveal two 

distinct types of both F and AF regions, with different local environments and thermal 

stabilities. A large fraction of F regions become thermally unstable around 3 K and the 

remainder will only be thermally unstable at around 150 K. Approximately, 50% of the AF 

regions have the transition in the range from 3 to 5 K and the remainder are stable until a much 

higher temperature, around 260 K.  Similarly, Figs. 5.7 and 5.8 display clear changes in 

behavior at the boundary between region I and region II, which reveal that the two types of F 

and AF regions have very different spin dynamics. One intuitive interpretation of this behavior 

is a bimodal distribution in both F and AF clusters in the system. Before discussing the SP 

cluster size distribution in the system Ni50Mn40Sn10, we will first examine the dynamic behavior 

for single size clusters in section 5.3.2. 

 

5.3.2 Superparamagnetic cluster dynamics 

 

The magnetic anisotropy energy density for a SP cluster can be expressed as  

2sinA AE K V     ,                                                                                                                    (5.4) 

where KA is the anisotropy energy density [67, 68], V is the volume of the cluster and  is the 

angle between the cluster magnetization vector and the crystal easy axis. Here the magnetic 

potential is uniaxial. As the temperature is raised, the thermal agitation will flip the direction of 

cluster magnetization from one minimum of the uniaxial potential to the other minimum and the 

flipping time is given by the Néel-Arrhenius relation 

 0 exp A BK V k T   ,                                                                                                              (5.5) 

where τ0 is the characteristic time, which is in the range 10
-9

 to 10
-10 

s [52].  

The SP blocking temperature at which the experimental measuring time τm = τ is given by  

 0lnB A B mT K V k      .                                                                                                       (5.6) 

For T > TB , the cluster magnetization flips back and forth with the flipping time τ less than the 

experimental measuring time τm . At the temperature below TB , the cluster magnetization only 

executes small angle wobbling about the easy axis with the characteristic time τ0. In the present 
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NMR experiments, the nuclear signals are no longer observable when	 . The effective 

NMR blocking temperature , at which the loss of the corresponding NMR signal occurs, 

follows from the expression for T2 given in the appendix B by  

√ √    ,                                                          (5.7) 

where / ,  and  is the spin cluster correlation time (see Appendix B). 

The approximation in equation (5.7) holds when .   

Another important feature in the SP nanocluster dynamics investigated via NMR is the reduction 

in the hyperfine field with increase in temperature. This type of behavior has been studied using 

Mössbauer spectroscopy in several different systems [67, 68]. The observed hyperfine field as a 

function of temperature is given by  

 0 1 2hf B AB B k T K V  ,                                                                                                         (5.8)          

provided that  [68]. For the present ZF experiments, the measured frequency 

2 hf hff B  should therefore obey the linear relationship given in equation (5.8) at sufficient low 

temperatures.  In ZF NMR the signal will not be observable, if the temperature is above . 

When an external field is applied to the superparamagnetic system, the anisotropy energy will be 

modified to  

 2

0 0sin cosA AE K V mH       ,                                                                                                        (5.9) 

where m N  is the magnetization of the superparamagnetic cluster and N is the number of 

spins inside that cluster. If the applied field is high enough, the flipping time of the cluster will 

get longer, which may lead to a shift of  to a higher temperature.  For a SP AF cluster, the 

application of a field may lead to a spin-flop transition and some canting of the cluster spins 

along the applied field direction.  

In applying the cluster model ideas, the measured  value in the present NMR experiments can 

be used to calculate 	and hence the anisotropy energy density by, 

1
2A AK n B  ,                                                                                                                                      (5.10) 

where AB is the anisotropy field, n is the spin density and μ is the moment of each individual 

spin, which is taken to be 4 . This procedure is applicable to both F and AF systems.  For 

Ni50Mn40Sn10, the obtained anisotropy field for AF is 0.3 T and for F 0.2 T. The corresponding 

energy densities are KAF ~ 1.0 x 10
6 
erg/cm

3 
 and KF ~ 6.8 x 10

5 
erg/cm

3
. 
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The contributions to the 
55

Mn longitudinal and transverse relaxation times due to the fluctuating 

hyperfine field in a cluster of volume V , are discussed in Appendix B. There it is shown that the 

intra-cluster spin dynamics does not contribute to T1 but plays an important role in determining 

T2. The following expression is obtained for  

∗     ,                                                                                                           (5.11)               

where ,  22

02S   , and A BT K V k  . The correlation time τc is determined by the 

coupling of the spin to the lattice, and involves phonon-scattering-induced changes in the cluster 

spin oscillation and phase.   

For a distribution of cluster volumes with probability distribution P(V), there is a corresponding 

distribution of . The NMR signal amplitude from the system with a distribution of cluster 

sizes will decrease as the temperature is raised and fewer and fewer clusters contribute to the 

signal.  For a distribution of cluster volumes, the signal decay would follow,  

 ,                                                                                      (5.12) 

where  is a constant. By numerically integrating the volume distribution P(V) it is possible to 

fit the data in Fig. 5.6. To apply this approach it is necessary to choose a proper expression for τc. 

We have found that a modified Néel-Arrhenius expression, with a somewhat reduced ∗ value, 

works very well,  exp	 ∗/  ,                                                                                                                (5.13) 

where , is a fitting parameter, which is typically very small ( 	~	 . ).  

         

5.3.3 Superparamagnetism in Ni50Mn40Sn10 

 

Now we are going to apply the model described in section 5.3.2 to the data in Fig. 5.6.  We first 

consider the two broad underlying F4 and AF4 components (Fig. 5.3) that are observed at 

temperatures below 10 K. The broad frequency distributions and the marked decrease in the 

NMR signal with increase in temperatures for these components, as shown in region I of Fig. 5.6, 

complicates the discussion of the size and nature of these regions of the sample, which contribute 

about half of the observed NMR signal below 2 K. Because of the broad line-widths of AF4 and 

F4, and the limited temperature range (1.6 K to 10 K) over which the spectral amplitudes 

decrease to zero, it is not straightforward to determine whether or not these components are 
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exhibiting SP blocking. These regions may not be small volume globular SP clusters but instead 

boundary layers between extended F and AF regions, which might explain the EB effects 

detected below 50 K [52].  The very similar forms for the decrease in integrated areas of both F 

and AF regions below 10 K also suggests this. The observed increase in amplitude of 

components AF4 and F4, by a factor around 3, in FC experiments further points to field-induced 

alignment of spins along H during cool down together with pinning of the AF spins in ZF as 

required for EB. The cooling field dependence of the EB is non-trivial and has not been studied 

in detail in the present experiments. Turning to the F components that persist to 150 K, over the 

temperature range 4 K < T < 50 K, values of the F2 and F3 spectra center frequencies, decrease 

linearly with T. This is consistent with predicted behavior for SP clusters at sufficiently low 

temperatures as in equation (5.8). The solid line in Fig. 5.4, that tracks the data reasonably well, 

has the slope given by  with V taken as the volume of a spherical cluster of diameter around 

10.6 nm.  This diameter is based on the magnetometry results with the blocking temperature 

 around 110 K [63] and the measurement time of about 100 s. The agreement between the 

NMR temperature-driven frequency shift and DC magnetization measurements implies that the 

thermal evolution of the F spectral component is consistent with SP blocking of the nanoscale F 

regions.  

By allowing for a distribution of cluster sizes, it is possible to obtain a good description of the 

data in Fig. 5.6, i.e. the T dependence of the F component’s scaled intensity. This was done, 

using equation (5.12) and numerical integration over a bimodal Gaussian distribution of cluster 

sizes, as shown in Fig. 5.6.  The F region II components, are fit (solid line) with a Gaussian 

distribution centered at a cluster diameter of 8.4 nm, with FWHM of 4.0 nm, which is very 

reasonable and consistent with a 10.6 nm diameter extracted from the magnetometry and T 

dependence of the NMR peak frequency. Region I of F is best fit with a half-Gaussian 

distribution, which centers at 0 nm and has the FWHM of 2.4 nm. We emphasize that the size 

distribution obtained in region I is physically less meaningful than that in region II, because the 

cluster geometry in region I is probably not spheroidal. As discussed above, the signal amplitude 

decrease in region I is likely associated with the surface interaction between F and AF clusters, 

with the dimensionality of region I being different from that of region II. A similar fit procedure 

involving a bimodal distribution of cluster sizes was applied to the AF data in Fig. 5.6. The 

simple spheroidal SP model is, at best, a crude approximation for these AF regions, as mentioned 
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above. The AF components in regions I and II are unlikely to approximate spheroids. The region 

I blocking is likely 2D in character, while the region II blocking is likely associated with AF 

regions surrounding F clusters. We will return to this when the temperature dependence of the 

AF frequencies is discussed. The fit curve through the AF data points should be regarded as a 

guide to the eye, or, at best, a qualitative description.  

Returning to the frequency shifts in Fig. 5.4, the frequencies of the F components decrease more 

rapidly with T, for T > 50 K. In the figure, the dashed line through the points is simply a guide to 

the eye, the curvature of which may be due to the gradual breakdown of the low temperature 

approximation for SP dynamics (Eq. 5.8) or the thermal disordering of the spins in a SP cluster. 

An attempted Brillouin function fit to the F3 frequency data is not in agreement with the plotted 

points. The available evidence does not permit us to distinguish between the two possible 

explanations for the nonlinear decrease in the frequency above 50 K.  It is possible that both 

effects play a role.  

The frequency of the AF component in Fig. 5.4 has no detectable T-dependence up to above 350 

K. The T- independence is also found for the two satellite components AF1 and AF3. However, 

T scaled spectra areas steadily decrease over the range from 150 K to 350 K, as seen in Fig. 5.6. 

This feature suggests that the AF regions consist of extended structures, which gradually reduce 

in volume, with local subregions which may be weak links in chains or other extended structures, 

which become increasingly dynamic on the NMR time scale. In this picture, the extended 

structure constitutes what has been termed the “AF matrix” in an interpretation advanced in 

previous work on the magnetic properties of this system [52].  

 

5.3.4 Nuclear relaxation   

 

We will now focus on the spin lattice relaxation rate in Fig. 5.7. As discussed above, the spin-

spin relaxation rate reflects the hyperfine fluctuation associated with the collective spin-

dynamics in F and AF regions. It follows that T2 is closely related with the spectral amplitudes 

shown in Fig. 5.6 and is of key importance in determining . However T1 is determined 

through other degrees of freedom in the system.  

As discussed in section 5.2, the inverse of T1 of the major component F3 (Fig .5.7 (a)) and AF2 

(Fig. 5.7 (b)) were measured both in 0 T and 1 T. Note that below 10 K, the underlying broad 

spectral components F4 and AF4 contribute a major part of the observed NMR signal at the 
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center frequencies of F3 and AF2. Therefore, below 10 K, the measured relaxation times are 

averages over different cluster sizes. The inset in Fig. 5.7 shows the stretched exponential 

parameter  from fits to the nuclear magnetization recovery curves. The low  values reflect the 

inhomogeneous nature of the sample, with regions of different sizes and geometries giving 

different relaxation behavior at a given temperature.  In the following, we will mainly focus on 

the fitted curves in Fig. 5.7 (a) and (b). 

The similarity in behaviors of the inverse of T1 of the AF and F components suggests that the 

physical mechanisms that operate in both F and AF regions are related. Our model suggests that 

the small regions produce fluctuating dipolar fields in larger neighboring regions thereby 

providing a source for spin-lattice relaxation.  

As the temperature is increased, T2 for the regions of volume V decreases (eq. 5.11) and fewer 

and fewer clusters meet the criterion .  This effect results in the loss of contributions 

to the spin echo signal from these clusters. We have to emphasize that it is convenient to use the 

term ‘cluster’ to denote distinct groupings of spins in F and AF regions, but the cluster geometry 

is not clear and is not necessarily globular.  

As discussed in Appendix B, the intra-cluster fluctuations in the hyperfine field are not a major 

contribution to spin-lattice relaxation and the dominant mechanisms contributing to the spin-

lattice relaxation are: (i) Korringa-like relaxation by the itinerant conduction electrons and (ii) 

inter-cluster dipolar interactions involving relatively small dynamical clusters in the proximity to 

larger structures whose spins are effectively static on the NMR measurement timescale. These 

two relaxation mechanisms are discussed in Appendix C. 

In Fig 5.7, the metallic Korringa process, predicting 11 T T (chapter 2) is of dominant 

importance at temperatures above 10 K, while, the inter-cluster fluctuating dipolar field 

mechanism is of primary importance at lower temperatures where spectral contributions from 

smaller clusters prevail. The fluctuating dipolar field produced by rapidly flipping small clusters 

containing N spins and with magnetic moment Nμ falls off as 1/r
 3
. A straightforward calculation 

shows the inter-cluster dipolar mechanism becomes ineffective for nuclei in large cluster with 

dimensions larger than 3 nm. Contributions from the two independent processes give the spin 

lattice relaxation rate as, 

1 1 1

1 1 1
i KT T T

   
    
   

nter .                                                                                                               (5.14) 
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As discussed in Appendix C, it is convenient to introduce the quantities  scf T  and  lcf T  to 

represent the temperature dependent fractions of the sample in small clusters and in larger 

clusters. For T < 10 K, sc lcf f and the inter-cluster dipolar mechanism is dominant. While for T 

>10 K, sc lcf f  and the Korringa mechanism becomes important. Expression for 
i

1

nterT  and 1

KT  

are given in Appendix C. 

In Appendix C, we have derived the expression for 
i

1

nterT  as  

2 2

i 2 2

1 0

1
( )

1nter
B P d

T

  
 

        ,                                                                                          (5.15) 

where B  is an ensemble average of components of the fluctuating field perpendicular to the 

hyperfine field, τ takes a Néel-Arrhenius form in eq. (5.5), and P(τ) represents a distribution of 

correlation times associated with the various cluster sizes. For  we have 

   ,                                                                                           (5.16) 

where , with  being the Bohr magneton,  is the nuclear gyromagnetic 

ratio, and  and  are the densities of states at the Fermi surface for spin up and spin down 

electrons, respectively. The function F() gives a measure of the  orbital admixture in wave 

functions at , with a maximum value of unity, for an equal admixture of  and  orbitals, 

and a gradual decrease with a departure from this condition. Here we assume F() = 1. We plot 

the data in the form 1/(T1 T) versus T in Fig. 5.9 with part (a) for F and part (b) for AF 

components. Combining equation (5.15) and (5.16) and taking P(τ) in equation (5.15) to involve 

three dynamic cluster volumes, we are able to fit the data in Fig. 5.7 and Fig. 5.9, for both AF 

and F. To analyze the  data for the F component (Fig. 5.7 (a) & Fig. 5.9 (a)), we assume 11 KT  

in Eq. (5.14) is the same for all the cluster sizes.   is taken to be  s in the Néel-Arrhenius 

relationship. Our fitting gives  in equation (5.15) as 0.09 T, which is consistent with the 

estimation based on ~ /   ,                                                                                                                   (5.17) 

where  is the average number of spins in a small dynamical cluster taken around 100 and <	  > 

is estimated ~	2 nm.  
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Fig. 5.9: Korringa type plots of 1/T1T versus T. These are based on the data shown in Fig. 5.7 for 

applied fields of  0 T and 1 T  at frequencies corresponding to (a) the F3 plus F4 components 

(red triangles) and (b) the AF2 plus AF4 components (black triangles). The fit curves involve the 

bimodal cluster size distribution used in Fig. 5.7 and are discussed in the text. Korringa 

relaxation, as given by Eq. (5), applies to both, F and AF components, at T > 20 K. 

 

 

A similar approach has been used to analyze the  data of the AF component, as in Fig. 5.7 (b) 

and Fig. 5.9 (b). The best fit gives  around 0.03 T, which is a factor of 3 smaller than for the F 

component. This decrease in the fluctuating local field in small cluster regions points to a smaller 

net moment of these regions. The Korringa term, the value of 1/T1T in Fig. 5.9 (b), is 

approximately an order of magnitude smaller than that for F3 (Fig. 5.9 (a)).  This suggest that the 

density of states at Fermi level is 3 times smaller in the AF regions as compared to the F regions.  

An estimate of the density of states at the Fermi level for the F3 component can be obtained from 

the experimental value for 1/T1T = 50 s
-1

K
-1 

in Fig. 5.9 (a). Using Eq. B2 we take 31 A F
r = 4.79 

x10 
30

 m
-3 

, and assume that  
2 0   at 

55
Mn sites because these sites are totally spin-polarized, 

which allows us to replace
2 2    by

2 .
 
We get = 1.6 (eV f.u.)

-1 
which is consistent with 

density functional theory estimates in the range 0.9 - 1.5 (eV f.u.)
-1

 for majority spins in 
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Ni2MnSn [19,20]. Specific heat measurements for Ni2MnSn give a total density of states of

( )FE =4.4
 
(eV f.u.)

-1
. The similarity of the present estimate of  for Ni50Mn40Sn10 with the  

values given in the literature for related alloys supports the conclusion that the Korringa 

mechanism is of dominant importance in the spin-lattice relaxation for T > 20 K. 

The relaxation time analysis given above is based on a simple cluster model, and is at best semi-

quantitative. However, the fit of the results shown in Figs. 5.7 (a) and 5.7 (b) support the 

approach we have used. The findings are consistent with bimodal size distributions of both F and 

AF regions in Ni50Mn40Sn10. The bimodal size distributions were introduced based on the scaled 

spectral area plots in Fig. 5.6. It is likely that a small fraction of the spins located in very small 

clusters remain dynamic and undetected in the present experiments, even at 1.5 K. While the 

physical origin of the bimodal size distribution remains to be explored, the present model 

provides a basis for explaining other magnetic properties, such as EB, of the Ni50Mn40Sn10 alloy 

in which competing F and AF interactions are of key importance. 

 

5.4 Summary 
 

The present experiments show that ZF hyperfine NMR is a powerful technique for investigating 

the nanoscale magnetic properties of Heusler alloys in the martensitic phase. The present results 

for the alloy Ni50Mn40Sn10 reveal two magnetic transitions which resemble blocking transitions 

as detected in magnetization measurements on SP systems.  The interpretation of the spin-echo 

NMR results involves expressions in which the nuclear spin-spin relaxation rate plays a crucial 

role. Fluctuating hyperfine fields which determine T2 are produced by coupled S spins in 

magnetic regions.  

For Ni50Mn40Sn10 it is established that F and AF regions coexist with a distribution of volumes in 

each case. At the lowest temperatures used (1.6 K) spin-glass-like magnetic regions are 

observed, which correspond to broad AF and F spectral features.  Each feature constitutes 

approximately 25% of the volume of the material with the remaining 50 % divided between 

larger well-ordered F and AF components. The spin glass type regions are likely to comprise 

extended surface or boundary layers between F and AF components. As the temperature is raised 

from 1.6 K to 10 K the S spins in the disordered regions become dynamic on the NMR timescale 

and their contributions to the 
55

Mn spectra decrease and are no longer detectable above 10 K. 
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The remaining material, with spectra persisting above 10 K, contains F regions which comprise 

~7 % of magnetic material at 1.6 K and AF regions that contribute ~ 25 %. For discussion 

purposes, the high-T F regions are tentatively classified as SP clusters but their shape is probably 

not spheroidal. The AF regions involve extended structures which constitute a matrix for the F 

spins. The geometric nature of these regions could include chain or ribbon domain structures.  

If, for simplicity in modeling the system, it is assumed that the clusters are spheroidal, with a 

bimodal size distribution, then estimates of the cluster diameters for F and AF components, 

derived from blocking-temperature-like behavior give very similar values of ~ 1 - 2 nm for the  

size of small clusters and ~ 4 - 6 nm for the large clusters. These estimates should be viewed 

with caution but they suggest that nanoscale ordering in distinct regions of the sample is of 

importance. The model that has been suggested for the martensitic phase of this alloy at low 

temperatures, and which involves F clusters embedded in an AF matrix, is, in broad terms, 

supported by our results. NMR provides fresh insights into the nature of the nanoscale spin 

substructures and the associated spin dynamics.  
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CHAPTER SIX 

SUPERPARAMAGNETISM IN THE MARTENSITIC HEUSLER ALLOYS 

Ni50-xCoxMn40Sn10 

 

 

For a range of Co concentrations, the Ni-Co-Mn-Sn shape memory alloys undergo a martensitic 

structural displacement transition, at a temperature TM in the range 300 - 420 K, which is 

accompanied by a discontinuous change in the magnetization. Ni50-xCoxMn40Sn10 alloys, with 5 ≤ 

x ≤ 8, are of interest because the low thermal hysteresis and the large change in magnetization 

which they exhibit at TM are desirable properties for potential device applications. Evidence for  

phase separation of ferromagnetic and antiferromagnetic regions at temperatures below TM is 

provided by magnetization and small angle neutron scattering measurements. 

Superparamagnetism and intrinsic exchange bias effects have been detected below 50 K. Using 

55
Mn hyperfine field NMR we have gained insight into the nanoscale magnetic properties of 

samples with x = 7 and, for comparison, x = 14. For x = 7 ferromagnetic and antiferromagnetic 

regions, or clusters, with a broad size distribution are found below 10 K. Ferromagnetic clusters 

with the highest blocking temperatures are associated with regions rich in Co ions.  

 

6.1 Introduction 

 
The Ni-Mn-X (X=Sn, In, Ga) shape memory alloys have been the subjects of intense 

investigation because of the rich variety of mechanical, magnetic and thermal properties which 

they reveal. Typically these alloys undergo a martensitic transformation above room temperature 

and have great potential for technological applications [40, 42-45, 48, 69, 70]. Much of the work 

has been concerned with off-stoichiometric materials, notably Ni50Mn25+yX25-y, in which 

competing ferromagnetic (F) and antiferromagnetic (AF) interactions between Mn ions located 

on non-equivalent lattice sites give rise to interesting magnetic properties which include 

superparamagnetism (SP) and intrinsic exchange bias (EB) [54-56].  

Recent developments in the Heusler alloy field involve the quaternary system Ni-Co-Mn-X ( X= 

Sn, In) [52, 62, 63, 71-73]. In particular, the alloy Ni50-xCoxMn40Sn10 has received considerable 

attention [52, 62, 63]. The rapid growth of interest in these Co alloys, and in particular those with 

5 ≤ x ≤ 8, is in large part due to the low thermal hysteresis that is found at the martensitic 
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transformation which occurs at temperature TM  ≈ 340 K for x = 6. In addition, a marked 

alteration in the magnetic properties accompanies the martensitic transformation changing from 

F above TM to weakly magnetic below TM.  The low thermal hysteresis is attributed to the 

presence of an invariant lattice plane at the martensite-austenite interface. This lattice effect is 

explained by considering the eigenvalues 1, 2 and 3 of the structural transformation matrix U 

and requiring that in order to minimize hysteresis effects the determinant det U = 1 2 3 = 1 

with 2 =1 [74, 75]. These conditions are found to hold to a good approximation in Ni50-

xCoxMn40Sn10 alloys [52, 63].  A magnetic phase diagram has been proposed for Ni50-

xCoxMn39Sn11 which, for T << TM ,  shows transitions between paramagnetic (P), SP and F 

regions as x is increased from 0 to14. The range 5 ≤ x ≤ 8 has been suggested as the optimal 

composition range for magnetic shape memory and other device applications [52]. 

Recent small angle neutron scattering (SANS) experiments on polycrystalline Ni50-xCoxMn40Sn10  

with x = 6 and 8, made over the temperature range 30 – 500 K, provide definitive evidence of 

phase inhomogeneity in this material with a liquid-like distribution of nanoscale SP-like  clusters 

in an AF or P matrix [52]. Magnetization measurements made as a function of temperature 

provide additional evidence for magnetic clusters and reveal that for x = 6 the clusters have a 

freezing temperature Tf  ~ 60 K. The SANS results together with the magnetization findings 

provide information on the cluster diameters which are estimated to be in the range 2 – 6 nm 

with a mean center-to-center separation 12 nm. While compositional fluctuations are clearly 

important in determining the nano-scale structure, and the related magnetic properties of these 

alloys, the nature of the magnetic clusters remains unclear.  

The magnetic properties of Ni50-xCoxMn40Sn10 in the martensite phase suggest local 

inhomogeneity in the Co ion distribution on Ni sites. Many open questions concerning the 

magneto-electronic phase separation in these alloys remain to be addressed. The present work 

involves zero applied field NMR of the Mn ions in Ni50-xCoxMn40Sn10 polycrystalline samples 

with x =7 (martensite phase) and x =14 (austenite phase) using the  hyperfine fields at the 
55

Mn 

nuclear sites.  The results provide detailed information on the ground state properties of these 

systems and on the evolution of the inhomogeneous nanoscale magnetic structures with 

temperature. 
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6.2 Experimental results 

 
Samples of Ni50-xCoxMn40Sn10  with x =7 and x =14 were prepared by arc melting high purity 

metal starting materials under argon followed by annealing at 900 
o
C for 24 hours before 

quenching in water.  Characterization of the samples was carried as described in Ref. [73]. 

Differential scanning calorimetry showed that the thermal hysteresis ~mT  6 K for x = 7. The 

x=14 sample does not undergo a martensitic transformation and the austenite phase persists to 

low temperatures. 

The 
55

Mn (gyromagnetic ratio 2    10.5 MHz/T) NMR measurements were made in zero 

applied field or in small fields (0.5 - 1 T) using a spin-echo spectrometer with automated 

frequency sweep capability over the range f = 150 – 450 MHz. The polycrystalline metallic 

grains were embedded in paraffin wax to minimize skin depth effects.  Spectra were observed in 

the hyperfine fields experienced by 
55

Mn nuclei which ranged from roughly 20 to 43 T and were 

recorded as a function of temperature by increasing the frequency in 1 or 2 MHz steps over the 

required range. As described in chapter 5, the magnetic system NMR signal enhancement factor 

 , which is given by hf AB B    with Bhf  the hyperfine field and BA the anisotropy field, can 

provide a means for distinguishing F and AF regions since   is typically larger in F regions of 

the sample than in AF regions. If the spectral lines are sufficiently narrow they may shift (F) or 

split or broaden (AF) in small applied fields ~ 1 T.  

Low temperature NMR spectra, obtained by integrating the spin-echo signals at each frequency, 

were recorded at different RF power levels are shown in Fig. 6.1 (a), (b) and (c) for x =0, 7 and 

14 respectively. The x = 0 spectra have previously been discussed in chapter 5 and are shown 

here for comparison with the x = 7 and x = 14 spectra. The open circle (blue in color) plots are 

associated with low  (~ 10) spectral components from 
55

Mn sites in sample regions which have 

AF character. In contrast, the spectra represented by the square symbols (red in color) are from F 

regions with  ~ 225. The substitution of Co for Ni leads to major changes in the x = 7 and x = 14 

spectra compared to those obtained for x = 0. In particular, the x = 7 and x = 14 spectra have F 

components at f > 400 MHz that are not present for x = 0. In addition, for x = 7 the spectral 

features below 350 MHz involve broad AF and F components with the AF of dominant 

importance. For x = 14 no AF signals are observed over the entire frequency range but there are 
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distinct F features above and below 350 MHz. The changes in the spectra induced by the 

substitution of Co on a fraction of the Ni sites are discussed below.  

150 200 250 300 350 400 450 500

Frequency f (MHz)

Ni50-xCoxMn40Sn10

x=14

x=7

x=0

AF F

AF  x 0.1 F

F

T = 1.6 K

 

Fig. 6.1: Frequency scan 
55

Mn zero applied field NMR spectra in polycrystalline Ni50-

xCoxMn40Sn10   at 1.6 K for x = 0, 7 and 14. Spectra associated with ferromagnetic regions (red in 

color) and antiferromagnetic regions (blue in color) are indicated.  Comparison of the spectra 

reveals that substitution of Co on Ni sites in x = 7 and 14 produces ferromagnetic regions or 

clusters with enhanced hyperfine fields, with resonances above 350 MHz, compared to x = 0. 

The spectra can be well fit using multiple Gaussian curves.  

 

 

As the temperature is raised the forms of the spectra for x = 7 and x = 14 do not change 

significantly but the amplitudes steadily decrease and the 1.6 K spectral peaks at f  > 350 MHz 

gradually shift to lower frequencies.  Figure 6.2 gives the temperature dependence of the 

frequency ratio f / f0 for the principal F spectral component, with f0  = 335 MHz, for x = 7. Over 

the range 1.6 K to 150 K  f  decreases from 435 MHz to 405 MHz. Qualitatively similar shifts are 

found over this temperature range for the F component at f0 ~ 400 MHz. The frequency ratio vs. 

T plot in Fig. 6.2 shows a marked linear decrease over the range 1.6 K to 10 K followed by a 

more gradual decrease from 10 K to 50 K. Above 50 K f / f0 decreases more rapidly until the 
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NMR signal is no longer observable. The form suggests a mechanism involving cluster dynamics 

as discussed below.   

The x = 7 and x = 14 spectra can be well fit with Gaussian curves. For x = 7 the sum of the Curie 

law corrected areas of the various F components above 350 MHz is plotted as a function of 

temperature in Fig. 6.3 (b). The spectral areas are proportional to the number of 
55

Mn nuclei with 

hyperfine fields that are static on the NMR timescale (~ 10
-5

 s) and which contribute to the 

observed signals (chapter 5). Temperature scaling compensates for the Curie law decrease in the 

nuclear magnetization.  Figure 6.3 (a) shows the rapid decrease in the T-corrected areas of the 

AF component below 350 MHz with no plateau behavior down to 1.6 K. As can be seen in Fig. 

6.3 (b) the high frequency F components persist to T > 100 K. The fit to the F spectral area data 

is based on a SP cluster model with a distribution of cluster sizes as described in Section 6.3. The 

large line-width components of the spectra below 350 MHz decrease markedly in amplitude with 

increasing temperature and are no longer observable for T > 10 K. 
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Fig. 6.2: Ratio of the 
55

Mn NMR resonance center frequency, f , at temperature T, to the 

resonance frequency at 1.6 K , f0, as a function of T. It is measured at the principal F component 

(highest frequency in Fig. 6.1) for Ni43Co7Mn40Sn10. The frequency decreases approximately 

linearly at temperatures in the range 3 – 50 K and then more rapidly at higher temperatures. The 

decrease in frequency is produced by averaging of the hyperfine field by collective spin 

fluctuations in the cluster anisotropy fields. The slope of the straight line through the points 

permits an estimate to be made of the average cluster size as discussed in the text. 
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Figure 6.4 (a) shows the temperature dependence of the x = 7 spin-lattice relaxation time T1 for 

the principal high frequency F component while Fig. 6.4 (c) gives the behavior of T1 for the AF 

component ( f < 350 MHz). Measurements were made in zero field and in 1 T. Figures 6.4 (b) 

and 6.4 (d) show the corresponding Korringa plots of 1 / T1T vs. T for the F and AF components 

respectively. 

The transverse or spin-spin relaxation time T2, obtained from stretched exponential fits to the 

spin-echo decay curves, is found to be weakly temperature dependent and for the F components, 

(with f  > 350 MHz), decreases from 20 s  to 5 s as T increases from 1.6 K to 120 K. Fig. 6.3 

shows that the spectral area decreases steadily over this temperature range as the regions in 

which T2 < 5 s  no longer contribute to spin-echo signals. T1 in the F regions is roughly an order 

of magnitude longer than the corresponding T2.  
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FIG. 6.3: Curie law corrected 
 55

Mn NMR peak areas for the high frequency (f  > 350 MHz in 

Fig. 6.1) ferromagnetic components (black circles) in Ni43Co7Mn40Sn10  as a function of 

temperature. The fitted curve is based on a cluster dynamics model, involving the Néel-

Arrhenius relation with a distribution of cluster sizes, as described in the text. The inset shows 

the log-normal cluster radius distribution used in the fit. Assuming spherical clusters the most 

probable diameter is 3.4 nm. For comparison the Curie law corrected areas for the AF 

component  (f  < 350 MHz in Fig. 6.1) are also shown (blue triangles). The AF component 

cannot be detected for T > 10 K. 
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FIG. 6.4: 
55

Mn spin-lattice relaxation times T1 in Ni43Co7Mn40Sn10. For (a) the principal F 

spectral component and (c) the AF components (< 350 MHz) as a function of temperature. 

Measurements were made in both zero field and in an applied field of 1 T. Comparison of the F 

and AF T1 values shows that the AF relaxation times are substantially shorter than those of the F 

component and that they decrease rapidly as T increases. The field dependence seen in Fig. 6.4 

(a) is discussed in the text. Panels (b) and (c) are the Korringa plots of 1/T1T vs. T for the F and 

AF components, respectively. 
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6.3 Discussion 

 
The principal findings of the present work may be summarized as follows. Substitution of Co 

ions for Ni ions in Ni50-xCoxMn40Sn10 leads to dramatic changes in the low temperature 
55

Mn ZF 

spectra for x = 7 and x = 14 compared to the x = 0 case, as can be seen in Fig. 6.1.  New F 

components appear at frequencies above 350 MHz, which are assigned to Co-rich regions in the 

sample. The F and AF components at frequencies below 350 MHz, which play a prominent role 

for x = 0, show quite different characteristics for  x = 7. These low frequency F and AF spectral 

lines, from the Co-poor matrix, are broadened and their areas (  55
Mn observed) steadily 

decrease with increase in temperature in the range 1.6 – 10 K as shown in Fig. 6.3. The large F 

and AF ordered regions, or clusters, found for x = 0 (chapter 5) are disrupted by the 

incorporation of Co ions in x = 7 and x = 14. The distinct spectral features associated with the 

Co-rich regions allow detailed information on the nanoscale properties of these regions to be 

obtained.      

The discussion will focus primarily on the results obtained for the x = 7 sample in the martensitic 

phase. The substitution of Co ions on Ni sites, which corresponds to hole doping, results in a 

large change in Bhf at adjacent Mn ions. The change in Bhf indicates that the local electronic 

structure is different from that in Co-poor regions. It is likely that there is a transfer of spin 

density from Ni to Mn ions due to changes in the electron orbital configurations in the F regions 

with high local concentrations of Co.     

In order to compare the relative concentrations of Mn ions in the various magnetic regions of the 

sample it is necessary to take into account variations in the RF enhancement factor  which is 

used in Section 6.2 to distinguish the AF and F components in the x = 7 ZF 
55

Mn spectra. Using 

the values for   given in Section 6.2, together with the relationship hf AB B   yields BA = 0.19 

T for the high-frequency F component anisotropy field. This value for the anisotropy field is 

similar to that found for the F components in Ni50Mn40Sn10 (chapter 5). From the relative areas 

of the spectra, which are proportional to the number N of contributing 
55

Mn nuclei, and with 

allowance for the difference in enhancement factors, we find that the 
225 335:AF FN N  ratio is 

approximately 16 : 1.  (The low amplitude broad F line centered at ~325 MHz is not included in 

this comparison of the Mn ion concentrations.) For x = 7 the Ni : Co ratio is 6 : 1 and the 

comparison of ratios suggests that more than half of the Co ions are not located in the 435 MHz 
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F clusters but are dispersed in other regions of the material. This finding can help to explain the 

disappearance of long range AF order in the Co doped material through incorporation of Co ions 

onto Ni sites in AF  regions and consequential changes in the exchange interaction between Mn 

ions. 

The SP globular cluster model described in chapter 5 predicts that for a cluster of volume V at 

temperatures below the NMR blocking temperature,
NMR

BT  , the slope of an f / f0 vs. T plot is given 

by  2B Ak K V where KA is the anisotropic energy density. For a system in which there is a 

distribution of cluster sizes, the analysis is not straightforward. In order to obtain a rough 

estimate of the average cluster size we assume that the cluster model can be applied to the f0 = 

435 MHz component frequency dependence on T in Fig. 6.2. We take 1
2A AK n B where

4 B  , n is the spin density and BA = 0.19 T, as given above. From the slope of the straight 

line drawn through the points in Fig. 6.2 we obtain an average cluster diameter D ~ 9 nm. 

Because of the distribution of cluster sizes, with a corresponding distribution of  NMR

BT V values, 

there is a gradual decrease in signal amplitude with temperature shown in Fig. 6.3 as the smaller 

clusters pass through their blocking temperatures. It follows that the size estimate is somewhat 

skewed towards that of the larger clusters. Note that above 50 K the frequency variation is no 

longer linear in T and the simple form given by the cluster model no longer applies.  

It is also possible to obtain information on the size distribution of the F regions (which make up 

~ 6 % of the magnetic material in the x = 7 sample at 1.6 K) by using the SP cluster model to fit 

the Curie-law-corrected area plot in Fig. 6.3. The procedure is described in chapter 5 and 

involves use of the following expression for the nuclear spin-spin relaxation rate for a globular 

cluster of volume V 

 
22

1
12 2

2

1 1
1 I

S c

T
S S

T T


 

          
    

,                                                                                            (6.1) 

where 2I hff  , 02S   with 0 the pre-exponential factor in the Néel –Arrhenius (N-A) 

expression, A BT K V k  . The correlation time, c , is determined by the coupling of a cluster 

spin to the lattice and is estimated using a modified form of the N-A relation with the anisotropy 

energy reduced by a factor  . For a system in which there is a distribution of SP cluster 

volumes, described by a probability distribution ( )P V , we use the corresponding distribution of 
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2T values (chapter 5). The amplitude of the NMR signal for a system of this type will decrease as 

the temperature is raised and fewer and fewer clusters contribute to the signal as their T2 values 

decrease to below the NMR measurement time m = 2x 10 
-5

 s. Making use of the Poisson 

distribution the model predicts that the NMR spin-echo signals should decay as

   0 2exp mS T S T  where  S T is the signal amplitude at temperature T and 0S the signal 

amplitude at the lowest temperature used. With the use of Eq. (1), together with the modified N-

A expression with  = 0.1, and carrying out the integration over a log-normal volume 

distribution numerically, provides the fit to the F spectral area plot shown in Fig. 6.3. The size 

distribution obtained from the fit is shown as the inset in Fig. 6.3 with the most probable 

diameter D ~ 3.4 nm. While the fit process involves six parameters the size distribution is found 

to be fairly robust to changes in these parameters. However, the integration over cluster volumes 

using a broad size distribution may be an oversimplification of the actual situation. Comparison 

of the sizes obtained from the two approaches, based on Figs. 6.2 and 6.3 respectively, which 

differ by a factor 2, suggests that the average cluster diameter is in the range 3 to 10 nm with a 

broad size distribution.  The fit to the AF spectral area curve in Fig. 6.3 over the range 1.6 – 10 K 

is a guide to the eye. 

As mentioned above, EB effects are detected in magnetization measurements for T < 50 K. For 

EB to occur it is necessary that F and AF surface regions are in close proximity to each other 

with the AF region dimensions sufficiently large to ensure that the anisotropy energy keeps the 

AF magnetization pinned in applied fields [76-79]. The present NMR experiments suggest that 

the AF component detected below 10 – 15 K provides the pinning structure in Ni43Co7Mn40Sn10 

at sufficiently low temperatures. The DC magnetization measurements find that EB effects are 

no longer observable above 50 K, which is also the SP blocking temperature. The difference 

between the NMR and DC TB values is attributed to the different dynamic processes detected by 

the two types of measurement as discussed in chapter 5.   

The T1 vs. T plots for the high frequency F component in ZF and in 1 T, as given in Fig. 6.4 (a), 

show an initial rapid decrease below 20 K followed by a more gradual decrease at higher 

temperatures. In order to account for the observed behavior we make use of the SP cluster model 

ideas developed in chapter 5 and allow for the size distribution used in the Fig. 6.3 fit procedure 

for the F component. For the AF component T1 decreases rapidly with increasing T consistent 
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with small region spin dynamics giving rise to fluctuating local fields. We shall concentrate on 

the behavior of T1 in the F case.   

In order to explain the behavior of T1 with T in Fig. 6.4 (a) two competing relaxation 

mechanisms need to be considered: inter-cluster dynamic dipolar interactions and the intra-

cluster Korringa mechanism involving conduction electron scattering. The relative importance of 

these mechanisms is dependent on the cluster size and it is instructive to consider the Korringa-

style plot of 11 T T  vs. T in Fig. 6.4 (b). The large decrease in 11 T T produced by a field of 1 T 

points to field-suppression of the fluctuating inter-cluster dipolar mechanism through alignment 

of cluster moments parallel to H and a reduction in the transverse fluctuating field because of 

partial cancellation of fields from various neighbor clusters.  

The Korringa plateau value for T > 20 K in Fig. 6.4 (b) allows us to estimate the density of states 

at the Fermi level in the larger F clusters using the Moriya expression  

   2 2

3

1

1 1
K

A F

C F
T r

         ,                                                                                            (6.2) 

where   2 2 2

016 5 I B BC k T      with B is the Bohr magneton, I the nuclear gyromagnetic ratio 

and  and  the densities of states at the Fermi energy, EF,  for spin up and spin down electrons 

respectively [80]. The inverse radius cubed, averaged over the Fermi surface, is 
31 0.32A F

r 

m
-3

 (chapter 5). The function  F  gives the t2g orbital admixture in the wave function at EF. If 

we take  F  = 1 as an approximation in estimating the density of states we obtain 

 2 2 0.8     eV/ f.u. which is roughly half the value obtained for the density of states in 

Ni50Mn40Sn10 (chapter 5).  

While the spheroidal cluster model approach used in the analysis of the NMR results is an 

idealization of the magnetic substructures in Ni50-xCoxMn40Sn10, the cluster size estimates 

obtained are consistent with the SANS estimates [52, 63]. The microscopic description of the 

alloy that is provided by the 
55

Mn NMR results is as follows: there are two different types of F 

regions, corresponding to Co-rich and Co-poor cluster types respectively, with a distribution of 

nanoscale sizes, and in addition, there is an AF component which is of dominant importance in 

the system at temperatures below 10 K. Above 10 K the AF and the Co poor F regions, cannot be 

detected by spin-echo NMR due to collective spin dynamic effects which shorten the transverse 
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(spin-spin) nuclear relaxation times. The F component associated with Co rich regions is 

detected up to 150 K but the signals show a marked decrease in amplitude with rising 

temperature as a result of the cluster size distribution in the range 1 – 10 nm.  

 

6.4 Summary 

 
It is shown that the replacement of 14 % of the Ni ions in the Ni50Mn40Sn10 alloy with Co ions 

induces the formation, in the martensitic phase, of SP clusters associated with, Co-rich regions in 

the material.  Information has been obtained on the surrounding matrix which, at low 

temperatures below 10 K, is dominated by AF regions or clusters.  For the F regions the form of 

the NMR spectral area versus temperature plot has been fit using a cluster model and a log-

normal volume distribution. The results obtained for the AF component provide information 

related to intrinsic exchange bias effects found in the x = 7 system.  

Increasing the Co ion concentration to 28 % leads to the disappearance of the martensitic 

transition and increases the size and number of F clusters associated with the substituted Co. 

Interestingly, the surrounding matrix is also F at low temperatures and has a distinct NMR 

signature.  The NMR techniques and analysis procedures are applicable to other Heusler-type 

alloys.  

 

 

 

 

 

 

 

 

 

 

 

 

 



107 

 

CHAPTER SEVEN 

CONCLUSION 

 

 
This dissertation is focused on the magnetic properties of two types of materials, frustrated AF 

and shape memory alloys. Our key findings for these systems are summarized below, together 

with an outline of the structure of the thesis. 

Chapter 1 introduces the hyperfine interaction using the Dirac equation for a simple system-the 

H atom. Various bulk magnetic properties, including magnetic ordering, geometrical frustration, 

spin glass behavior and superparamagnetism are summarized. Chapter 2 explains the basics of 

NMR including the fundamental theory for spin-lattice and spin-spin relaxation. NMR in large 

hyperfine fields in magnetic materials is discussed. 

In chapter 3, ZF frequency sweep spectra and a sample rotation experiment give the spin 

configuration in the extended kagome AF system YBaCo4O7. Our findings for the Co spin 

orientations in the triangular layers confirm the results from neutron scattering experiments. 

However, our findings for the Co spin orientations in the kagome layer differ markedly from the 

neutron experiments. An orthogonal orientation of the kagome spins and the triangle spins is 

established in our work. The relaxation data show that at low temperatures (< 4 K) spin waves 

are a dominant relaxation source for the Co nuclei in the triangular layers. 

Chapter 4 concerns the spin dynamics in the frustrated nonstoichiometric compound 

YBaCo4O7.1. This system is readily oxygenated and may have technological applications. A 

magnetic transition is observed at 80 K, which is interpreted as the freezing of spins in the 

triangular layers. The spins in the kagome layers are found to remain dynamic at very low 

temperatures and form what is termed a AF viscous spin liquid for T< 50 K. The spins gradually 

freeze out to form a short-range ordered or a spin-glass-like layer below 10 K. Co spins are 

found to point randomly with 3D symmetry, forming a ‘hedgehog’ configuration. The difference 

between the fast-cooled and slow-cooled spectra is explained by interstitial oxygen clustering in 

local regions of the crystal during slow cooling but which does not occur during the fast cooling. 

The second half of the dissertation is concerned with the magnetic behavior of shape memory 

alloy systems. Chapter 5 describes magnetically nanostructured state of Ni50Mn40Sn10 using the 

ZF NMR technique on 
55

Mn nuclei. FM and AF interactions among Mn ions are confirmed to 
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coexist with each other.  Our results provide the first microscopic information on the AF 

component. The concept of NMR blocking is introduced when T2 created by the cluster spin 

dynamics is comparable to the NMR measurement time. Similar bimodal size distributions for 

both AF and FM components with the values of ~ 1 - 2 nm for the size of small clusters and ~ 4 - 

6 nm for the large clusters are obtained. The inter-cluster fluctuating dipolar field is found to be 

the dominant spin-lattice relaxation source at low temperatures. The metallic Korringa process is 

of dominant importance at temperatures above 10 K, where only larger clusters remain blocked. 

The results provide fresh insight into SP and EB in this system.  

In chapter 6, superparamagnetism in the Co-doped Heusler alloys Ni50-xCoxMn40Sn10 has been 

investigated. NMR has been used to distinguished the AF and FM components. Our results 

suggest cobalt doping induces new F regions and disorders the AF regions. A comparison of the 

spectra of the x = 7 compound with that of the x = 0 is made. A size distribution with diameters 

in the range 1 to 10 nm is obtained with the most probable diameter D ~ 3.4 nm. The AF 

components, which can only be observed below 10 K, are found to be more dynamic than the F 

regions. The results provide information on the origins of exchange bias effect in these systems. 

The hyperfine field NMR techniques discussed in this thesis are applicable to other magnetic 

systems. The single crystal rotation experiment discussed in chapter 3 is a powerful new method 

for obtaining the spin orientations in an AF system. The ‘interstitial oxygen clustering’ 

hypothesis, which explains the difference between the fast-cooled and slow-cooled data for 

YBaCo4O7.1 is currently being further investigated by our collaborators using other experimental 

techniques. The NMR approach developed to obtain the nanocluster size distributions for phase 

separated materials in chapters 5 and 6, offers a powerful new systematic method, which is 

applicable to other superparamagnetic systems. 
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APPENDIX A 

DETAILS OF THE ANTIOPE SIMULATION 

 

 
ANTIOPE is a computer program of NMR signal response, which is based on the density matrix 

formalism [23]. Before proceeding further, let us explain the density matrix formalism a little bit. 

Considering the nuclear spin system described by a wave function Ψ, which can be decomposed 

as Ψ ∑ , with  being a complete set of orthogonal functions, the element of the 

density matrix is defined as  ∗   ,                                                                                                                            (A1) 

where the bar is to denote an ensemble average [12]. 

The expectation value of an operator such as the nuclear magnetization along the x-axis  

would be [12] 	 Tr  .                                                                                                                 (A2) 

In thermal equilibrium the density matrix of the nuclear spin system only has diagonal terms, 

which follow the Boltzmann distribution [12]. Turning on the RF pulse for a certain duration 

would induce the off diagonal elements in the density matrix. ANTIOPE is able to simulate the 

time evolving of both the diagonal and off diagonal terms in the density matrix with the equation 

[12, 23] ,  .                                                                                                                            (A3) 

The program permits the simulation of a wide variety of nuclear magnetic resonance experiments 

including echo signals or a FID signal [23].  In the program, we are able to choose different RF 

fields pulse lengths and amplitudes, different Hamiltonians and shifts. Here we are going to use 

the program to simulate the echo signal amplitude as a function of the angle between the static 

field	  and the RF field . 

Similar to equation (2.2) in chapter 2,  we choose a simple Hamiltonian for the nuclei as, ∗   ,                                                                                                                        (A4)  

where  .  is the external applied field and  is the internal hyperfine field. 

We choose the duration of the pulse as 5 s and change the frequency of the effective RF field 

 from 5 kHz to 75 kHz in 5 kHz step size (50 kHz is the  pulse). 
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For each pulse amplitude, 251 offset points were chosen by varying  	in order to simulate the 

frequency sweep spectra from -250 kHz and 250 kHz. An ASCII data file consisting of an echo’s 

real and imaginary part was generated by the program. Python script was written for data 

manipulation. Magres 2000 [81] was used to read the ASCII file, Fourier transform the echo 

signal and obtain the simulated echo area. The parameters used in ANTIOPE simulation are 

given in Table A.1. 

The echo area was saved in Table A.1 as a function of effective RF field  and also potted as 

a function of  in Fig. A.2. A simple functional form of  

 ,                                                                                                                     (A5) 

has been used to fit the curve in Fig. A.2 and the best fit gives n=2.8.  

When the RF field and the internal hyperfine field has an angle  as in Fig. 3.6, the effective RF 

field  is given by  ∗  ,                                                                                                                    (A6)  

where  is the pulse amplitude ( / ). Combining Eqs. (A5) and (A6) we have, 

 .                                                                                                                     (A7) 

Because the Larmor precession axis (internal hyperfine field direction) of the nuclei has an angle 

with the coil axis (RF field direction), in the signal receiving process, another factor of   has 

to be introduced in equation (A7), 

 .                                                                                                             (A8) 

This corresponds to equation (3.1). 
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Fig. A.1: Fitting of the Fourier transformed echo signal. The echo area was fitted with a 

Gaussian Curve using the spectrometer software package Magres 2000.  

 

Table A.1 Parameters used in ANTIOPE simulation 

The effective RF field  is in the first column from 5 KHz to 75 KHz and the normalized 

signal amplitude is in the last column.  = 50 KHz is the π/2 pulse, where the signal 

amplitude maximizes.  
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Fig. A.2: NMR signal amplitude vs. the effective RF field H1eff. The black dots are the points 

from the chart in Table A.1. The smooth curve is the fitting of the data with the functional form 

 and n = 2.8. 
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APPENDIX B 

INTRA-CLUSTER NMR RELAXATION MECHANISMS 

 

 
We consider contributions to the 

55
Mn longitudinal and transverse relaxation rates due to the 

fluctuating hyperfine field in a cluster of volume V at temperatures T << TB. In general, the 

nuclear relaxation rates for coupled electron-nuclear spin systems are given by the following 

expressions
(1)

11 2 ( )IT J  and 
(1) (0)1

2 2
1 ( ) (0)IT J J  , where

(1) ( )IJ  and (0) (0)J  are the 

spectral functions which correspond, respectively, to the transverse and longitudinal hyperfine 

field fluctuations at the nuclear Larmor frequency, I , and at low frequencies, 0 [11]. The 

two spectral densities are obtained as the Fourier transforms of the transverse,  (1)F t , and 

longitudinal,  (0)F t , time correlation functions of the interactions of the S and I spins. It is 

important to distinguish between processes which are secular and do not involve energy 

exchange between nuclei and the lattice and nonsecular processes which do involve I spin energy 

transfer to the lattice via the S spins. The transverse correlation function involves the raising and 

lowering spin operators S and S  in considering dynamic processes which involve S spin-flip 

transitions. Processes of this kind do not occur in correlated spin clusters for T < TB and the 

collective oscillations therefore make no contribution to spin-lattice relaxation and can be 

ignored.  

The correlation function  (0)F t  has the form  

       2(0) 0 ( ) expz z z SF t A T S S t i t   ,                                                                        (B1) 

where the angular brackets represent a lattice average, 
0

2S   and  

        22 2 2 41
4

1 cosz m mA A T A T        .                                                             (B2) 

The spin cluster collective oscillations with frequency S will undergo changes in amplitude and 

phase as a result of interactions with the phonon bath. Introducing a correlation time c to 

describe the dephasing processes of this kind gives  

           2 4(0) 1
12

1 exp exp /m S cF t A T S S i t t       .                                                    (B3) 

The Fourier transform of the correlation function gives the spectral density and hence  
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.                                                                                             (B4) 

In the long correlation time limit 
2 2 1S    Eq. (4) takes the form 

.                                                                                                  (B5) 

Spin-spin relaxation is of central importance in the present hyperfine NMR experiments since the 

contribution of nuclei in a given cluster to the spin-echo signal decreases to zero as T2 →τm. 
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APPENDIX C 

NMR SPIN-LATTICE RELAXATION IN MAGNETIC CLUSTERS 

 

 
Since intra-cluster fluctuations in the hyperfine field do not contribute to spin-lattice relaxation, 

as pointed out in Appendix B, two other 
55

Mn spin-lattice relaxation mechanisms are considered  

as described in Section 5.3.4. These are firstly the inter-cluster fluctuating dipolar field 

mechanism and secondly the Korringa mechanism via the itinerant conduction electrons. Both 

mechanisms are found to contribute to 
55

Mn spin-lattice relaxation in Ni50Mn40Sn10 with the 

metallic Korringa process of dominant importance above 20 K, where large clusters contribute 

the major portion of the measured NMR signal, while the inter-cluster fluctuating dipolar field 

mechanism is of primary importance at lower temperatures. 

We introduce the quantities  scf T  and  lcf T to represent the temperature dependent fractions of 

small cluster, denoted sc, and large cluster, lc, which together contribute to the NMR spin-echo 

signals. At the lowest temperatures (T < 10 K) we have sc lcf f and the intercluster dipolar 

mediated mechanism is dominant while at higher temperatures sc lcf f  and the Korringa 

mechanism prevails. 

In the intercluster case the dynamical matrix or shell surrounding a frozen cluster serves as a 

thermal bath in the relaxation process. It is the fluctuating transverse dipolar field component B


perpendicular to Bhf   that provides the longitudinal relaxation mechanism. Using the Redfield 

theory [12], and with allowance for a distribution of correlation times corresponding to a 

distribution of small cluster sizes, the relaxation rate is given by the following expression 

involving the nuclear Larmor frequency 
hf

B  ( ~ 2.0 x10
9
 s

-1
 at 300 MHz),   

2 2

i 2 2

1 0

1
( )

1nter
B P d

T

  
 

       .                                                                                             (C1) 

The integral is over the small dynamic shell clusters with 180
o
 flip correlation times   given by 

the Néel-Arrhenius expression which involves the cluster volume V and the anisotropy energy 

density KA. 

The Korringa relaxation rate expression for F metals in which the orbital processes have been 

shown to be of dominant importance is given by [80, 82] 
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    2 2 2 3 3 2 2

0

1

1
4 1I S B AK F

k T r F
T

        ,                                                                         (C2) 

with I and S being the nuclear (I) and electron (S) spin gyromagnetic ratios, and and  the 

densities of states at the Fermi energy, EF,  for spin up and spin down electrons respectively. The 

inverse radius cubed 
31 A F

r is averaged over the Fermi surface of the d band. The function 

 F   gives a measure of the t2g orbital admixture in the wave function at EF, and has a 

maximum value of unity, corresponding to equal admixture of t2g and eg orbitals. We take  F 

= 1 as an approximation in estimating the density of states at the Fermi level.  Using the 

Korringa relation it is possible to estimate the density of states at the Fermi level. 
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