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ABSTRACT 

This dissertation has focused on studying the electron spin dynamics in the quantum and 

classical limit and, most importantly, at the quantum-classical boundary. We have successfully 

used high frequency electron paramagnetic resonance (HF-EPR) techniques to characterize six 

paramagnetic materials with increasing number of unpaired electrons and molecular sizes. The 

samples studied are Mn2+-doped CdSe Quantum Dots (Mn:CdSe QDs), 

Na20[Cu2Pd22PV12O60(OH)8] (Cu2), Na12[X2W18Cu3O66(H2O)3] 32H2O (X = As, Sb) (Cu3), 

[Fe7O4(O2CPh)11(dmem)2] 4MeCN (Fe7), [Mn7O4(pdpm)6(N3)4](ClO4)2 (Mn7) and 

Na34[Mn19(OH)12(SiW10O37)6] 115H2O (Mn19). Our results have illustrated that four samples 

including Mn:CdSe QDs, Cu2, Cu3  and Fe7 can be perfectly described with quantum 

mechanics while sample Mn19 behaves like a typical classical system. Most interestingly, sample 

Mn7 (S = 29/2) straddles the interface between the classical and quantum mechanical spin 

descriptions. Chapter 1 gives the motivation, overview and organization of this dissertation. 

Chapter 2 describes synthetic details of the materials studied, introduction of two HF-EPR 

spectrometers, as well as the computer simulation programs employed in this undertaking. 

Chapter 3 summarizes the HF-EPR studies of Mn:CdSe QDs, the first application of HF-EPR to 

magnetic QDs. Chapter 4 presents the structure and magnetic characterization of an octahedrally 

coordinated Cu(II) pair, a very rare bonding for Cu(II) ions. Chapter 5 reports the coherent 

manipulation of electron spins in an antiferromagnetically coupled spin triangle {Cu3} 

impregnated in free standing nanoporous silicon (NS) by using 240 GHz microwave pulses. 

Chapter 6 discusses continuous wave (cw) and pulsed HF-EPR measurements on an Fe-based 

magnetic cluster: Fe7. Chapter 7 describes the HF-EPR characterization of a high spin (S) 

compound, Mn7, whose properties straddle the interface between the classical and quantum 

mechanical spin descriptions. Chapter 8 reports the structure and magnetic properties of a novel, 

unique, discrete polyanion comprising a cationic, planar Mn19 assembly incorporated in a 60-

tungsto-6-silicate. Finally, chapter 9 summarizes the major results and conclusions of this 

dissertation. 
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CHAPTER ONE 

INTRODUCTION AND OUTLINE 

  1.1  Introduction 

The primary focus of this dissertation is a systematic study of a series of paramagnetic 

materials with increasing number of unpaired electrons and molecular sizes that can serve as 

good candidates to study the magnetic properties of systems from quantum to classical regime 

and most importantly the quantum-classical boundary. In this undertaking, we start with the 

simplest spin system, Mn2+ doped CdSe quantum dots, in which Mn2+ ions substitute for Cd in 

the CdSe lattice. We then go to the magnetic clusters so as to be able to increase the number of 

coupled magnetic ions in one molecule. A Cu2+ dimer is the second sample studied followed by a 

Cu2+ triangular complex, Fe7 and Mn7 clusters, and a complex of nineteen Mn2+ ions. All the 

samples were synthesized by our collaborators in different research groups. Details of samples 

synthesis are summarized in Chapter two. The samples studies are as following: 

Mn2+ Doped CdSe Quantum Dots, (Mn:CdSe) 

Na20[Cu2Pd22PV12O60(OH)8], (Cu2) 

Na12[X2W18Cu3O66(H2O)3] 32H2O (X = As, Sb), (Cu3) 

[Fe7O4(O2CPh)11(dmem)2] 4MeCN, (Fe7) 

[Mn7O4(pdpm)6(N3)4](ClO4)2, (Mn7) and 

Na34[Mn19(OH)12(SiW10O37)6] 115H2O (Mn19) 

1.2  Overview 

The discovery of single molecule magnets (SMMs),1-3 in which each molecule behaves as 

a magnetic domain,4 has opened a fertile area for developing molecular electronics as well as for 

a fundamentally new way of understanding the quantum chemistry and physics of the electron 

spin.5 It was noted early on that a prerequisite for SMM behavior was the existence of a large 

barrier to spin reversal whose upper limit is given by DS2, where D is the zero-field uniaxial 

anisotropy parameter and S is the total spin. Thus, in general, a large S value in combination with 
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a large negative anisotropy parameter D is required for possible SMM applications, e.g. in 

quantum computing.4-6  

For the above reasons, chemists have been developing new synthetic methods to 

synthesize clusters of various sizes, and to date for Mn clusters only, a wide variety with 

nuclearities up to 84 have successfully been isolated and studied.7-20 While these compounds 

have provided a plethora of new structural, magnetic and spectroscopic data, it was noted that the 

spin dynamics exhibited by clusters with particularly large S values showed spectroscopic 

features that could not be well simulated using a quantum mechanical description of the spin S. A 

clear example of this is that the electron paramagnetic resonance (EPR) spectra of many of these 

compounds21-23 were found to yield spectra that exhibited a continuum rather than the series of 

well resolved peaks that have been the hallmark of compounds with S = 10 or smaller.24-27 All 

these observations suggested that there might be a spin-phase classical-quantum boundary. In 

this undertaking, we test a series of magnetic systems to study the electron spin dynamics in the 

quantum and classical limit and, most importantly, at the quantum-classical boundary. We start 

with a study of weakly coupled electron spins in a diluted magnetic semiconductor (DMS) in 

which the doped magnetic ions are mainly paramagnetic with little exchange.28-33 Then we go to 

several magnetic clusters in which the electron spins are strongly coupled and the number of 

coupled magnetic ions and their arrangement can be chemically controlled.34-38 
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Fig. 1.1 shows the positions of the samples studied on a scale of number of magnetic ions 

(N). As will be presented in later chapters, Mn:CdSe, Cu2, Cu3, and Fe7 can be perfectly 

described with quantum mechanics in which the energy levels are quantized, Mn19 already 

behaves like a standard classical system in which energy levels are continuous, and most 

interestingly, Mn7 places itself at the classical/quantum spin interface which has the properties of 

both quantum and classical systems. 

 

 

Fig. 1.1.  The positions of different samples on a scale of number of magnetic ions (N).  
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As discussed above, the simplest electron system in this dissertation is the magnetic ions 

in a diluted magnetic semiconductor (Fig. 1.2). A detailed study of 5.0 nm colloidally prepared 

CdSe quantum dots containing 0.6% Mn2+ (Mn:CdSe) by multi- and high-frequency EPR is 

reported in chapter 3. Not only is the presence of two quite distinct Mn2+ sites clearly evident, 

each of these two Mn2+ sites exhibits a significant anisotropic strain, which is borne out by a 

distribution in the second order crystal field splitting parameters D and E (D- and E-strain), and 

to a lesser degree by a distribution in g-values (g-strain). The distribution in D, E, and g reflect 

the micro-environment experienced by the Mn2+ ion in the CdSe QD depending on the depth of 

doping.  The observation of a depth dependent change in the microenvironment surrounding 

Mn2+ was suggested based on the shift in the PL for Mn2+ incorporated into the shell layer of 

CdS:ZnS.39 There have been no experimental measurements probing the discrete local 

environment experienced by a dopant ion in the QD lattice for CdSe, the quintessential QD. A 

fuller understanding of the changes in the lattice that arise due to surface passivation and 

subsequent lattice reconstruction is critical to applications of these materials for a range of 

optical, opto-magnetic, and opto-electronic applications.  

 

Fig. 1.2.  Schematic of a 3 nm CdSe quantum dot with doped Mn ions in the replacement of Cd.  

Mn2+ 

Cd 

Se 
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As a next step, we studied the structure and magnetic characterization of a novel, discrete, 

solution-stable, double-cuboid-shaped copper(II)-containing polyoxo-22-palladate(II), Cu2, as 

shown in Fig. 1.3. This polyanion contains the largest number of palladium ions yet found in 

polyoxopalladate chemistry. This is the first detailed EPR measurements on CuII ions in this octa 

oxo geometry. In addition, the magnetic exchange interaction between the two CuII ions is found 

to be unexpectedly large, possibly a new area for theoretical investigations of magnetic 

interactions on CuII and other complexes under controlled coordination and bonding parameters. 

 

 

Fig. 1.3.  Combined ball-and-stick/polyhedral representation of Cu2. Color code: Cu turquoise, 
Pd blue, O red balls, {PO4} purple tetrahedra. The very long Cu-O bonds (2.759(6) 2.839(6) 
are indicated by dotted lines.  
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We then report the coherent manipulation of electron spins in an antiferromagnetically 

coupled spin triangle {Cu3} impregnated in free standing nanoporous silicon (NS) (Fig. 1.4) by 

using 240 GHz microwave pulses. To our knowledge this is the first study of electron spin 

doceherence and manipulation for a single molecule magnet trapped in the nanoporous silicon. 

Rabi oscillations are observed and the spin coherence time is found to be T2 = 1066 ns at 1.50 K. 

This demonstrates that the {Cu3}:NS hybrid material provides a promising scheme for 

implementing spin-based quantum gates. By measuring the spin relaxation times of samples with 

different environments we examine the main decoherence sources and suggest a possibility of 

improving the spin memory time by molecular engineering. 

 

Fig. 1.4. A sketch of a single NS layer enclosing {Cu3-X} molecular clusters. The pore diameters 
are in the order of 5 10 nm and the distance between pores is 6 8 nm. Color codes: Cu(II), blue 
(medium-dark gray); Na, plum (dark gray) ; O, red (light gray). The rest of the atoms are hidden 
for clarity.  
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The continuous wave (cw) and pulsed high frequency electron paramagnetic resonance 

(HF-EPR) measurements on an Fe-based magnetic cluster Fe7 are also reported. The structure is 

shown in Fig. 1.5. The cw EPR results show that two different molecular species exist in the 

crystal, with slightly different zero-field-splitting parameters. The spin decoherence time, T2, was 

measured at high magnetic fields and low temperatures, which makes it possible to obtain high 

spin polarization and to significantly reduce decoherence due to electron spin flip-flop processes. 

Theoretical fitting of T2 versus temperature shows that, for crystalline samples of this molecule, 

spin flip-flop fluctuations represent the main source of spin decoherence at low temperatures, as 

reported also for the Fe8 single-molecule magnet.40 Moreover, it is found that T2 is position 

dependent within the EPR line, a model for which is given. We also note that this is the third 

example of an Fe-based cluster that exhibits a measurable decoherence time, and only the second 

involving a crystal. 

 

Fig. 1.5.  Structure of the Fe7 molecule, with the phenyl rings of the benzoate ligands omitted for 
clarity. 
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The following study describes the EPR characterization of a high spin (S) compound, 

Mn7, whose properties straddle the interface between the classical and quantum mechanical spin 

descriptions. The cluster has an unprecedented core structure comprising an octahedral 

[MnIII
6( 4-O)( 3-O)3( 3-N3)4]

6+ unit with one of its faces capped by a MnII ion (Fig. 1.6). 

Magnetization and susceptibility studies indicate an S = 29/2 ground state, the maximum possible. 

Variable-temperature, high-frequency EPR (HF-EPR) spectra on powder and single-crystal 

samples of Mn7 exhibit sharp spectral features characteristic of a quantum spin that are well 

resolved in a certain temperature range, but which transform to a continuum of peaks 

characteristic of a classical spin in another; these features are well reproduced by computer 

simulations. Thus, this Mn7 cluster provides the first clear experimental realization of the 

simulated spectral predictions for such a large spin system. In addition, the temperature 

dependence of the powder spectrum illustrates changes in the spectrum that could be explained 

solely on the basis of D-strain and a redistribution of the population over the spin sublevels of a 

single spin state, spin levels that for a S = 29/2 system at 12 T span an energy range corresponding 

to 476 K. 

 

Fig. 1.6.  The structure of the Mn7 cation. The C3 axis is vertical, passing through Mn3, O4 and 
N4. H atoms have been omitted for clarity. Color code: MnII yellow; MnIII green; O red; N blue; 
C gray. 
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The final chapter describes the structure and magnetic properties of a novel, unique, 

discrete polyanion comprising a cationic, planar {Mn19(OH)12}
26+ assembly incorporated in a 60-

tungsto-6-silicate (Fig. 1.7). The planar Mn19 magnetic cluster is unprecedented in POM 

chemistry, and in fact it contains more manganese ions than any other polyanion reported to date. 

Due to a huge Hilbert space and the weak exchange coupling between MnII ions, its magnetism 

is approximated by a model considering competing exchange interactions of localized magnetic 

moments only in a quasi-continuum limit. This model is supported by the HF-EPR data. 

Susceptibility measurements indicate the antiferromagnetic coupling between Mn2+ ions. 

Magnetization measurements further suggest that in this planar Mn19 magnetic cluster an almost 

free spin is weakly coupled to the remaining 18 spins with a correlation length of a lattice 

constant. 

 

       

Fig. 1.7.  (Left) Combined polyhedral/ball-and-stick representation of Mn19. (Right) Ball-and-
stick representation of the Mn19-oxo-hydroxo core in Mn19. Protonated oxygens are shown in 
pink. Color code: WO6 red octahedra, Si blue balls, Mn yellow balls, O red balls. 
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  1.3  Organization 

This dissertation is organized as follows. Chapter 2 describes synthetic details of the 

materials studied, introduction of two HF-EPR spectrometers, as well as the computer simulation 

programs employed in this undertaking. Chapter 3 summarizes the HF-EPR studies of Mn2+ 

doped CdSe quantum dots (QDs), the first application of HF-EPR to magnetic QDs. Chapter 4 

presents the structure and magnetic characterization of an octahedrally coordinated Cu(II) dimer, 

a very rare bonding for Cu(II) ions. Chapter 5 reports the coherent manipulation of electron spins 

in an antiferromagnetically coupled spin triangle {Cu3} impregnated in free standing nanoporous 

silicon (NS) by using 240 GHz microwave pulses. Chapter 6 discusses continuous wave (cw) 

and pulsed HF-EPR measurements on an Fe-based magnetic cluster: Fe7O4(O2CPh)11(dmem)2, 

abbreviated Fe7. Chapter 7 describes the HF-EPR characterization of a high spin (S) compound, 

[Mn7O4(pdpm)6(N3)4](ClO4)2 (Mn7), whose properties straddle the interface between the 

classical and quantum mechanical spin descriptions. Chapter 8 reports the structure and magnetic 

properties of a novel, unique, discrete polyanion comprising a cationic, planar {Mn19(OH)12}
26+ 

assembly incorporated in a 60-tungsto-6-silicate. Finally, chapter 9 summarizes the major results 

and conclusions of this dissertation. 
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CHAPTER TWO 

EXPRIMENTAL DETAILS 

This chapter describes synthetic details of the materials studied, two high frequency 

electron paramagnetic resonance (HF-EPR) spectrometers, as well as the computer simulation 

programs employed in this undertaking. The supporting experimental technique, 

Superconducting Quantum Interference Device (SQUID), has been described elsewhere.41-48  

2.1   Synthetic Details 

2.1.1  Mn2+ Doped CdSe Quantum Dots 

The 5.0 nm Mn:CdSe (0.6%) QDs samples were provided by Dr. Weiwei Zheng in 

Strouse group at Florida State University according to the published procedure.28, 29 The QDs 

were prepared under nitrogen by the dissolution of 200 mg (0.05 mmol) of Li4[Cd10Se4(SC6H5)16] 

(Cd10) in ~20 mL of dibenzylideneacetone (DDA) at 100 C. To the solution was added 4.34 mg 

(0.02 mmol) of MnBr2, and the reaction was stirred for 1 h to induce ion exchange into the Cd10 

cluster. The reaction mixture was heated to 220 C (10 C/min) inducing QD growth and then 

cooled to room temperature, dissolved into ~10 mL of toluene, precipitated by the addition of 

~15 mL of MeOH, and centrifuged to isolate the QDs (four times). The QDs were dissolved 

sequentially in a minimum of pyridine, precipitated for 3 times by the addition of hexane to 

remove Mn(II) impurities, and isolated by centrifugation. Sequential dissolution/reprecipitation 

steps have been shown to effectively remove unreacted Mn(II).28, 49, 50 QD size, morphology, and 

structure were analyzed by transmission electron microscopy (TEM) and confirmed with powder 

X-ray diffraction (pXRD) and UV vis spectroscopy. The Mn doping level was analyzed by X-

ray fluorescence (XRF) and was found to be 0.006 mol fraction (~0.6%) relative to Cd for all of 

the samples. 

2.1.2  Na20[CuII
2PdII

22PV12O60(OH)8] 

This sample was provided by our collaborators Kortz et al. at Jacobs University, 

Germany. It is prepared by heating of Pd3(CH3COO)6 and Cu(CH3COO)2 H2O in sodium 
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phosphate buffer (0.5 M, pH 6.9), and isolated as a hydrated sodium salt, 

Na20[Cu2Pd22P12O60(OH)8] 58H2O, which is stable in the solid state under air and light, is soluble 

in water, and can be repeatedly recrystallized from aqueous solution. Details: Pd3(CH3COO)6 

(0.140 g, 0.208 mmol) and Cu(CH3COO)2·H2O (0.021 g, 0.104 mmol) were dissolved in 0.5 M 

NaH2PO4 buffer (5 mL; pH 6.9). Under stirring, the solution was heated to 80 C. During the 

first 30 min, the pH value of the reaction mixture was adjusted to 6.9 7.2 by addition of 1 M 

NaOH. The resulting solution was heated at 80 C for 1 h. Then it was cooled to room 

temperature, filtered, and allowed to crystallize in an open vial. Needle-like orange-red crystals 

were obtained after several days, which were collected by filtration and air dried. Yield: 0.039 g 

(25% based on Pd).  

Elemental analysis calculated (%): Na 8.45, Cu 2.34, Pd 43.03, P 6.83; found: Na 8.53, 

Cu 2.29, Pd 42.45, P 6.99. IR (2% KBr pellet):  = 1634 (m), 1087 (s), 973 (s), 934 (s), 678 (sh), 

614 (s), 580 (sh), 551 (m), 444 cm 1 (m). UV Vis (H2O, max): 250 254 and 396 400 nm.  

2.1.3  {Cu3} Nanoporous Silicon ({Cu3-X }:NS) (X = As, Sb) 

These samples were made by our collaborators Kortz et al. at Jacobs University, 

Germany.   

Na12[X2W18Cu3O66(H2O)3] 32H2O (X = As, Sb) ({Cu3-X})  The preparation of {Cu3-As} 

sample is described in an earlier publication.51 1.2 g (6.8 mmol) of CuCl2 2H2O was dissolved in 

50 mL of H2O, and then, 10.0 g (4.1 mmol) of Na9[R-AsW9O33] 19.5H2O was added. The 

solution was refluxed for 1 h and filtered after it cooled (pH 6.2). Slow evaporation at room 

temperature led to large green crystals suitable for X-ray diffraction. The potassium salt of the 

polyanion can also be isolated in high yield by precipitation from the above solution with solid 

KCl (15 g). This resulted in 10.1 g of greenish product, which was isolated and air-dried (yield 

89%). IR: 956, 904, 873, 785, 750, 735, 503, 472, 405 cm 1. Anal. Calcd (Found) for 

Na12[As2W18Cu3O66(H2O)3] 32H2O: Na 4.92 (4.55), W 58.96 (59.95), Cu 3.40 (3.44), As 2.67 

(2.80). {Cu3-Sb} is prepared by the same method as {Cu3-As}, only replacing Na9[R-

AsW9O33] 19.5H2O with Na9[R-SbW9O33] 19.5H2O with the same molar ratio. 

{Cu3}:NS  Nanoporous Silicon (NS) layers were prepared by electrochemical anodic 

etching of highly doped, p+-type (100)-oriented silicon substrates with a resistivity of 0.01 0.02 
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 cm.51, 52 The pore diameter and porosity of oxidized NS are of the order of 5 10 nm and 40%, 

respectively. Aqueous solutions of the {Cu3-X} molecules were dropped onto the oxidized NS 

and then we waited for 5 6 h until the molecules are absorbed by the porous matrix. {Cu3-X}:NS 

was rinsed with distilled water to remove the residual material on the NS surface. Here we 

remark that there is no possibility of oxygen adsorption in NS because the thermally annealed 

NS is immediately immersed in a {Cu3-X} solution and the {Cu3-X} solution itself does not 

contain oxygen in both an ionic and a free form. The {Cu3-X} molecules are oriented vertically 

within the NS since a diameter of the NS fits well with a molecule size. For measurements we 

use large amounts of {Cu3-X}:NS layers, which are randomly oriented. 

2.1.4  [Fe7O4(O2CPh)11(dmem)2] 4MeCN 

C. Papatriantafyllopoulou in Christou group at University of Florida synthesized the 

sample according to a reported procedure.53 An orange-red solution of 

[Fe3O(O2CPh)6(H2O)3](NO3)
54 (0.20 g, 0.19 mmol) in MeCN (20 mL) was treated with dmemH 

(0.06 mL, 0.38 mmol), and the solution was stirred overnight at room temperature. It was then 

filtered to remove undissolved starting material, and the filtrate was allowed to stand undisturbed 

at room temperature. X-ray-quality orange crystals of [Fe7O4(O2CPh)11(dmem)2] 4MeCN slowly 

formed over 5 days in 45% yield. These were collected by filtration, washed with MeCN, and 

dried under vacuum. Anal. Calcd (found) for [Fe7O4(O2CPh)11(dmem)2]
1/2MeCN 

(C92H90.5N4.5Fe7O28): C, 52.66 (52.55); H, 4.35 (4.38); N, 3.00 (3.05). Selected IR data (cm 1): 

1598(m), 1567(m), 1539(m), 1413(vs), 1175(w), 1069(w), 1025(w), 717(m), 675(w), 644(m), 

461(m). 

2.1.5  [Mn7O4(pdpm)6(N3)4](ClO4)2 

The sample was synthesized by T. Taguchi et al. in Christou group at University of 

Florida. All preparations were performed under aerobic conditions using chemicals as received, 

except for the synthesis of Phenyl(dipyridin-2-yl)methanol (pdpmH), which was carried out by 

modifying the previously reported preparation of dphmpH.55 Safety note: Perchlorate salts are 

potentially explosive; such compounds should be synthesized and used in small quantities, and 

treated with utmost care at all times. 
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To a stirred solution of pdpmH (0.52 g, 2.0 mmol), NEt3 (0.28 mL, 2.0 mmol) and NaN3 

(0.13 g, 2.0 mmol) in MeCN/MeOH (21 mL, 20:1 v/v) was added solid Mn(ClO4)2·6H2O (0.50 g, 

2.0 mmol), which caused a rapid color change to dark red. The solution was stirred for 2 h and 

filtered, and the filtrate was layered with Et2O. After 3 days, X-ray quality dark red crystals of 

2 2MeCN were collected by filtration, washed with cold MeCN (2 × 3 mL) and Et2O (2 × 5 mL), 

and dried in vacuo; the yield was ~50%. Dried solid appeared to be hygroscopic, analyzing as the 

hexahydrate. Anal. Calcd (Found) for 2 6H2O: C, 49.17 (48.96); H, 3.64 (3.42); N, 13.49 (13.28). 

Selected IR data (cm-1): 3424(wb), 3057(wb), 2060(s), 1603(m), 1567(w), 1490(w), 1467(m), 

1446(w), 1432(m), 1312(m), 1253(w), 1229(w), 1202(w), 1156(w), 1089(s), 1049(s), 778(m), 

731(w), 703(s), 663(s), 637(s), 624(s), 588(m), 542(m), 496(w), 470(w). 

2.1.6  Na34[Mn19(OH)12(SiW10O37)6] 115H2O 

This sample was provided by B. S. Bassil et al. in Kortz group at Jacobs University, 

Germany. MnCl2 4H2O (0.13 g, 0.63 mmol) was dissolved in H2O (20 mL). Then solid Na10[A-

a-SiW9O34]
56 (0.50 g, 0.20 mmol) was added and stirred until a clear yellow solution was 

obtained. The pH value of the resulting mixture was adjusted to 8 with 4 M NaOH. The turbid 

solution was stirred for 30 min at room temperature. Then solid Na3PO4 (0.50 g, 3.0 mmol) was 

added to this solution in small portions, while maintaining the pH at 8 with HClaq. The mixture 

was heated to 708 C for 1 h, allowed to cool to room temperature, and then filtered. The filtrate 

was allowed to evaporate in an open vial at room temperature. After two weeks a brown 

crystalline product started to appear. Evaporation was allowed to continue until the solution level 

had approached the solid product, which was then collected by filtration and air dried. Yield 

0.040 g (6.5%). IR (2% KBr pellet):  =988 (w), 945 (m), 890 (s), 790 (s), 707 (m), 650 (m), 535 

cm 1 (m). Elemental analysis, calcd: Na 4.1, Si 0.89, Mn 5.54, W 58.5; found: Na 4.2, Si 0.86, 

Mn 5.61, W 59.1. 
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2.2   High Frequency Electron Paramagnetic Resonance 

Electron paramagnetic resonance (EPR) spectroscopy has played in an increasing 

important role in a wide range of research disciplines from solid state physics and molecular 

chemistry to electronic engineering and biology.57-65 High frequency/high-field EPR has the 

following advantages. (i) High resolution of anisotropic g-tensors.58, 66 (ii) High-frequency 

microwave is needed to get a resonance involving a big zero-field splitting (ZFS) in the samples 

with strong spin-orbital coupling.64 (iii) The electronic polarization can be enhanced at high 

magnetic fields.36, 40, 67, 68 (iv) The spectrometer may be suited to small samples since resonator is 

smaller as the frequency is increasing.69 Here I describe two HF-EPR spectrometers that are 

utilized throughout this dissertation. They are both locally developed in National High Magnetic 

Field Laboratory, Tallahassee, FL, USA.  

2.2.1  Quasioptical Super-heterodyne cw/pulsed HF-EPR Spectrometer58, 59 

This HF-EPR spectrometer works at 120, 240 and 336 GHz. It consists of the following 

components: 

1. Superconducting Magnet: Oxford Instruments, capable of reaching a field of 12.5 T.  

2. Microwave Sources: 120 GHz Gunn diodes,66, 70 with doublers for reaching 240 and 336 

GHz (Radiometer Physics GmbH). 

3. Multi-Frequency Quasioptical Millimeter-wave Bridge. 

4. Sample Probe With Corrugated Waveguide. 

5. Sample Holders. 

6. Schottky Diode Mixers/Detectors: 120 GHz (Farran Technology Inc.) and 240/336 GHz 

(Radiometer Physics GmbH). 

7. Low-noise Amplifiers (Miteq Inc). 

8. 6 GHz Mixers. 

9. Lock-in Amplifiers (Stanford Research systems 830). 

10. Field Modulation Setup 

11. Temperature control system (Oxford Instruments) 
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A. Operation of Continuous-wave (CW) Mode  

Fig. 2.1 and Fig. 2.2 show the experimental setup in cw mode. A phase-locked source 

generates the source micro-waves, with Schottky multipliers for reaching 120, 240 and 336 GHz 

(Fig. 2.3). From the corrugated horn the radiation enters the milti-frequency quasioptical 

millimeter-wave bridge (dotted region in Fig. 2.1). The wave passes through a variable attenuator 

(0 30 dB) (Fig. 2.4) and a circulator, consisting of a 45  Faraday rotator (a ferrite plate with 

antireflection coatings, Fig. 2.5) in between a pair of wire-grid polarizers (Fig. 2.6). Before the 

radiation gets into the oversized corrugated waveguide (Fig. 2.7) that leads wave to the sample 

that is mounted in the different sample holders (Fig. 2.8), the last element of the bridge is a 

Martin-Puplett interferometer (Fig. 2.9) which serves a polarization converter. The millermeter-

wave bridge is completely frequency independent in the frequency range of 120 500 GHz, 

except for the Faraday rotator which is changed for different source frequencies. 

The wire-grid polarizer splits the returning wave into two components, with the 

copolarized radiation going back to the circulator and then led to the reference Schottky diode 

mixer (M1) , while the cross-polarized beam is led to the signal Schottky diode mixer (M2) (Fig. 

2.10). To both of the two radiations, a beam from a second Gunn diode (Fig. 2.11) is added 

within the quasioptical bridge. The second diode works at 114, 234 and 342 GHz which are 6 

GHz below or above the source frequencies, and provides the local oscillator (LO) signal for the 

two Schottky diode mixers. All the mixers as well as the Gunn/multiplier combinations are 

equipped with corrugated horns (Fig. 2.10). The resulting 6 GHz signals are amplified by low-

noise amplifiers (Fig. 2.12), then pass through variable attenuators and are mixed down to dc by 

6 GHz mixers (M3 and M4) (Fig. 2.13) in a quadrature detection scheme (Fig. 2.1). A 6 GHz 

phase shifter (Fig. 14) is equipped in the reference channel for the phase tuning, which offers the 

availability of two signals with 90  phase difference and hence allows for a posteriori phase 

correction of data. The signals from the 6 GHz mixers are guided into two lock-in amplifiers (Fig. 

2.15) and then sent to a computer for spectra visualization in a measurement program that was 

developed by Dr. Johan van Tol in NHMFL.  

Temperature variation was accomplished by using an Oxford continuous helium flow 

cryostat over the range of 3.6  400 K with a precision of 0.1 K. 
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Fig. 2.1.  Schematic diagram of Quasioptical Super-heterodyne cw/pulsed HF-EPR Spectrometer. 
S1: LO Gunn-diode, S2: Signal Source, FR: Faraday-rotator, MP: Martin-Puplett interferometer, 
WG: Oversized corrugated waveguide, M1, M2: Single-ended millimeter-wave Schottky mixers,
PS: Phase Shifter, M3, M4: 6 GHz balanced mixers, A: Amplifiers,  
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Fig. 2.2.  Photo of Quasioptical Super-heterodyne cw/pulsed HF-EPR Spectrometer.  

 

Fig. 2.3.  Photo of a microwave source working at 336 GHz.  
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Fig. 2.4.  Photo of a variable attenuator (0 30 dB). 
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Fig. 2.5.   (Top) Photo of a 45  Faraday rotator optimized for 330 GHz. (Bottom) Polarization 
mechanism due to the Faraday effect. 
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Fig. 2.6.  Photo of wire-grid polarizer. 
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Fig. 2.7.  Photo of the sample probe with oversized corrugated waveguide.  
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Fig. 2.8.  Sample holder configurations. (a) cw EPR of bulk or powdered sample. For powders a 
teflon or rexolite holder is used. (b) Single crystal with single axis rotation. S: Samples, M: 
Mirrors. 

 

Fig. 2.9.  Photo of a Martin-Puplett interferometer. 
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Fig. 2.10.  Photo of two signal Schottky diode mixers (detectors). 

 

Fig. 2.11.  Photo of a second Gunn diode working as a local oscillator. 
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Fig. 2.12.  Photo of a low-noise amplifier. 

 

Fig. 2.13.  Photo of two 6 GHz mixers. 
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Fig. 2.14.  Photo of a phase shifter. 

 

Fig. 2.15.  Photo of two lock-in amplifiers. 
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B. Operation of Pulsed Mode  

This mode can be switched from cw mode within five minutes. However, although the 

power of microwave radiation at the time of pulse is appreciable, the power at the time of the 

sample response is not, making a similar super-heterodyne detection scheme not possible. 

Instead, a non-phase-sensitive heterodyne detection is used in pulsed mode as shown in Fig. 2.16. 

Microwave radiations at 120, 240 and 336 GHz are generated by the primary source (S2). The 

pulsing is achieved by employing a pulse generator (Fig. 2.17). A Faraday rotator is utilized as 

an isolator to damp down the standing wave and to guide the copular signals to the primary 

detector (M1). Fundamentally a single port mixer is used in the primary detector with a LO 

signal from a Gunn diode (S1) at a frequency of normally 5 GHz below the operating frequency. 

The resulting intermediate frequency (IF) signal at 5 GHz is then amplified and demodulated by 

quadrature mixing with a 5 GHz reference signal from a synthesizer (Fig. 2.18). The mixers M2 

and M3 generate tow components of signals ( '
SV  and ''

SV ) with a 90  phase difference, which then 

are directed to a Oscilloscope (Fig. 2.19). The phase-insensitive amplitude of the response (echo) 

is calculated in quadrature ' 2 '' 2( ) [ ( )] [ ( )]S S SV t V t V t and then averaged for each shot. The final 

spectra are visualized in the same measurement program as in cw mode. 
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Fig. 2.16.  Schematic experimental setup of non-phaze-sensitive heterodyne pulsed HF-EPR 
Spectrometer. S1: LO Gunn-diode, S2: Signal Source, FR: Faraday-rotator, MP: Martin-Puplett 
interferometer, WG: Oversized corrugated waveguide, M1: A millimeter-wave single-ended 
Schottky mixer, A: Amplifier, M2, M3: 4 8 GHz balanced mixers.  
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Fig. 2.17.  Photo of a pulse/delay generator. 

 

Fig. 2.18.  Photo of a 5 GHz reference signal synthesizer. 
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Fig. 2.19.  Photo of an Oscilloscope for the pulse visualization. 

2.2.2  Ultrawide Band Multifrequency HF-EPR Spectrometer61 

This spectrometer combines an ultrawide band multifrequency microwave system with 

the high magnet field technology. It works at a frequency range of 24GHz to 3THz. It consists of 

the following components: 

1. Superconducting Magnet: Oxford Instruments, 0 17 T 

2. Microwave Sources: 27 624 GHz, Virginia Diodes 

3. Optical Chopper: Scitec Instruments Ltd., Model No. 300 

4. Multi-Frequency Oversized Cylindrical Waveguides and Sample probe 

5. Field Modulation Generator: Thurlby & Thandar, Model No. TG210 

6. Microwave Detector: QMC Instruments, Model QFI/3BI 

7. Lock-in Amplifier: Stanford Research Systems, Inc., Model No. DSP SR 830 

8. Temperature control system: VTI. 

Fig. 2.20 and Fig. 2.21 show the general outline and photo of this facility, respectively. 

The spectrometer is a single-pass transmission type EPR system. It employs a superconducting 
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magnet which is capable of reaching a field of 17 T and is able to deliver homogeneous and 

stable magnetic field of large intensity (Fig. 2.21). The microwaves are generated by a phase-

locked Virginia Diodes microwave source, generating a frequency of 13  1 GHz and producing 

its harmonics of 2nd, 4th, 6th, 8th, 16th, 32nd and 48th (Fig. 2.22). The spectrometer uses 

oversized cylindrical waveguides for guiding the microwave from the source to the sample space 

and then to the detector. Those waveguides use brass-made tubes (10.0-mm ID and 12.0-mm OD) 

of appropriate length (Fig. 2.21). In the microwave pathway of single-pass transmission probe 

(Fig. 2.23), four deflecting 45  mirrors (optically polished brass) are used as shown in Fig. 2.20. 

Two such mirrors are located on the top of the probe, while the other two are under the sample 

space. The microwave is detected by a liquid helium cooled, broadband magnetically enhanced 

performance bolometer with a particularly high sensitivity (Fig. 2.24).  

In order to get the conventional first derivative EPR spectra, the field modulation is 

applied with modulation coils around the sample as shown in Fig. 2.23. A lock-in amplifier is 

used to single out and process the signal component corresponding to the field modulation 

frequency (Fig. 2.25). The signal then is sent to a computer for spectrum visualization in the 

measurement program developed by Dr. Johan van Tol in NHMFL. Moreover, a variable 

frequency optical chopper is used to monitor the total power incident on the detector when 

adjusting the microwave beam or change microwave frequencies (Fig. 2.26). Temperatures in the 

range of 1.6 330 K are controlled by a continuous flow cryostat. 
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Fig. 2.20.  Schematic of the multi-frequency cw HF-EPR operating in a single-pass transmission 
mode.  
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Fig. 2.21.  Photo of the experiment setup of the multi-frequency cw HF-EPR. 

MW Source 17 T 
 Magnet 

Bolometer 
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Fig. 2.22.   (Top) Photo of a phase-locked Virginia Diodes microwave source. (Bottom) A chain 
of doublers for reaching 32th harmonic. 



35 
 

Modulation 

 

Fig. 2.23.  (Left) Photo of the single-pass transmission probe. (Right) Enlarged bottom part of 
the sample brobe. 
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Fig. 2.24.  Photo of a liquid helium cooled, broadband bolometer. 

 

Fig. 2.25.  Photo of a lock-in amplifier. 
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Fig. 2.26.  Photo of a variable frequency optical chopper. 

2.3   Spectral Simulation Programs 

The computational spectral simulations throughout this dissertation are performed on 

EPR Calculation Program developed by Dr. Johan van Tol (NHMFL), SPIN by Andrew 

Ozarowski (NHMFL) and EasySpin by Stefan Stoll and Arthur Schweiger.71 
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CHAPTER THREE 

HIGH-FIELD ELECTRON PARAMAGNETIC RESONANCE AS 

A MICROSCOPIC PROBE OF ANISOTROPIC STRAIN AT Mn2+ 

SITES IN CdSe:Mn2+ QUANTUM DOTS 

This chapter describes the high frequency electron paramagnetic resonance (HF-EPR) 

studies of Mn2+ doped CdSe quantum dots (QDs), the first application of HF-EPR to magnetic 

QDs. Systematic HF-EPR studies of 5 nm CdSe QDs doped with 0.6% Mn2+ were carried out at 

microwave frequencies of 50 406.4 GHz and temperature range of 4.5 290 K. The higher 

spectral resolution afforded by HF-EPR, as compared to commercially available low-frequency 

(below 95 GHz) EPR measurements, reveals new structural parameters regarding the number of 

Mn2+ sites and the large variation of their magnetic parameters, thus opening a new 

spectroscopic window on dilutely substituted magnetic QDs. The samples were provided by Dr. 

Weiwei Zheng in Strouse group at Florida State University. This work was published in Chem. 

Phys. Lett. in 2012.33 

  3.1   Introduction 

Magnetically doped semiconductor nanoparticles such as Mn-based II-VI quantum dots 

(QDs) have attracted broad attention for magneto-optical and spintronics applications.72-74 These 

dilute magnetic semiconductor QDs exhibit a temperature dependent onset of a magnetic 

polaron.75 Surface passivation and core reconstruction within a QD are crucial manipulators of 

its physical properties, yet this reconstruction can be difficult to quantify.39, 76, 77 The passivation 

of the surface produces strain in these nanomaterials, which can impact the observed exchange 

behavior in these materials as well as other properties. In the case of lyothermally prepared 

colloidal CdSe QDs, theoretical calculations predict that local structural disorder in the QD arises 

from surface passivation in order to lower the QD energy.78, 79 Evidence for lattice disorder, and 

more importantly, depth dependent effects in CdSe QDs have been reported from analysis of  

EXAFS/XANES,80 solid state NMR,76 and photoluminescence.39, 81  
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For doped nanocrystals, the lattice parameter shifts that result from the strain in the host 

lattice have been observed in x-ray diffraction (XRD), however peaks are broadened due to the 

small crystal dimensions and make an accurate assessment of small shifts challenging.82 

Magnetic properties and total spin of doped nanoparticles can be measured by magnetic 

susceptibility,83 but this bulk technique cannot separate contributions from multiple dopant sites 

such as in the core and on the surface of nanoparticles. Electronic spectroscopy (absorption 

and/or luminescence) has played an important role in characterizing pure semiconductor 

nanocrystals since the discovery of the quantum confined excitons, but the dopant transition 

(such as Mn doped CdSe) is not always easily observed at room temperature.84 This is 

particularly true for CdSe:Mn because the strong emission of the host (CdSe)  largely overlaps 

that of the Mn sites and overwhelms it. HF-EPR provides a microscopic probe of magnetic 

dopant sites and a means of distinguishing different sites and quantifying local strain 

distributions.   

In this chapter a detailed study of 5.0 nm colloidally prepared CdSe quantum dots 

containing 0.6% Mn2+ by multi- and high-frequency EPR is reported. Not only is the presence of 

two quite distinct Mn2+ sites clearly evident, as opposed to the literature -stated number of sites 

as three,28 each of these two Mn2+ sites exhibits a significant anisotropic strain, which is borne 

out by a large, almost continuous,  variation (distribution) in the magnitudes of  the second order 

zero-field splitting parameters D and E (D- and E-strain), and to a lesser degree by a distribution 

in g-values (g-strain). The distribution in D, E, and g reflect the micro-environment experienced 

by the Mn2+ ion in the CdSe QD depending on the depth of doping.  The observation of a depth 

dependent change in the microenvironment surrounding Mn2+ was suggested based on the shift 

in the photoluminrscence (PL) for Mn2+ incorporated into the shell layer of CdS:ZnS.39 There 

have been no experimental measurements probing the discrete local environment experienced by 

a dopant ion in the QD lattice for CdSe, the quintessential QD. A fuller understanding of the 

changes in the lattice that arise due to surface passivation and subsequent lattice reconstruction is 

critical to applications of these materials for a range of optical, opto-magnetic, and opto-

electronic applications.  
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3.2   Results and Discussion 

The details of synthesis of 0.6% doped 5 nm CdSe QDs have been described in section 

2.1.1. CdSe has wurtzite crystal structure as shown in Fig. 3.1. This structure is a member of the 

hexagonal crystal system (P63mc) and consists of tetrahedrally coordinated cadmium and 

selenium atoms that are stacked in an ABABAB pattern. The unit cell parameters of the wurtzite 

CdSe are: a = b = 4.2980 Å, c = 7.0150 Å, V = 112.23 Å3 and Z = 2. 

 

Se

Cd

 

Fig. 3.1.  A chematic of the lattice of wurtzite CdSe QDs. The solid black lines form a unit cell.  

The 3d5 55Mn2+ ion has electron spin S = 5/2, and nuclear spin I = 5/2, and the general 

spin Hamiltonian can be approximated by: 

2 2 2 2( / 3) ( )i i i i
B z x yH g a D S E S SB S S I S                                         (3.1) 

where S is the electron spin, I is the nuclear spin, g is the Landé factor, a is the hyperfine 

splitting parameter, D is the axial zero-field splitting  (ZFS) parameter, E is the transverse ZFS 

parameter, B is the Bohr magneton, B is the Zeeman magnetic field,  and (i) represents the ith 
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Mn2+ site. The half-filled 3d shell (angular momentum L = 0) and the symmetric surrounding 

lead to isotropic Zeeman splitting (g) and hyperfine splitting (a). Also the magnitudes of the ZFS 

parameters D and E are zero in a tetrahedral (cubic) environment, but will be non-zero in a 

distorted environment. We have neglected fourth and higher order crystal field terms, as they are 

much smaller than the observed strains in D and E. 

The Hamiltonian (3.1) leads to five EPR transitions each split into six components by the 

hyperfine coupling to the 55Mn nuclear spin. For D = E = 0 the five EPR transitions overlap, but 

they are shifted with respect to each other if D and/or E have a finite value. The g-value 

resolution is directly proportional to the applied magnetic field, HF-EPR thus plays a powerful 

role in distinguishing sites with slightly different g-values. Therefore, the observed EPR pattern 

and number of observable features is a direct probe of local environments within the QD, since 

local crystal field distortions will result in unique g- and a-values for those sites, which can be 

easily analyzed using high frequencies and fields.  

The high frequencies/fields employed in this study are essential not only to distinguish 

sites with different g-values, but also to achieve a strong electron spin polarization so that only 

the mS = 5/2 spin sublevel of the S = 5/2 Mn2+ ions has an appreciable equilibrium population, 

and only the lowest-lying, strain-broadened mS = 5/2  mS = 3/2 fine structure ( S = ± 1) 

transition is observed at low temperatures. At higher temperatures, the ZFS strain-insensitive mS 

= 1/2  mS = +1/2 transition is used to measure the g-strain. We find that the highest degree of 

anisotropic D-strain is experienced by the centers at the surface layers of the QD, which show an 

approximately two times wider distribution in D-values than the Mn2+ ions at the core of the QD. 

In addition, Mn2+ sites within the core of the QD experience g-strain due to the change in the 

crystal field with depth of the Mn2+ sites site relative to the QD surface, consistent with the 

earlier study using solid state NMR to identify strain within a CdSe QDs.76 

The g-values reported in this chapter, and the distribution of D and E values in general 

serve as a sensitive basis for improving the theoretical models of Mn2+ sites in these lightly 

doped II-VI magnetic semiconductors. 

HF-EPR measurements were conducted over fields of 2 15 T (54 406.4 GHz) and 

temperatures of 2 290 K by using the high frequency EPR spectrometers available at NHMFL as 

described previously.61, 85 The QDs were characterized by powder XRD and TEM confirming 

isolation of a 5.0 nm spherical QD exhibiting wurtzite crystal morphology (Fig. 3.2(A)). The 
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presence of stacking faults in the isolated QDs is evidenced by loss of the (103) reflection 

intensity at 45.8º.86 

 

Fig. 3.2.  (A) Powder XRD of 5.0 nm 0.6% CdSe:Mn2+ QDs at 295 K. The standard diffraction 
peaks of Wurtzite CdSe are included. Inset is the TEM image of the QD.  (B) HF-EPR spectra of 
5.0 nm 0.6% CdSe:Mn2+ QDs at 11 K. 

The field/frequency dependent EPR spectra at 11 K are shown in Fig. 3.2(B). The EPR 

spectra become resolved at higher fields into two separate sextet features with an overlapping 

broad background which appears to be frequency dependent. As opposed to measurements even 

at Q-band,28 EPR at high frequencies clearly shows two (and only two) distinct Mn2+ sites with 

different g-values. Inspection of the 406.4 GHz data observed no other features assignable to 

Mn3+ or Mn4+ allowing the assignment of the Mn as a substitutional element on the Cd site with 

an upper limit for the presence of Mn3+ or Mn4+ of a few percent of doped Mn atoms. 

The two well-resolved sextet EPR features observed at 406.4 GHz are assigned to a 

surface and a core feature based upon analysis of the g- and a-values.28, 49 Previous studies have 

suggested that the broad EPR background may reflect a dipolar contribution due to Mn-Mn 

clustering.28 At a doping level of 0.6% the Mn2+ separation distance should approach a 
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theoretically calculated mean value of 2.1  0.6 nm assuming a Poisson distribution of doping. 

Our recent magnetic studies29 showed that the large separation distance of Mn2+ centers in 0.6% 

5.0 nm CdSe:Mn2+ QDs exhibited paramagnetic behavior. An assumption of a simple Mn(II)-

Mn(II) nearest neighbor exchange interaction cannot account for the observation of frequency 

dependent broadening in the CdSe:Mn2+ QDs in this study. Here we show that the broad 

background arises from the presence of anisotropic strain in the lattice.87, 88 A distribution of 

anisotropic lattice strain reflecting QD reconstruction will be evidenced by a large variation 

(distribution) of  the magnitude of the zero-field splitting D and E parameters (D-strain and E-

strain) on the Mn sites, and to some lesser degree by strain in the g-value. A distribution of the D 

and E zero-field splitting parameters will show up as a mS-dependent line broadening in the EPR 

spectra, as has been reported for Mn2+ 89, 90 and Gd3+.91 The theoretically predicted change in the 

high frequency EPR pattern with temperature induced by anisotropic strain distributed 

continuously around a small average value (the spread being larger than the average value) is 

illustrated in Fig. 3.3. Figure 3.3(A) shows an energy level diagram based on this g-, D- and E-

strain model.87 The presence of strain in the system leads to broadening of the five mS = 1 

EPR transitions. Moreover, since the energies due to the D and E terms are proportional to mS
2, 

the outermost peaks would be expected to broaden much more than the central peak, which 

involves the mS = 1/2 to mS = +1/2 transition, which, to first order, is not broadened by the D- 

and E-strain.87, 92 It can be seen that in the limit kT >> gµBB (Fig. 3.3(B)), when the population 

differences are about equal for all five transitions, the first derivative EPR spectrum is dominated 

by the mS = 1/2 to mS = +1/2 transition, because of its narrow line-width. The other transitions 

contribute to a broad background. On the other hand, in the limit kT << gµBB (Fig. 3.3(D)), only 

the population difference between the mS = 5/2 and mS = 3/2 transition is appreciable, and this 

strain-broadened component now dominates the spectrum. 

The mS = 1/2 to mS = +1/2 transition is broadened however by the accompanying strain 

in the g-factor, which will be most pronounced at higher frequencies and fields. This g-strain 

broadening of the central transition with increasing field was observed only for the core site, 

while the line-width of the central transition of the surface site was field independent. As the g-

factor of the core site has a larger deviation from the free electron value ge than the surface site, 

larger g-strain can be expected. 
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Fig. 3.3.  Zeeman energy levels (A) and simulated EPR spectra of CdSe:Mn2+ QDs at 406.4 GHz 
and 290 K (B), 8 K (C) and 2 K (D). The used Hamiltonian parameters are: S = 5/2, g = 2.00424, 

g = 0, D   = 0, D = 0.09 cm 1, E   = 0, E = 0.01 cm 1, a = 187 MHz. The broadening of the 

energy levels in (A) is due to the g-, D- and E-strain. The arrows in (A) correspond to the mS = 
1 transitions, whose corresponding spectra are shown in (B, C, D) with the same label (1 5). 

The spectra labeled 'Sum' are obtained by adding the individual ones above. Only the middle 
1/2 to +1/2 transition shows a resolved six-line hyperfine pattern because of its minimal strain 

broadening. Note the loss of the hyperfine sextet at 2 K due to the depletion of the populations in 
the middle levels.   

In order to unambiguously distinguish the effect of strain from other possible effects, like 

dipolar broadening,28 we have conducted temperature dependent high frequency EPR 

measurements. Since the EPR signal intensity is directly proportional to the population 

differences between the spin levels, the overall signal line-shape should be quite sensitive to the 

change in the temperature as well as the Zeeman field, especially in the range where kT  gµBB. 

It should thus be possible to qualitatively detect the effect of such a strain by monitoring the EPR 

line-shape as a function of temperature at a constant Zeeman field or via field variation at a 

constant temperature. The temperature dependence of the HF-EPR (406.4 GHz) data is shown in 



45 
 

Fig. 3.3. As the temperature is lowered, the hyperfine features decrease in intensity, with a 

complete loss of any resolved hyperfine splitting below 6 K.   

The temperature dependent data at 406.4 GHz (14.5 T) can be simulated (Fig. 3.4(B)) 

using the  strain model over all temperatures with the following spin Hamiltonian parameters, 

core Mn: S = 5/2, g = 2.00424(3), g = 0.0008(2), D   = 0, D = 0.09(2) cm 1, E   = 0, E = 

0.01 cm 1, a = 187(2) MHz; surface Mn: S = 5/2, g = 2.00141(3), g = 0.0000(2), D   = 0, D = 

0.2(1) cm 1, E   = 0, E = 0.02 cm 1, a = 255(2) MHz. Here the g, D and E are the FWHM 

of a lorentzian distribution. It is plausible that the strain reflects local distortion in the crystal 

packing as suggested by pair distribution function analysis of synchrotron x-ray data;93 however, 

the low temperature line-shape remains symmetric, indicating that the average value of D and E 

are much smaller than the spread in these values, so we cannot distinguish between the presence 

of cubic (D = 0) and wurtzite (D = 0.00156 cm 1 )94 crystalline forms within the QD sample. It 

should be noted that the observed symmetric lineshape does not provide a good means of 

separating strains in D and E. We have kept E fixed to D/9 for both sites. While the strain in 

the core site can be well determined, the strain in the weaker surface site has a relatively large 

error. It is however significantly larger than the strain in the core site. 
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Fig. 3.4.  (A) EPR spectra of the 5.0 nm 0.6% CdSe:Mn2+ QD at 406.4 GHz and various 
temperatures. (B) Simulated EPR spectra using two sets of spin-Hamiltonian parameters (see text) 
corresponding to the core and surface Mn2+ sites. Note that g-values and hyperfine splitting a 
were obtained based on high temperature data while zero-field parameters train was deduced 
from the low temperature data. (A) EPR spectra of the 5.0 nm 0.6% CdSe:Mn2+ QD at 406.4 
GHz and various temperatures. (B) Simulated EPR spectra using two sets of spin-Hamiltonian 
parameters (see text) corresponding to the core and surface Mn2+ sites. Note that g-values and 
hyperfine splitting a were obtained based on high temperature data while zero-field parameters 
train was deduced from the low temperature data. 
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Fig. 3.5.  (A) EPR spectra of the 5.0 nm 0.6% CdSe:Mn2+ QD at 6 K and various frequencies. (B) 
Simulated EPR spectra using the parameters in Fig. 3.4. Note that for each of the frequencies the 
field of resonance for g = 2.00424 was subtracted.  

In order to exclude other temperature-dependent line broadening effects, this model is 

further confirmed by fitting the field/frequency dependent data shown in Fig. 3.5.  Increasing the 

Zeeman field at 6 K results in the disappearance of resolved 55Mn hyperfine structure. The 

observed spectra could be fully simulated over the whole field/frequency range, using the same 

parameters and methodology as used for Fig. 3.5. The fit of the temperature and field dependent 

EPR data for CdSe:Mn2+ clearly shows that the intensity of the broad feature in the EPR spectra 

is a function of  the ratio h /kT rather than a function of temperature alone. 

As can be seen in Fig. 3.4 and 3.5, the agreement between the observed and the simulated 

spectra is quite good, indicating the localized strain at the Mn2+ centers is dependent on the site 

of substitution (surface vs. core) and experience continuous variation in the zero-field parameters 

for Mn2+ sites in CdSe:Mn2+ QDs. The local strain measured by the high frequency EPR 

correlates with changes in the local crystal field and may play a role in the onset of exchange 

coupling in these materials. 
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3.3   Conclusions 

The use of high frequency EPR provides definitive evidence that in a CdSe:Mn2+ QD, the 

Mn2+ ion incorporates at only two well-defined sites. This result is in contrast to the statements 

found in earlier literature that Mn goes into three sites, the third one representing the broad 

background in the spectra.28 These two sites exhibit a pair of sextets with distinct g-values and 

hyperfine constants. No intermediates between core and surface sites are observed. The broad 

background observed in low field EPR is resolved in at high fields EPR and can be assigned to 

contributions from the mS = 5/2  3/2 and mS = 3/2  1/2 transitions that are broadened by 

the internal strain at the Mn2+ centers. The distribution of zero-field splitting parameters at the 

surface is wider than that of the core, perhaps reflective of the presence of reconstruction. These 

conclusions are contrary to those from the earlier low-field EPR data, in which the experimental 

data was interpreted as three individual sites implying phase segregation of the Mn2+ centers via 

a clustering mechanism.28 The current results clearly document that the so-

was in fact a result of the structural strain on the two main sites, and that the g-values of the 

surface and the core sites are distinctly different. 

The chemical nature of these two sites is revealed by comparison with the hyperfine 

parameters with the bulk measurements and theoretical arguments. The site with the smaller 

hyperfine constant (187 MHz) is essentially identical with that reported for Mn2+ doped into bulk 

CdSe single crystals (188.1 MHz).94 The site with the larger hyperfine coupling is assigned to 

surface, because it is expected that the surface sites will contain comparatively higher electron 

spin density at the Mn ions, hence a larger hyperfine constant as compared to that in the core 

wherein the Mn unpaired electrons have much higher probability of delocalization on the nearest 

Se and then next nearest Cd and Se atoms. 

 The loss of resolved hyperfine structure in the limit of kT << g B is shown to be due to 

the distribution in the zero-field splitting parameters, which is a direct result of the crystal strain 

arising from the proximity to the surface and structural reconstruction. We surmise that with 

parallel measurement of pressure dependent EPR measurements it might be possible to develop 

high field EPR as a more quantitative technique for measuring strain in Mn-doped QDs. The 

higher resolution afforded by HF-EPR opens up a new avenue for characterizing the site 

symmetry and site numbers in CdSe:Mn2+ and related QDs. 
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CHAPTER FOUR 

EPR AND MAGNETIZATION STUDIES OF OCTAHEDERAL 

Cu(II) PAIRS 

This chapter describes the structure and magnetic characterization of an octahedrally 

coordinated Cu(II) pair, a very rare bonding for Cu(II) ions. The Cu(II) ions were stabilized in a 

noble metal based polyoxometalate (POM) with a large Cu Cu distance of 7.4 Å, and 

interestingly the two Cu(II) ions exhibit unexpectedly large magnetic exchange coupling. To our 

knowledge, this is the first report of an EPR spectrum of a Cu(II) ion in an eightfold oxo-

coordination. The samples are provided by our collaborators Kortz et al. at Jacobs University, 

Germany. This work was published in Angew. Chem. Int. Ed. in 2011.34 

4.1  Introduction 

The recently discovered area of water-soluble noble metal based polyoxometalates95 is 

currently developing fast, not only due to interesting structures and properties but also promising 

applications of these compounds in catalysis, magnetism, bio- and nanotechnology, and medical 

and material sciences.95-101 

Currently polyoxopalladates(II) represent the noble metal based polyanion family 

comprising the largest number of members. In 2008 the parent 13-palladate 

[PdII
13AsV

8O34(OH)6]
8  ( Pd13As8 ) was reported, which consists of an icosahedral Pd12 cage, a 

central PdII guest, and eight AsO4 capping groups leading to an overall cubic shape of the 

polyanion.95 Later it was shown that the AsVO4
3- capping groups can also be replaced by 

SeIVO3
2  or PhAsVO3

2 , and very unexpectedly these capping groups lead to coordination 

numbers of 6 (octahedral) and even 8 (cubic), respectively, for the central PdII.97 The 15-

palladate [Pd15P10O50]
20  ( Pd15P10 ) was obtained in an attempt to replace the arsenate 

heterogroups in Pd13As8  by phosphate ions.98 Delferro et al. reported [Pd15Se10O40Na]9 , which 

represents the selenite analogue of Pd15P10 .100 Moreover, the central palladium ion in 

Pd13(PhAs)8  can be replaced by lanthanide and transition metal ions, so that the more general 

formulation Pd12ML8  (M = central metal ion, L = capping groups) is appropriate.99 Very 
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recently  the mixed-metal, bowl-shaped 6-vanado(V)-7-palladate(II) [PdII
7V

V
6O24(OH)2]

6  was 

reported.101 

This chapter reports a new structural type of noble metalates. In the course of studying 

the ability of the cubic {Pd12L8} shell to incorporate different guest cations M and also 

heterogroups L, Kortz and coworkers  obtained a novel, double-cuboid-shaped copper(II)-

containing polyoxo-22-palladate(II) [Cu2Pd22P12O60(OH)8]
20- ( Pd22Cu2P12 , (1), Fig. 4.1). This 

polyanion contains the largest number of palladium ions yet found in polyoxopalladate chemistry. 

From our point of view, this provided us a rare opportunity to investigate the magnetic and 

electronic ground state properties of this novel system. 

 

 

Fig. 4.1.  Combined ball-and-stick/polyhedral representation of 1. Color code: Cu turquoise, Pd 
blue, O red balls, {PO4} purple tetrahedra. The very long Cu-O bonds (2.759(6) 2.839(6) 
indicated by dotted lines (see text for details). 

The details of synthesis have been described in chapter 2.1.2. Single-crystal X-ray 

analysis showed that 1 consists of two {CuPd11P6O32} fragments, which are connected by four 

hydroxo bridges (Fig. 4.1). The structure of each {CuPd11P6O32} building block is reminiscent of 

the parent Pd13L8
II ion being replaced by CuII and a {PdP2O8} 

edge of the cube missing. The structure of 1 

{CuPd11P6O32} 13L8
II ions in 1 are 

encapsulated in a distorted cubic {O8} ligand field. Owing to the symmetry of 1, the {O8} cube is 
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disproportionately stretched along one of its diagonal planes (the horizontal O4 plane in Fig. 4.1). 

Thus the Cu O distances are very long for the two cis oxygen atoms of this diagonal plane 

(2.759(6), 2.839(6) Å), somewhat elongated for the other two oxygen atoms in the same plane 

(2.274(6), 2.290(6) Å), and are in the usual range of 2.032(6) 2.066(6) Å for the remaining four 

oxygen atoms of the {O8} cuboid motif. The coordination sphere of the CuII ions in 1 can be 

described as a strongly distorted cube (with coordination number 8), or if the very long Cu O 

bonds are ignored, as a trigonal prism (coordination number 6) with the CuII ions displaced 

towards one of the square faces (the distance CuII {O4 face} is 0.166(2) Å). 

4.2  Results and Discussion  

Since the geometry of each CuII ion is unique, involving 8 oxo bonds, we carried out 

magnetic susceptibility ( ) measurements over 1.8 280 K, and EPR at frequencies of  9.647 and 

240 GHz, and a temperature range of 3.7 330 K. The measurements yielded quite unexpected 

results. As shown in Fig. 4.2,  goes through a maximum at about 2.4 K, providing direct 

evidence for a significant antiferromagnetic interaction between the two CuII ions (dCu···Cu = 7.4 

Å) within the double-cuboid polyanion. The plot could be well fitted to the standard equation for 

a CuII CuII dimer in copper-acetate, with a diamagnetic (S = 0) ground state and S = 1 (triplet) 

excited state separated by the energy J, using the Bleaney Bowers formula [Eq. (4.1)]:102 

0

4

(3 exp( / ))B

C

T J k T
                                                                              (4.1) 

where 0 is the term due to temperature independent paramagnetism (TIP), C the Curie constant, 

J the exchange coupling constant corresponding to the spin Hamiltonian exchange = J 1 2 and 

kB the Boltzmann constant. The fitting yielded J = 4.0(1) K ( 2.8(1) cm 1), gav = 1.869(2) and 0 

= 4 10 3 emu/mol, with an R value of 0.9997. The coupling J is surprisingly large, when 

considering that the two CuII centers are 7.4 Å and six bonds apart (or four if coupling is via the 

central proton). The largest antiferromagnetic coupling reported103 for two CuII ions interacting 

through an exchange pathway involving a diamagnetic PdII is 72 cm 1. In this case the two CuII 

centers are about 7.6 Å apart, but in contrast to 1, the CuII ion is in a distorted square-pyramidal 

coordination environment, bound by three nitrogen and two oxygen atoms. Hence, this complex 

in literature is not comparable to the reported polyanion in this chapter. 
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Fig. 4.2.  Temperature dependence of magnetic susceptibility ( ) of a polycrystalline powder of 
Na-1 at a constant magnetic field B = 0.05 T. Inset: low-temperature region magnified for clarity. 
The solid line represents the fit to the Bleaney Bowers equation [Eq. (4.1)].102 

The susceptibility results were fully supported by the variable frequency EPR data. Fig. 

4.3(A) shows a typical X-band spectrum (9.647 GHz) from a powder of 1. The structure that is 

visible in the low-field part of the spectrum consists of a combination of fine structure (zero-field 

splitting) and a septet hyperfine structure with intensity rations 1:2:3:4:3:2:1 from two coupled I 

= 3/2 nuclei (63Cu and 65Cu with 69.17% and 30.83% abundance respectively; I = 3/2 both). Fig. 

4.3(B) and (C) illustrate the details of energy levels, EPR transitions and relative intensity ratio. 

This finding clearly shows that the observed EPR signals are from an S = 1 triplet state of Cu Cu 

pairs rather than an S = 1/2 singlet state of isolated Cu ions. A computer simulation71 yields a 

zero-field splitting parameter D of 1.7 mT (0.0017 cm 1) and a hyperfine splitting Azz of 3.9 mT, 

which is reasonable.103-106 Our observed g and A values are consistent with the literature values 

reported107-112 for a single octahedral oxygen-coordinated CuII ion with the rhombic distortion, 

which implies the unpaired electron localizes in a 2 23
x y

d  type of molecular orbital.113 Below, we 

are going to use the molecular orbital theory to discuss the relationship between these observed 

values and the chemical nature of the bonding around the CuII ions in 1. 
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Fig. 4.3.  (A) X-band (9.647 GHz) powder EPR spectrum of Na-1 measured at 5 K. Upper inset: 
a schematic showing the three principal directions in the {CuO8} unit where the central gray ball 
is the CuII ion and 8 peripheral red balls are oxygen atoms.Lower inset: the enlarged low-field 
part of the spectrum and its computer simulation in which the bars show a schematic 
construction of the hyperfine splitting and relative intensities. (B) Zeeman energy levels with 
EPR transitions of a Cu Cu pair. (C) A scheme showing the energy level splitting due to 
hyperfine interactions and relative EPR intensities. 
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The coordination environment of one CuII ion in 1 is shown in upper inset of Fig. 4.3. 

Considering the bond lengths and bond angles, the site symmetry of the CuII ion can be 

approximated as C2v. Since our measurements did not give enough resolution for the 

measurements of Axx and Ayy, the following analysis would be quite qualitative, nevertheless 

instructive. Hathaway and Billing109 have shown that the expressions for the g-values are the 

same for equivalent point groups, provided the ground state is identical, so we will use the 

expressions reported for a D4h CuII ion with the 2 23
x y

d ground state.  

Nellutla et al.113 and others107-109, 111, 112, 114-116 have shown that when an unpaired electron 

of an ionic model occupies a 2 2x y
d molecular orbital,  the magnetic properties can be described 

with following relationships: 

2 2
|| 2.0023 8 / xyg E                                                       (4.2) 

2 2
,2.0023 2 / xz yzg E    (4.3) 

2
|| ||

4
[ ( 2.0023) ( 2.0023)]

7
A P g g   (4.4) 

22 11
[ ( 2.0023)]

7 14
A P g   (4.5) 

where , , and  are the contribution factors of 2 2x y
d , 2 23z r

d and xyd orbitals, respectively, to 

the  molecular orbitals,  is the spin orbital coupling constant for an free ion, 

2 2xy xy x y
E E E , 2 2, ,xz yz xz yz x y

E E E , 32.0023 ( )n e n avP g r , and  is the isotropic 

hyperfine (contact) term arising from the polarization of inner s electrons by the unpaired spin in 

the d orbital. 

The values of Exy and Exz,yz could be determined by the optical absorption 

measurements in an aqueous solution. Based on the literatures,107, 113, 117 Exy = 1.2  104 cm 1, 

Exz,yz  2.5  104 cm 1,  = 828 cm 1 (free-ion value for CuII), P = 0.036 cm 1 (free-ion value 

for CuII), and  = 0.33. Moreover, our measurements gave that g|| = gzz = 2.4674, g  = (gxx + 

gyy)/2 = 2.0756, and A|| = Azz  = 135 MHz (0.0045 cm 1). By solving the equations 4.2 4.4, the 

following values were deduced: 

2 0.15,     2 5.77,    2 7.58  
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The 2 is much smaller than the reported values (0.6 0.9) for the systems with D4, D4h, 

C4v and D2v and is unreasonably small for CuII ion with oxygen coordination considering the 

large Cu O distances. Moreover, physically 2 and 2 should not be bigger than 1. All these 

indicate that the above analysis oversimplified the bonding nature of CuII ions by using D4h 

symmetry rather than C2v. A new calculation based on C2v symmetry is needed and undergoing, 

and will be reported in future. 

The high field EPR data not only support the X-band results, but also provide the 

dynamic information of the sample. Fig. 4.4 shows the EPR spectra of the powder sample at 240 

GHz over the temperature of 3.7 330 K. The spectrum at 3.7 K contains three typical signals for 

a system with anisotropic g-values (gxx  gyy  gzz), but at high temperatures the high field part of 

the spectrum starts to merge and narrow down. At 330 K, the two high field peaks finally 

become one, which indicates the system has become axial (gxx = gyy  gzz). In order to track the 

change with temperature, we fit the each spectrum and plot the g-values as a function of 

temperature as shown in Fig. 4.5.92 It can be seen gxx and gyy merged into one at 330 K. These 

observations could be mainly due to dynamic change of the exchange interactions of spins.  

Computer simulation of the 3.7 K spectrum yielded three g-values: gxx = 2.0706, gyy = 

2.0797 and gzz = 2.4674 (Fig. 4.6).92 There is no nuclear hyperfine structure due to Cu present in 

the spectrum, mainly because of the g-strain effect,118 that is, the higher magnetic field, the 

broader Zeeman energy levels, hence the wider EPR peaks. At the field of ~7 T when the width 

of EPR peaks is bigger than the hyperfine splitting, all of the hyperfine structures are smeared 

and could not be observed. Moreover, spectral features due to half-field ( mS = ±2) and allowed 

( mS = ±1) transitions from the triplet state of an S = 1 di-nuclear unit are absent even at low 

temperatures, as expected from a small J value and use of high microwave frequencies. 
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Fig. 4.4.  Temperature dependence of EPR spectrum of a powder sample at 240 GHz. 

 

Fig. 4.5.  Extracted g-values from Fig. 4.4 as a function of temperature.  
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Fig. 4.6.  Experimental and simulated high frequency (240 GHz) powder EPR spectra of Na-1 
measured at 3.7 K. 

Finally we will discuss the origins of  the zero-field splitting parameter D. Exchange 

interaction of the two copper ions is an important contribution to D and can be model by the 

following equation:110 

2 21 1
{ ( 2.0023) ( 2.0023) }

16 4ex zzD J g g   (4.2) 

with exchange constant J = 2.8(1) cm 1, gzz = 2.4674, and g  = (gxx + gyy)/2 = 2.0756, this gives 

Dex = 0.009 cm 1. 

Another contribution to D comes from the magnetic dipole-dipole interaction between the 

two copper ions, which could describe by following model:110 

2 2 2 3(2 ) / 2dip zD g g r  (4.3) 

with the interionic distance r = 7.4 Å, gzz = 2.4674 and g  = 2.0756, we obtained Ddip = 0.088 

cm 1, so that the net calculated value of D is Dex + Ddip = 0.097 cm 1. 
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4.3  Conclusions 

This chapter details the structure and magnetic characterization of a novel, discrete, 

solution-stable, double-cuboid-shaped copper(II)-containing polyoxo-22-palladate(II), 

[CuII
2PdII

22P
V

12O60(OH)8] 58 H2O (1). This is the first detailed EPR measurements on CuII ions in 

this octa oxo geometry. In addition, the magnetic exchange interaction between the two CuII ions 

in 1 is found to be unexpectedly large, possibly a new area for theoretical investigations of 

magnetic interactions on CuII and other complexes under controlled coordination and bonding 

parameters. 
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CHAPTER FIVE 

COHERENT MANIPULATION OF ELECTRON SPINS IN THE 

{Cu3} SPIN TRIANGLE COMPLEX IMPREGNATED IN 

NANOPOROUS SILICON 

This chapter reports the coherent manipulation of electron spins in an 

antiferromagnetically coupled spin triangle {Cu3} impregnated in free standing nanoporous 

silicon (NS) by using 240 GHz microwave pulses. To our knowledge this is the first study of 

electron spin doceherence and manipulation for a single molecule magnet trapped in the 

nanoporous silicon. Rabi oscillations are observed and the spin coherence time is found to be T2 

= 1066 ns at 1.50 K. This demonstrates that the {Cu3}:NS hybrid material provides a promising 

scheme for implementing spin-based quantum gates. By measuring the spin relaxation times of 

samples with different environments we examine the main decoherence sources and suggest a 

possibility of improving the spin memory time by molecular engineering. The samples are made 

by our collaborators Kortz et al. at Jacobs University, Germany. This work was published in 

Phys. Rev. Lett. in 2012.35  

5.1  Introduction 

In recent years, the possibility of employing electron spins in solid-state systems as 

essential ingredients of quantum devices and computers has been vigorously pursued and 

tested.119 Among several proposed schemes molecular magnets are considered as promising 

candidates for the realization of spin-based qubits and quantum gates.6, 27, 120-124 The entangled 

quantum state can be generated by (i) radiating microwave pulses with a frequency 

corresponding to the energy difference between the discrete levels,125, 126 and/or (ii) introducing a 

tunable coupling between well-defined molecular clusters.127 

In several molecular magnets (for example, {Cr7Ni}, {V15}, {Fe3}, {Fe4}, and {Fe8}) 

coherence times were measured to be several hundreds of nanoseconds and coherent 

manipulation of electron spins was demonstrated by means of pulsed electron paramagnetic 

resonance (EPR).40, 128-132 In132 spite of their success as a single qubit, however, most of the 
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works have been performed in a frozen solution to limit strong spin decoherence arising from 

intermolecular dipolar interactions. This makes it difficult to scale these systems to larger 

register sizes133 and therefore requires an alternative scheme, in which an array of coupled 

molecular clusters is embedded in a microwave cavity. 

An alternating sequence of two different isosceles antiferromagnetic (AF) spin triangles 

has been proposed for molecule-based quantum gates.134 Without invoking a fine tuning of 

intermolecular interactions, exchange interactions between two triangles can be selectively 

switched on by exciting one of triangles to excited states. This motivates us to examine the spin 

triangle cluster Na12[X2W18Cu3O66(H2O)3] 32H2O [abbreviated as {Cu3} (X = As, Sb)], known 

for pronounced spin chirality effects.135, 136 For the realization of scalable qubits, we first settle 

the question about additional decoherence sources, which might arise when the {Cu3-X} 

molecules are integrated into semiconducting nanostructures. Freestanding nanoporous silicon 

(NS) could serve as a test bed to address such decoherence mechanisms due to ease of 

fabrication. In this chapter, we report the successful incorporation of {Cu3-X} in NS [See Fig. 

5.1(a)] as well as the first experimental observation of a coherent manipulation of electron spins 

in the {Cu3}:NS complex by using pulsed 240 GHz EPR spectroscopy. Our results show that a 

new type of a hybrid material {Cu3}:NS can provide a prospective avenue towards the design of 

electron spin-based quantum gates. 

5.2  Experimental Details 

NS layers were prepared by electrochemical anodic etching of highly doped, p+-type 

(100)-oriented silicon substrates with a resistivity of 0.01 0.02  cm.51, 52 The pore diameter and 

porosity of oxidized NS are of the order of 5 10 nm and 40%, respectively. Aqueous solutions of 

the {Cu3-X} molecules were dropped onto the oxidized NS and then we waited for 5 6 h until 

the molecules were absorbed by the porous matrix. {Cu3-X}:NS was rinsed with distilled water 

to remove the residual material on the NS surface. Here we remark that there is no possibility of 

oxygen adsorption in NS because the thermally annealed NS is immediately immersed in a {Cu3-

X} solution and the {Cu3-X} solution itself does not contain oxygen in both an ionic and a free 

form. The {Cu3-X} molecules are oriented vertically within the NS since a diameter of the NS 
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fits well with a molecule size. For measurements we use large amounts of {Cu3-X}:NS layers, 

which are randomly oriented. 

Magnetic susceptibility was measured by using a SQUID magnetometer (Quantum 

Design MPMS) over 1.8 200 K at H = 1000 Oe. Magnetization measurements were carried out 

by means of a standard inductive method using compensated pickup coils and a pulse magnet.137 

The 240 GHz continuous wave (cw) and pulsed EPR experiments were performed on a home-

built super-heterodyne high field instrument.58, 59 

 

 

Fig. 5.1.  (a) A sketch of a single NS layer enclosing {Cu3-X} molecular clusters. The pore 
diameters are in the order of 5 10 nm and the distance between pores is 6 8 nm. Color codes: 
Cu(II), blue; Na, plum; O, red. The rest of the atoms are omitted for clarity. (b) Comparison of 
temperature dependence of the magnetic susceptibility between the {Cu3-X}:NS (open square) 
and the {Cu3-X} bulk (solid line) measured at H = 0.1 T. Inset: Isosceles spin triangle with 
distances Cu1 Cu2 = 4.696 Å, and Cu2 Cu2 = 4.689 Å. (c) Magnetization curve versus pulsed 
magnetic field at T = 0.5 K. The saturated magnetization is normalized by gS with a g-factor and 
a spin S = 1/2. 
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5.3  Results and Discussion  

The spin Hamiltonian of {Cu3-X} is given by 

3 3 3

1 1 1 1
1 1 1

[ ]ii i i ii i i B i ii i
i i i

H J S S D S S B g S                                       (5.1) 

where the exchange coupling constants, Jii+1, the Dzyaloshinsky-Moriya (DM) vectors, Dii+1, and 

the g-tensors, gii, are defined as a site-dependent quantity with a periodic boundary condition, 

that is, i+1 reverts to 1 if i = 3. For the crystals, the magnetic parameters are listed in Table 5.1. 

Table 5.1  A list of the magnetic parameters of the {Cu3-X}(X = As, Sb) compounds. The 
subscripts denote a site of copper spins and the superscripts are a component of the magnetic 
parameters. 

 
,

12
x yJ  12

zJ  , ,
23 31
x y x yJ J  23 31

z zJ J  1
z
iiD  ,

12
x yD  ,

11
x yg  ,

22
x yg  ,

33
x yg  z

iig  

{Cu3-As} 4.50 K 4.56 K 4.03 K 4.06 K 0.53 K 0.53 K 2.25 2.10 2.40 2.06 

{Cu3-Sb} 4.49 K 4.54 K 3.91 K 3.96 K 0.52 K 0.52 K 2.24 2.11 2.40 2.07 

The temperature dependence of the magnetic susceptibility, (T) of the {Cu3-As}:NS, 

agrees with that of the bulk {Cu3-As} [compare the open square and the solid line in Fig. 5.1(b)]. 

This indicates that the ground state spin and the electronic structure of the {Cu3-X} molecules are 

hardly affected by chemical interactions between the molecules and the NS walls. This might be 

due to the fact that the core electron spins are well secured by peripheral ligands. Compared to 

the crystal, the magnetization steps of the {Cu3-As}:NS complexes are less pronounced 

[compare Fig. 1(c) and Fig. 2 of Ref. 132]. This is partly ascribed to angle-averaged effects since 

the measurements were performed on an ensemble of randomly oriented molecules. In addition, 

thermal heating effects should be also taken into account because the measured temperature is a 

little bit high for {Cu3-As}:NS. 

Fig. 5.2(a) shows the field-swept EPR spectrum recorded by integrating a spin-echo 

signal at 1.5 K and  = 240 GHz for the {Cu3-As}:NS. The spectrum is spread over the wide 

field range of 6 10 T while showing powder-shape absorption curves because molecules at 

different orientations are excited at different resonance fields. Thanks to the enhanced sensitivity 

in a cw mode, we were able to measure the cw ESR spectrum with fewer amounts of aligned NS 

layers at 5 K. This yields single crystal-like sharp peaks with the field direction perpendicular to 

a triangle plane. This confirms that the {Cu3-X} molecules within NS are oriented vertically. The 
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strongest cw peak at 7.55 T is assigned to the transition 1(1 ) from the ground state, that is, 

3 3
| ,
2 2

3 1
| ,
2 2

 [see Fig. 5.2(b)]. The next strong peak at 8.35 T corresponds to the 

transition 2(2 ) from the excited ST = 3/2 state: 
3 1

| ,
2 2

3 1
| ,
2 2

. The weak signals around 6.3 T 

and 9.5 T originate from the transitions 3(3 ) and 4(4 ) between the ST = 1/2 levels. We note that 

the spin-echo signals of the ST = 1/2 levels are very broad as the mixing degree of the spin chiral 

states depends strongly on the components of the DM vectors and thus the resonance fields vary 

strongly with the orientation. 

 

         

Fig. 5.2.  (a) A spin-echo signal of {Cu3-As}:NS as a function of an external field at T = 1.5 K 
and derivative of the cw EPR absorption versus external field measured at 240 GHz and 5 K. (b) 
Energy level diagram for an external field parallel to a spin triangle plane (H || plane) determined 
by the Hamiltonian Eq. (5.1) and the magnetic parameters listed in Table 5.1. The prime 
(unprimed) numbers and arrows indicate the observed EPR transitions between energy levels for 
the H || (H ) plane. 
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The upper panel of Fig. 5.3 shows the decay curve due to the spin-lattice relaxation time 

T1 process, measured for {Cu3-As}:NS by using an inversion recovery pulse sequence (   1  

/2  2    2  echo) with varying 1 and fixed 2 = 300 ns at T = 1.5 K and H = 7.63 T. We 

try to fit the echo decay curve by (i) a single exponential function, 1exp( / )I A T T  with T1 = 

54.8 s, and (ii) a double exponential function, exp( / ) exp( / )long shortI A T T B T T  with Tshort 

= 27.8 s and Tlong = 301 s. The latter gives a better description. The short T1 might arise from a 

strong spectral diffusion because the microwave pulses excite a small portion of the whole 

spectrum due to the limited excitation bandwidth. In contrast, Tlong presents the spin-lattice 

relaxation time T1. 

The inset of lower panel in Fig. 5.3 shows the intensity of Hahn echoes ( /2        

echo) measured for the {Cu3-As} crystal at the transition 1 as a function of the delay time 2 . 

The echo intensity decay is well described by a single exponential function 0 2exp( 2 / )I I T , 

yielding a coherence time of T2 = 696  30 ns at 1.50 K. Before proceeding, we stress that {Cu3-

As}:NS is free from structural distortions and disorders, as evidenced by no relaxation time 

spreads.138 

At H = 7.63 T and H = 8.32 T most of the copper spins are polarized to the 
3 3

| ,
2 2

state 

so that single spin flips are suppressed. Thus, the transverse relaxation time at elevated 

temperature is dominated by a spin flip-flop process. For a quantitative description, the 

temperature dependence of 1/T2 is analyzed by a spin bath decoherence model,40 

1/2

1
3/22

1
( )

S S

S

S m m res
m

A W m P P
T

                                                          (5.2) 

where A is a temperature independent parameter and  res is a temperature independent residual 

relaxation rate. Here, exp( ( ) / ) /
Sm S BP E m k T Z  where Z is the partition function of the {Cu3-X} 

spin system. E(mS) is read directly from the energy levels at H = 7.63 T and H = 8.32 T [see Fig. 

5.2(b)]. W(mS) is the flip-flop transition probability for the state of mS with mS = 1. The 

experimental data are well fitted to Eq. 5.2. For the {Cu3-As} crystal, we obtain the typical 

values of the leading term W( 3/2) = 0.38(1) s 1 and the residual term res = 0.70(8) ( s) 1, 

which amounts to 2
resT = 1.4 s. The {Cu3-Sb} crystal shows a much steeper temperature 
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dependence than the {Cu3-As} one. Compared to the {Cu3-As} crystal, {Cu3-As}:NS exhibits 

the weaker temperature dependence. This is due to the almost absence of dipolar couplings to the 

fluctuating neighboring {Cu3-As} spin clusters in NS. With increasing field from H = 7.63 T to 

H = 8.32 T, 1/T2 of {Cu3-As}:NS tends to decrease due to enhanced polarization. 

 

 

Fig. 5.3.  (Upper panel) Echo decay measured for {Cu3-As}:NS by a recovery pulse sequence at 
T = 1.50 K and H = 7.63 T. The red solid line is a fit to a double exponential function, 

exp( / ) exp( / )long shortI A T T B T T  with Tshort = 27.8 s and Tlong = 301 s while the green 

one denotes a fit to a single exponential function, 1exp( / )I A T T  with T1 = 54.8 s. (Lower 

panel) Temperature dependence of a spin-spin relaxation time, T2, for {Cu3-Sb} crystal (green 
open inverse triangles), {Cu3-As} crystal (black open squares) and {Cu3-As}:NS (red open 
circles) at 7.63 T as well as for {Cu3-As}:NS (blue open triangles) at 8.32 T. The solid lines are a 
fit to Eq. 5.2. Inset: Decay of the integrated Hahn echo area as a function of delay time (2 ) 
recorded for {Cu3-As} crystal at T = 1.50 K and H = 7.63 T. The red solid line is a fit to a single 
exponential function 0 2exp( 2 / )I I T  with T2 = 696  30 ns. 
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In order to investigate the intrinsic sources of spin decoherence we have measured the T1 

and T2 relaxation times for samples with different symmetries and environments at 1.5 K: (i) as-

grown {Cu3-X} crystals, (ii) deuterated {Cu3-As} crystal, (iii) {Cu3-As}:NS with two different 

concentrations, and (iv) {Cu3-As} impregnated in a metallic NS. The experimental T1 and T2 

relaxation times are summarized in Table 5.2. Since the measured temperature (1.50 K) is much 

smaller than the Zeeman energy at 8.32 T, the T1 time will be governed by a single phonon 

process. Actually, we find no substantial sample dependence in the T1 within errors. This 

suggests that the spin-lattice relaxation rate is hardly influenced by the distortions of peripheral 

organic ligands. 

Table 5.2  T1 and T2 of {Cu3-X}(X = As, Sb) molecules under different environments measured 
at 1.50 K and 240 GHz.  -  stands for {Cu3-X}(X = As, Sb) 

{Cu3-As} molecules enclosed in semiconducting 
{Cu3-As} molecules 

impregnated in metallic nanoporous, respectively. 

 Field 
{Cu3-As} 
As-grown 

Deuterated NS(1) NS(2) Metal NS 
{Cu3-Sb} 
As-grown 

1
shortT ( s) 8.32 T 19.9  2 22.3  2 23.1  3 24.6  2   20.8  2 19.3  3 

1
longT ( s) 8.32 T 292  20 265  20 274  30 237  20 249  20 285  24 

2T (ns) 
7.55 T 745  35 971  60 1190  50 1066  45 1016  35 482  34 

8.32 T 736  25 705  40 789  30 873  25 749  30 557  45 

We next discuss possible mechanisms leading to the sample dependence of T2. First, the 

coupling of electron spins to protons and 63,65Cu (I = 3/2) may provide an efficient decoherence 

path for a molecular magnet containing abundant protons.139 Here, the protons and the Cu 

nuclear spins relaxed by spin-spin relaxation cause fluctuations of the hyperfine field at the 

observed electron spins. However, the nuclear spin contributions to decoherence tend to be 

largely suppressed at the high field at H = 8.32 T.132 Indeed, the deuterated {Cu3-As} sample 

does not show a substantial increase of T2. Moreover, the two {Cu3-X}(X = As, Sb) crystals with 

the same nuclear isotopes exhibit the change of T2 by 25%. This indicates that the nuclear spins 

are not a serious decoherence source.  

Second, the effect of intermolecular dipolar interactions is checked by confining the 

{Cu3-X} molecule into NS.140, 141 An increase of T2 is less than 2 times at 1.5 K. This might be 

due to fact that the total spin of the {Cu3-X} molecule is as small as S = 3/2 and shows that the 
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intermolecular dipolar interactions do not provide the most significant decoherence channel 

although they are not negligible. 

Finally, we performed the relaxation measurements by changing the conductivity of NS. 

The only slight reduction of T2 (Table 5.2) evidences that there are no substantial interactions 

between conducting electrons of a metallic NS and the core electron spins of the {Cu3-X} 

molecule. This demonstrates that the {Cu3-X} molecules can be incorporated into silicon 

nanodevices without causing a substantial spin decoherence. 

It is remarkable that the relaxation times of {Cu3-X}:NS are not much longer than those 

of the single crystal in spite of the isolation of the {Cu3-X} molecules. We find no noticeable 

concentration dependence of the relaxation times. This implies that the {Cu3-X} molecules are 

almost homogeneously dispersed into NS and rules out a formation of small multi-molecule 

assemblies within the NS. Besides, as described above, absorption of oxygen is improbable. 

All this strongly suggests that the AF triangle spin rings can have another effective 

decoherence route. We stress that {Cu3-As} and {Cu3-Sb} with different symmetries show an 

appreciable difference in T2 (see Table 5.2 and the lower panel of Fig. 5.3). Since isosceles 

distortions are stronger in {Cu3-Sb}, which shows a faster relaxation, a mixing degree of the two 

chiral states might be a key parameter. The chiral states can be mixed by structural distortions 

from an equilateral triangle and internal vibration modes (for example, an out-of-phase stretching 

vibration of the triangular clusters).141 This static distortion and dynamic spin-phonon coupling 

can be more dominant decoherence mechanisms for a spin triangle than the conventionally 

discussed ones. This tells us that we can improve a spin memory time through molecule 

symmetry engineering. 

To demonstrate a coherent manipulation of the electron spin in {Cu3-As}:NS, we 

performed transient nutation experiments on the resonant transition 3. After a nutation pulse of 

variable duration nut, the longitudinal magnetization was indirectly detected by a two-pulse 

sequence ( nut    /2        echo). For temperatures below 2.2 K at H = 9.43 T we 

observe Rabi oscillations which correspond to coherent oscillation of the electron spin between 

the 
1 1

| ,
2 2

and 
1 1

| ,
2 2

 states of the ST = 1/2 levels (Fig. 5.4). As expected, the frequency and 

damping of the observed oscillations relies on temperature. This nutation experiment 

demonstrates directly a realization of a NOT gate, which is a one-qubit gate for quantum 
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computation. The signal associated to the transient nutation of the electron spin has completely 

decayed within 3 s. The decay time coincides with the transverse relaxation time (Table 5.2), 

implying that the dephasing of the Rabi oscillation is largely governed by the T2 mechanism. 

 

Fig. 5.4.  Temperature dependence of Rabi oscillations obtained by recording the echo intensity 
as a function of nutation pulse length on {Cu3-As}:NS at H = 9.43 T.  

5.4  Conclusions 

In conclusion, AF spin triangle {Cu3-X} molecules impregnated in nanoporous silicon 

create new avenues for a spin qubit methodology. A spin memory time reaches as long as T2 = 

1066 ns at 1.50 K. This together with the observation of Rabi oscillation demonstrates the 

microwave control of an electron spin of the hybrid materials {Cu3-X}:NS. The relaxation 

measurements in controlled environments suggest that spin decoherence is mainly governed by a 

new mechanism, involving transitions between states of equal spin but different chirality, and 

which depends on the molecular symmetry. 
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CHAPTER SIX 

SPIN DECOHERENCE IN AN IRON-BASED MAGNETIC 
CLUSTER 

This chapter presents continuous wave (cw) and pulsed high frequency electron 

paramagnetic resonance (HF-EPR) measurements on an Fe-based magnetic cluster: 

Fe7O4(O2CPh)11(dmem)2, abbreviated Fe7. The cw EPR results show that two different 

molecular species exist in the crystal, with slightly different zero-field-splitting parameters. The 

spin decoherence time, T2, was measured at high magnetic fields and low temperatures, which 

makes it possible to obtain high spin polarization and to significantly reduce decoherence due to 

electron spin flip-flop processes. Theoretical fitting of T2 versus temperature shows that, for 

crystalline samples of this molecule, spin flip-flop fluctuations represent the main source of spin 

decoherence at low temperatures, as reported also for the Fe8 single-molecule magnet.40 

Moreover, it is found that T2 is position dependent within the EPR line, a model for which is 

given. We also note that this is the third example of an Fe-based cluster that exhibits a 

measurable decoherence time, and only the second involving a crystal. The samples are 

synthesized by Dr. C. Papatriantafyllopoulou in Christou group at University of Florida. This 

work was published in Polyhedron in 2011.36 

6.1  Introduction 

An important aspect of the study of single-molecule magnets is the spin dynamics. For 

applications like molecular memory,142 it is the relaxation of the magnetization that is of crucial 

importance and which can in some cases be as long as 40 hours.143 This magnetization relaxation 

time, typically the relaxation between the ground  mS states, can usually be described by a 

combination of tunneling processes and thermal excitations to higher lying spin sublevels 

through allowed  mS = 1 transitions. These can be parameterized with a tunneling rate and the 

spin lattice relaxation time (T1), respectively. 

For applications like quantum computing on the other hand,6, 24 the spin-spin relaxation 

time or spin-memory time T2 is the important parameter, as it determines how long the phase of a 

superposition of states remains well defined. In this context the T2 is often referred to as the 
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dephasing time or coherence time. While magnetization relaxation and tunneling rates can be 

measured through magnetization and AC susceptibility of single crystals of molecular magnets, 

it has proven difficult to measure T1 and T2 relaxation directly, because the T2 in single 

crystalline systems is too short to obtain an echo in pulsed EPR measurements. One approach is 

to dilute the molecular magnet spin system,128-131 but this usually can only be achieved by 

making a glass, which introduces a wide distribution of orientations and surroundings. Recently, 

however, T1 and T2 of the well-known Fe8 S = 10 single-molecule magnet were reported in a pure 

single crystal.40 This study showed that in the limit where the spin splitting is much larger than 

the temperature (h  >> kT), the T2 relaxation due to the surrounding electron spin bath can be 

strongly suppressed. This is due to the suppression of electron spin flip-flop transitions of the 

surrounding molecules when the spin polarization is high. 

In this chapter we report a study of the T2 relaxation time in a single crystal of another 

iron based magnetic cluster: Fe7O4(O2CPh)11(dmem)2, abbreviated Fe7 (Fig. 6.1(A)), which has a 

spin ground state S = 5/2. As in the case of the Fe8,
40 we have found a strong temperature 

dependence of T2, indicating a suppression of electron spin flip flop transitions at low 

temperatures. While this system is not strictly a single-molecule magnet, as the zero-field 

splitting parameter is positive, it provides an additional example of the suppression of the spin-

spin relaxation due to the spin bath in a crystalline magnetic molecular complex. 

6.2  Experimental Details 

Single crystals of Fe7 were grown as described previously53 and introduced in chapter 

2.1.4. The single crystals used for the pulsed EPR study had dimensions of 0.5 0.5 1.0 mm. 

High frequency EPR measurements were performed on a locally developed super-heterodyne 

quasioptical pulsed/cw EPR spectrometer which is located at the National High Magnetic Field 

Laboratory in Tallahassee, FL, USA.58, 59 The spectrometer operates at 120, 240 and 336 GHz. It 

employs Schottky diode mixer/detectors and a superconducting magnet (Oxford Instruments) 

capable of reaching a field of 12.5 T. Temperature variation was accomplished using a 

continuous helium flow cryostat, capable of accessing the range from 1.3 400 K with a precision 

of 0.1 K.  
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Fig. 6.1.  (A) Labeled representation of the structure of the Fe7 molecule, with the phenyl rings 
of the benzoate ligands omitted for clarity. (B) Calculated Zeeman diagram with B || z-aixs, 
obtained via diagonalization of the Hamiltonian of Eqn. (6.1), with g = 2.00, D = +0.62 cm 1 and 
E = 0.067 cm 1. 

A 

B 
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6.3  Results and Discussion  

A labeled representation of the Fe7 molecule is shown in Fig. 6.1(A). The complex 

crystallizes in the monoclinic space group C2/c with the Fe7 molecule lying on a crystallographic 

C2 axis passing through the central Fe atom. All of the molecules in the crystal are nominally 

identically aligned, which simplifies the interpretation of the EPR spectra. The seven Fe ions all 

have the oxidation state of 3+, and magnetization measurements show the dominance of 

antiferromagnetic interactions within the core, resulting in a spin S = 5/2 ground state.53 

The magnetic properties of the S = 5/2 Fe7 cluster can be described via the following 

effective spin Hamiltonian: 

2 2 2 2( / 3) ( )B z x yH g D S E S SB S S                                      (6.1) 

with g = 2.00, D = +0.62 cm 1 and an estimated E  0.067 cm 1.53 These parameters imply a non-

axiality of the zero-field splitting (ZFS) tensor, which is not unexpected given the low symmetry 

of the molecule. Fig. 6.1(B) shows the Zeeman energy level diagram for a spin S = 5/2 system, 

with the above parameters, and with the field applied parallel to the hard z-axis of the molecule. 

It can be seen that, at high fields and low temperatures, the mS = 5/2 level will be preferentially 

populated. As a consequence, the molecular (electronic) spin system will be strongly polarized 

and, hence, decoherence due to spin fluctuations should be strongly suppressed.40 

Fig. 6.2(A) shows the temperature dependence of cw EPR spectra for a polycrystalline 

sample at 240 GHz. The room temperature spectrum consists of a single peak with an 

approximately Lorentzian lineshape, which can be interpreted as an exchange narrowed line due 

to the individual Fe(III) ions. The spectra then develop clear fine structures (ZFS) as the 

temperature is reduced to the point where kBT is comparable to, or lower than the order of the 

exchange coupling within the molecule. As reported previously,53 the low temperature spectra 

cannot be fit with a single set of spin Hamiltonian parameters. However, a reasonably good 

simulation92 is obtained by assuming that there are two S = 5/2 molecular species in the crystal 

with slightly different ZFS parameters. This is likely due to disorder associated with ligand or 

solvent molecules, as has been found from studies of numerous other SMMs.144 
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Fig. 6.2.  (A) Temperature dependence of the cw EPR spectra at 240 GHz. (B) The cw EPR 
spectrum at 240 K and 10 K (top) with simulations (below  see legend). The employed spin 
Hamiltonian parameters are: (site 1) S = 5/2, g = 2.0023, D = 0.65 cm 1, D = 0.01 cm 1, E = 
0.06 cm 1, E = 0.003 cm 1; (site 2) S = 5/2, g = 2.0023, D = 0.55 cm 1, D = 0.01 cm 1, E = 
0.07 cm 1, E = 0.003 cm 1

for sites 1 and 2 in equal proportion. The D and E represent the FWHM of the Lorentzian 
distributions of D and E, which contribute to the broadening of the transitions with higher mS 
values.87, 118 
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Fig. 6.3.  Echo area as a function of  measured by a Hahn echo sequence, with the magnetic 
field ~20  away from the z-axis. The solid line is a fit to a single exponential. The inset shows 
the echo decay at different temperatures. 

The temperature dependence of T2 was investigated using pulsed EPR at 240 GHz using a 

non-resonating sample holder.58, 59 Measurements were performed with the magnetic field 

applied approximately along each of the three principal magnetic axes, in the temperature range 

from 1.4 to 2.6 K. A typical Hahn echo sequence ( /2        echo, Fig. 6.4(A)) was 

utilized, with the delay time  varied during the measurements. The widths of the pulses were 

adjusted to maximize the echo signals and were typically between 100 and 150 ns. Fig. 6.3 

shows the echo area as a function of  at 1.54 K and 10.313 T, with the magnetic field ~20  away 

from the z-axis. At these temperatures and fields, only the mS = 5/2 level has appreciable 

population. Consequently, only the 5/2  3/2 transition is observed. The decay can be fit by a 

single exponential function (exp( 2  /T2)) with T2 = 308  6 ns. The inset to Fig. 6.3 shows the 

echo decay at different temperatures. It can clearly be seen that the echo decays faster with 

increasing temperature. 
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Fig. 6.4.  Spin-spin relaxation rates (1/T2) as a function of temperature at 240 GHz with: (A) B 
~20  away from the z-axis; (B) B || y; and (C) B || x. The solid lines are fits to Eqn. (6.2), and the 
insets show the corresponding temperature dependences of T2.  
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Fig. 6.4 shows the temperature dependence of T2 at 240 GHz, for magnetic fields along 

each of the three principal axes of the ZFS tensor. The strong temperature dependence of T2 

suggests that, like Fe8, the main decoherence mechanism in this temperatures range is due to 

dipolar coupling to fluctuating neighboring molecular spins. To test this hypothesis, we have fit 

the T2 data with a spin flip-flop model using Eqn. (6.2):40, 68, 145 
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where A is a temperature independent adjustable parameter, Z is the partition function for the Fe7 

S = 5/2 spin system, and res is a residual relaxation rate due to other temperature independent 

decoherence sources. The flip-flop transition probability for two spins, W(mS), is given by 

2 2

1 2 1 2( ) 1, , 1 , 1 1,S S S S S S S S SW m m m S S m m m m S S m m                (6.4) 

The solid lines in Fig. 6.4 are the fits to Eqn. (6.2) for the three field orientations. It is 

seen that the experimental data fit well with the proposed model, confirming that the primary 

decoherence mechanism for Fe7 in this temperature range involves electron spin bath fluctuations. 

The best agreement is obtained with res = 4.0, 1.7 and 2.9  10 3 ns 1, for the x-, y-, and z-

directions, respectively, which correspond to residual decoherence times of T2 = 250, 590 and 

340 ns. These values are shorter than those for Fe8 (1 s), though of the same order of 

magnitude.40 

We also observed an interesting phenomenon when comparing the echo-detected (ED) 

and cw EPR spectra, as shown in Fig. 6.5(A): it is seen that the resonance fields and line shapes 

do not match very well. This is believed to be due to a field dependence of T2, which is 

confirmed by the measurements displayed in Fig. 6.5(B). A similar behavior was seen when the 

magnetic field was aligned along all three principal axes of the ZFS tensor. The effect has also 

been observed in single crystals of the Fe8 SMM.40, 132 This is likely related to the reduced 

spectral density associated with the edges of the resonance line, leading to a reduced spin flip-

flop rate because fewer neighboring spins are in resonance with each other. In addition, re-

absorption of the echo might play a role in reducing the intensity at the center of the EPR line. 
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Fig. 6.5.  (A) echo-detected (ED) and integrated cw EPR spectra with B || y. (B) Position 
dependence of T2 at 1.50 K. The solid line in (B) is a guide to the eye. 

6.4  Conclusions 

cw EPR studies of Fe7 reveal two distinct molecular species with slightly different ZFS 

parameters. A high spin polarization may be achieved at high magnetic fields and low 

temperatures, resulting in a strong suppression of decoherence due to spin flip-flop processes. 

The residual T2 values are of the order of 250 590 ns (at 0 K), likely resulting from electron-

nuclear hyperfine interactions, or spin diffusion processes. We also find that the decoherence 

time depends on the position within the inhomogeneously broadened resonance line. 
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CHAPTER SEVEN 

Mn7 SPECIES WITH AN S = 29/2 GROUND STATE: HIGH-

FREQUENCY EPR STUDIES OF A SPECIES AT THE 

CLASSICAL/QUANTUM SPIN INTERFACE 

This chapter describes the EPR characterization of a high spin (S) compound whose 

properties straddle the interface between the classical and quantum mechanical spin descriptions. 

The cluster [Mn7O4(pdpm)6(N3)4](ClO4)2 (Mn7) has an unprecedented core structure comprising 

an octahedral [MnIII
6( 4-O)( 3-O)3( 3-N3)4]

6+ unit with one of its faces capped by a MnII ion. 

Magnetization and susceptibility studies indicate an S = 29/2 ground state, the maximum possible. 

Variable-temperature, high-frequency EPR (HF-EPR) spectra on powder and single-crystal 

samples of Mn7 exhibit sharp spectral features characteristic of a quantum spin that are well 

resolved in a certain temperature range, but which transform to a continuum of peaks 

characteristic of a classical spin in another; these features are well reproduced by computer 

simulations. A Fast Fourier transform analysis of the sharp spectral features and the low 

temperature EPR spectra suggest that more than one spin state is involved. The samples are 

synthesized by Dr. T. Taguchi et al. in Christou group at University of Florida. This work was 

published in J. Am. Chem. Soc. in 2011.37  

7.1  Introduction 

The discovery of single molecule magnets (SMMs),1-3 in which each molecule behaves as 

a magnetic domain,4 has opened a fertile area for developing molecular electronics as well as for 

a fundamentally new way of understanding the quantum chemistry and physics of the electron 

spin.5 It was noted early on that a prerequisite for SMM behavior was the existence of a large 

barrier to spin reversal whose upper limit is given by DS2, where D is the zero-field uniaxial 

anisotropy parameter and S is the total spin. Thus, in general, a large S value in combination with 

a large negative anisotropy parameter D is required for possible SMM applications, e.g. in 

quantum computing.4-6  
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For the above reasons, strong effort is being made in many laboratories, especially 

George Christou s group at University of Florida, to develop new synthetic methods to Mn 

clusters of various size, and to date have successfully isolated and studied a wide variety with 

nuclearities up to 84.7-20 While these compounds have provided a plethora of new structural, 

magnetic and spectroscopic data, it was noted that the spin dynamics exhibited by clusters with 

particularly large S values showed spectroscopic features that could not be well simulated using a 

quantum mechanical description of the spin S. A clear example of this is that the electron 

paramagnetic resonance (EPR) spectra of many of these compounds21-23 were found to yield 

spectra that exhibited a continuum rather than the series of well resolved peaks that have been 

the hallmark of compounds with S = 10 or smaller.24-27 These observations suggested that there 

might be a spin-phase classical-quantum boundary, and Christou lab has been searching for 

compounds at this boundary among the various Mn clusters that they have been synthesizing and 

studying in recent years, concentrating on moderate size clusters with large S values. In this 

chapter we report the magnetic and EPR characterization of a new cluster 

[Mn7O4(pdpm)6(N3)4](ClO4)2 (Mn7). It has an unprecedented core structure, but more significant 

is the discovery that the properties of this cluster with an S = 29/2 ground state place it at the 

classical/quantum spin interface.  

 

Fig. 7.1.  The structure of the Mn7 cation. The C3 axis is vertical, passing through Mn3, O4 and 
N4. H atoms have been omitted for clarity. Color code: MnII yellow; MnIII green; O red; N blue; 
C gray. 
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7.2  Experimental Details 

Mn7 was prepared from the 1:1:1:1 reaction of Mn(ClO4)2,  NaN3, NEt3 and pdpmH 

(pdpmH is phenyl(dipyridin-2- yl)methanol) in MeCN/MeOH (20:1 v/v), and isolated in ~50% 

yield as dark red crystals of Mn7·2MeCN on layering of the filtered solution with Et2O. Detailed 

synthesis can be found in chapter 2.1.5. The Mn7 cation (Fig. 7.1) has C3 symmetry, and its core 

consists of a [MnIII
6( 4-O)( 3-O)3( 3-N3)4]

6+ unit with one of its faces capped by a MnII atom. 
2- 2 -chelating/bridging pdpm- groups provide the peripheral 

ligation. 

7.3  Results and Discussion  

Variable-temperature magnetic susceptibility measurements were performed on a 

microcrystalline powder sample, restrained in eicosane, in a 0.1 T field and in the 5.0 300 K 

range. MT gradually increases from 30.59 cm3 K mol 1 at 300 K to a value of 102.81 

cm3 K mol 1 at 8 K, and then slightly decreases to 102.09 at 5.0 K. The plot profile indicates 

dominant ferromagnetic interactions, and the 5.0 K value suggests an ST = 29/2 ground state with 

g ~ 1.91; the spin-only value is 112.38 cm3 K mol 1. ST = 29/2 is the maximum possible for Mn7, 

indicating a completely ferromagnetically coupled system.  

In order to confirm the ground state and determine the zero-field splitting parameter D, 

magnetization vs DC field data were collected on a restrained sample in the 0.1 7 T and 1.8

10.0 K ranges. The resulting data were fit, using the program MAGNET,146 by diagonalization of 

the spin Hamiltonian matrix assuming that only the ground state is populated, incorporating axial 

anisotropy ( z
2) and Zeeman terms, and employing a full powder average. 

The resulting data are shown in Fig. 7.2 as reduced magnetization (M/N B) vs B/T, where 

N 

anisotropy (D value). The fit (solid lines in Fig. 7.2) was obtained with ST = 29/2, g = 1.89(2), and 

D = 0.03(1) cm 1. An equally good fit was obtained with ST = 29/2, g = 1.89(1) and D = 0.020(5) 

cm 1. It is common to obtain two acceptable fits of magnetization data for a given S value, with 

D > 0 and D < 0, because magnetization fits are not very sensitive to the sign of D. The 

unusually low g-value is undoubtedly an artifact reflecting the poor reliability of g-values from 
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powder susceptibility fits; for MnIII-containing complexes, a g-value only slightly less than 2 is 

expected and usually observed. 

B/T (T/K)

0 1 2 3 4

M
/N

B

0

5

10

15

20

25

30

0.1 T

0.5 T

1 T

2 T

3 T

4 T

5 T

6 T

7 T

fitting

 

Fig. 7.2.  Plots of reduced magnetization (M/N B) vs B/T. The solid lines are the fit of the data; 
see the text for the fit parameters. 

 

Fig. 7.3.  EPR spectra of a powder sample at 331.2 GHz as a function of temperature. (A) 
Experimental; (B) Simulation (see text). The amplitudes of the spectra are normalized. 
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Fig. 7.4.  Zeeman energy levels of an S = 29/2 system with the ZFS parameter D = +0.32 cm 1 and 
E = 0. Upper panel: B || z-axis of the ZFS tensor.  Bottom panel: B | z. The red lines indicate the 
allowed mS = ± 1 EPR transitions at 331.2 GHz. Insets: Low-field energy levels details. Note 
that at 12 T the spin sublevels cover a range of 300 cm 1 or 430 K. At the lowest temperatures 
only the lowest levels are occupied, resulting in the typical powder spectrum obtained at low 
temperature (Fig. 7.3). For a negative D value the order of the levels would be inversed.  
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For an independent assessment of the ground state S, the g-value and the sign and 

magnitude of the axial ZFS parameter D, EPR measurements58, 59 were carried out on Mn7 in the 

solid state. Fig. 7.3(A) shows the temperature dependence of the EPR spectrum of the powder 

sample at 331.2 GHz. The spectrum is a broad peak at 300 K, but new features start to develop at 

lower temperatures. At the lowest temperature, the spectrum resembles a typical powder pattern 

for axial symmetry. The transitions for the field along the principal axis of the ZFS tensor appear 

on the high field side (Fig. 7.4), which indicates that D is positive. In cases like this with a very 

large ground spin state, the 2S EPR fine-structure peaks are not resolved when the magnitude of 

D is smaller than the line-width, and it is only possible to estimate the product DS.21, 22 However, 

the g-value can be determined with a good precision. To simulate the powder EPR spectra, we 

utilized the following Hamiltonian:   

2 2 2 2( / 3) ( )B z x yH g D S E S SB S S     (7.1)  

in which we now also include the strain parameters D and E, which are the full width at half 

maximum (FWHM) of a Lorentzian distribution around average D and E values, due to the 

spread of the local crystal-field distortions of the molecules.118 Because of the 3-fold symmetry 

we have kept E = 0, but allow  to vary. 

The simulation in Fig. 7.3(B) was obtained with the following spin Hamiltonian 

parameters: S = 29/2, g = 1.996(1), D = 0.0320(2) cm 1, D = 0.010(2) cm 1, E = 0, E = 0.008(2) 

cm 1.92 Although this simulation assumes that only the S = 29/2 spin state is populated over the 

whole temperature range, it can be seen that the overall change of spectra with temperature is 

well simulated, and the simulation confirms a positive sign of D and gives a much more accurate 

g-value than can be deduced from susceptibility fits. The sharp peaks in the center of the spectra 

correspond to the S = ±1 transitions involving spin sublevels with small quantum numbers mS 

= 1/2, 3/2, 5/2, etc, which have higher transition probability and are less broadened by D and 

E strain. These spectra are a perfect experimental realization of the theoretical spectral 

simulations by Fittipaldi et al.147 for a similarly large spin system, but with a different sign of the 

ZFS parameter D.  

The central peak in the experimental spectra observed at higher temperatures is slightly 

stronger than in the simulations. Also, the simulated spectra above 200 K display more of a low 

field shoulder than the experiments. We suspect that these observations are due to the deviation 

from a simple model that assumes only a single well defined ST = 29/2 spin state is populated. To 
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clarify this, measurements were made using single crystals. The orientational dependence of the 

8 K spectra are shown in Fig. 7.5, while Fig. 7.6 shows 240 GHz spectra at various temperatures  

with the magnetic field aligned along the main axis of the axial zero-field splitting tensor (z axis). 

At 300 K, the spectra from the single crystal also yielded a single Lorentzian peak, but as the 

temperature is lowered, the peak broadens, shifts to higher field, and fine-structure peaks start to 

develop below 110 K. These fine structure peaks disappear below 20 K. The magnitude of the 

splitting (~600 G) is too large to arise from hyperfine coupling,110 and must be due to the ZFS of 

the Mn7 complex. 

 

Fig. 7.5.  Angular dependence of the EPR spectra of a single crystal at 240 GHz and 8 K. The 
amplitudes are normalized. 

At low temperatures, a second broad peak (P2) appears and becomes stronger as the 

temperature decreases. It is seen that P1 is not symmetric, and it is much broader and more 

intense than P2. This suggests that not only the ground spin state is populated, but that excited 

states are involved in the observed EPR transitions. These observations are not unreasonable if 

some exchange coupling constants in the molecule are not too large compared to kT. We also 

observed similar phenomena in the HF-EPR study on Mn25, with S = 61/2.
23 
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Fig. 7.6.  EPR spectra of a single crystal at 240 GHz with the field parallel to the z-axis. The 
amplitudes are normalized. 

 

Fig. 7.7.  FFT of the 40 K EPR spectrum in Fig. 7.5 and its fitting with two Gaussian peaks. Inset: 
FFT of the EPR spectra at different temperatures. 
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In order to confirm the assumption of at least 2 spin states contributing to the observed 

signals, we employed a relatively unusual procedure for analyzing the fine structure of such a 

high spin system. Fig. 7.7 shows a Fast Fourier transform (FFT) of the single-crystal EPR 

spectrum at 40 K. The units (T 1) of the horizontal axis correspond to the number of oscillations 

per i  nT. The peak at ~0.5 T 1 is 

assigned to the broad background that dominates the cw spectrum (Fig. 7.6). Two peaks were 

observed at around 15 T 1 which are related to the fine structure in the cw spectrum at around 8.6 

T (g  1.996). The Fourier transform shows that two oscillation frequencies can clearly be 

distinguished, which correspond to the spacing between two neighboring mS  mS+1 EPR 

transitions that should be equal to 2D for this orientation. Thus, we observe two different D 

values that are presumably from two spin states. The two oscillation frequencies (14.1 and 16.9 

T 1 at 20 K) appear to be slightly temperature dependent (inset of Fig. 7.7) which might be due 

to the contribution of more spin states at higher temperatures. The corresponding D values are 

0.0329 and 0.0274 cm 1, if we assume only second-order terms in the ZFS (2D = gµB/nT). Over 

the temperature range of 20 80 K, the relative amplitude of the two peaks remains similar, 

indicating that the energy difference between the two spin states is small. However, in the low 

temperature spectra, the position of P1 and P2 for S = 27/2 or S = 29/2 corresponds to a slightly 

larger value of D. To account for this discrepancy, we have introduced an additional 4th order 

term in the Hamiltonian: 

2 2 0 0
4 4( / 3)B zH g D S B OB S S                                                                       (7.2) 

where Ô4
0 110 As we are only considering the spectrum for B||z-

axis we do not include the non-axial second order term (E = 0,  = 0).  

Fig. 7.8(A) shows the simulation to the spectrum at 40 K assuming two spin states, an S = 
29/2 ground state and an S = 27/2 first excited state. The resulting parameters are (a) ground state, S 

= 29/2, g = 1.996, D = 0.035 cm 1, D = 0.007(2) cm 1, B4
0 = 5.7(2) 10 7 cm 1; and (b) first 

excited state, S = 27/2, g = 1.996, D = 0.030 cm 1, D = 0.009(2) cm 1, B4
0 = 7.5(2) 10 7 cm 1. 

The intrinsic line width (without D- and E-strain) is about 35 mT, which is likely due to dipolar 

coupling with surrounding molecules. The values found for the 4th order term appear reasonable, 

as the ratio of D/B4
0 is similar to that found in systems like Mn12

148 and Fe8
149

. The same 

parameters also provide a reasonable simulation of the 2.25 K spectrum, as shown in Fig. 7.8(B). 
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It thus is possible to describe the low temperature (< 80 K) EPR spectra on the basis of a 

population of two closely spaced spin states. Of course, from our analysis it cannot be excluded 

that additional spin states are populated, especially at higher temperatures. This might explain the 

disappearance of the structures above 80 K, but line broadening due to increased relaxation at 

higher temperatures can also play a role. The shift of the higher frequency component in the 

Fourier transforms (inset of Fig. 7.7) at higher temperatures might indicate that more spin states 

with smaller D values are populated above 40 K. This new FFT-analysis procedure could prove 

to be useful in the detailed analysis of the EPR spectra of such high spin multiplets. 

 

Fig. 7.8.  (A) EPR spectrum of a single at 40 K with the field parallel to the z-axis, and its 
simulation. (B) EPR spectrum of a single crystal and its simulations. The red line is obtained by 
adding parts (b) and (c). 
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7.4  Conclusions 

In conclusion, the Mn7 complex with an S = 29/2 ground state was investigated in detail 

by HF-EPR spectroscopy and magnetic susceptibility, as this system was considered attractive 

for examining the transition from quantum to classical behavior of a large spin system. We 

indeed found that the compound yielded spectra that exhibit both broad unresolved features, but 

also a fine structure that is well resolved in a limited temperature range. In other words, it 

exhibits the spectral signatures of both classical and quantum spins. Thus, this Mn7 cluster 

provides the first clear experimental realization of the simulated spectral predictions for such a 

large spin system. In addition, the temperature dependence of the powder spectrum illustrates 

changes in the spectrum that could be explained solely on the basis of D-strain and a 

redistribution of the population over the spin sublevels of a single spin state, spin levels that for a 

S = 29/2 system at 12 T span an energy range corresponding to 476 K. However, single crystal 

measurements resolved some of the transitions, and showed that at least two spin states are 

involved. A FFT analysis was introduced as a powerful new procedure to analyze the newly 

observed splittings in the EPR spectra and to separate transitions from different spin states. This 

analysis confirmed the two peak structure that is observed in the low temperature spectra, and 

gave an estimate for the 4th-order term in the Hamiltonian. Note that Mn7 appears to possess an 

excellent combination of small metal nuclearity and large S value to facilitate the above studies 

and allow the spectra to be reasonably explained, in this case, on the basis of two well-defined 

spin states. However, for larger systems such as the Mn84 cluster,19 such a description becomes 

more problematic as many spin states are populated and transitions remain unresolved at all 

temperatures. 
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CHAPTER EIGHT 

MAGNETIC CHARACTERIZATION OF A PLANAR 

{Mn19(OH)12}
26+ UNIT INCORPOATED IN A 60-TUNGSTO-6-

SILICATE POLYANION 

This chapter reports the structure and magnetic properties of a novel, unique, discrete 

polyanion comprising a cationic, planar {Mn19(OH)12}
26+ assembly incorporated in a 60-tungsto-

6-silicate. The planar Mn19 magnetic cluster is unprecedented in POM chemistry, and in fact it 

contains more manganese ions than any other polyanion reported to date. Due to a huge Hilbert 

space and the weak exchange coupling between MnII ions, its magnetism is approximated by a 

model considering competing exchange interactions of localized magnetic moments only in a 

quasi-continuum limit. This model is supported by the HF-EPR data. Susceptibility 

measurements indicate the antiferromagnetic coupling between Mn2+ ions. Magnetization 

measurements further suggest that in this planar Mn19 magnetic cluster an almost free spin is 

weakly coupled to the remaining 18 spins with a correlation length of a lattice constant. The 

samples are provided by B. S. Bassil et al. in Kortz group at Jacobs University, Germany. This 

work was published in Angew. Chem. Int. Ed. in 2011.38  

8.1  Introduction 

Polyoxometalates (POMs) are discrete metal-oxo anions of early transition metal ions in 

high oxidation states (e.g. WVI, MoVI, VV) and they are usually synthesized in aqueous, acidic 

medium.150-153 Most classical POMs are based on edge- and corner-shared MO6 octahedra. 

However, the recently discovered POM subclass of noble metalates comprises square-planar 

MO4 addenda units (M = PdII, AuIII).34, 101, 154-156 Lacunary (vacant) POMs can be considered as 

inorganic, multidentate ligands, and hence they are good candidates for the encapsulation of 

large, multinuclear d and f block metal-oxo fragments, perhaps resulting in compounds with 

interesting magnetic properties.157-160  

A pioneering result in this area was the synthesis of [Mn12(CH3COO)16(H2O)4O12] (Mn12) 

by Lis in 1980, which was shown to exhibit single molecule magnet (SMM) behavior by 
2, 42 During the past decade many high-nuclearity, transition 
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metal based, coordination complexes have been prepared with interesting electronic and 

magnetic properties.161-164 High nuclearity manganese complexes have been amongst the most 

studied in this class, with the number of manganese ions as large as 84.2, 42, 165-171 

To date only a few high-nuclearity manganese-oxo containing POMs are known, such as 

{[XW9O34]2[MnIII
4MnII

2O4(H2O)4]}
12  (X = Si, Ge) 172 and 

[MnIII
13MnIIO12(PO4)4(PW9O34)4]

31 .173 

Here we report the structure and magnetic properties of a 19-manganese(II)-containing 

60-tungsto-6-silicate, [Mn19(OH)12(SiW10O37)6]
34  (1), which was isolated as a hydrated sodium 

salt, Na34[Mn19(OH)12(SiW10O37)6]·115H2O (Na-1).  

The detailed synthesis of polyanion 1 has been described in chapter 2.1.6. Single-crystal 

X-ray diffraction revealed that it consists of a cationic {Mn19(OH)12}
26+ (Mn19) assembly 

stabilized by six dilacunary [ -SiW10O37]
10  units resulting in a structure with S6 point group 

symmetry (Fig. 8.1, left). To the best of our knowledge, 1 represents the highest nuclearity 

manganese-containing POM known to date. All 19 MnII ions lie in the same plane forming a 

hexagonal structure based on edge-shared MnO6 octahedra (Fig. 8.1, right). The MnII ions in 

Mn19 are connected via a total of twelve µ3-hydroxo bridges. The central MnII ion in Mn19 is 

hexa-coordinated in a regular octahedral fashion with average Mn-O bond lengths of 2.21(4) Å, 

resulting in a compact Mn7 core-fragment. The Mn7 core then is surrounded by a ring of 12 MnII 

ions, which are all hexa-coordinated in a distorted octahedral fashion with Mn-O bond lengths 

ranging from 2.02(3) to 2.37(2) Å. 
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Fig. 8.1.  (Left) Combined polyhedral/ball-and-stick representation of 
[Mn19(OH)12(SiW10O37)6]

34  (1). (Right) Ball-and-stick representation of the Mn19-oxo-hydroxo 
core in 1. Protonated oxygens are shown in pink. Color code: WO6 red octahedra, Si blue balls, 
Mn yellow balls, O red balls. 

8.2  Results and Discussion  

The Mn19 core in polyanion 1 is of obvious interest for its magnetic properties, as this 

structure presents an intermediate between an infinite, 2-dimensional, spin-frustrated, triangular 

lattice and a small molecular complex with a well-defined spin ground state. Spin-frustrated 

triangular lattices show a variety of phase transitions and magnetic structures.138, 174 

Our motivation here was to examine the magnetic and EPR properties of the Mn19 

assembly in polyanion 1. We have carried out detailed EPR measurements over the frequency 

range 54 432 GHz and the temperature range 3 285 K, magnetic susceptibility over 1.8 300 K 

and magnetization measurements in an applied field of 0 7 T. Fig. 8.2 shows the spin topology 

of the Mn19 core in 1. The 19 exchange coupled MnII ions (S = 5/2) form a distorted, finite two-

dimensional triangle spin lattice with 21 slightly different exchange interactions (see the details 

in Table 8.1). Due to a huge Hilbert space of 619 = 6.09  1014 and the weak exchange coupling 

between MnII and OH  ions,175, 176 a large number of S states are nested on top of each other, so 

giant spin S is not a good quantum number. This conjecture was fully supported by our EPR 

measurements over a broad temperature and microwave frequency range as stated above. Under 
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all conditions, only a single, inhomogeneously broadened peak was observed, without any sign 

of fine structure or hyperfine splitting (Fig. 8.3). Thus, the magnetism of the Mn19 is 

approximated by competing exchange interactions of localized magnetic moments in a quasi-

continuum limit, and magnetic behavior would be described by a classical Heisenberg model 

with following Hamiltonian: 

21

, 1
ij i j

i j

H J S S                                                                                                      (8.1) 

in which Ji,j is the exchange interaction constant between ith and jth Mn2+ centers as shown in Fig. 

8.2.  

 

 

Fig. 8.2.  Spin topology of the 19 Mn2+ ions in polyanion 1. 
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Fig. 8.3.  EPR spectra of a powder sample of Na-1 at 240 GHz and various temperatures. 
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Table 8.1  Details of bonding between Mn2+ ions in polyanion 1. 

EXCHANGE 

INTERACTION 
BOND 

BOND LENGTH 

(Å) 
ANGLE ( ) 

J1 MN1-O3-MN2 3.537 116.27 

J2 
MN2-O1-MN3 

3.231 
95.22 

MN2-O4-MN3 97.11 

J3 
MN1-O2-MN4 

3.297 
98.20 

MN1-O5-MN4 97.20 

J4 MN1-O3-MN5 3.458 111.45 

J5 MN2-O3-MN5 3.340 103.00 

J6 
MN2-O4-MN6 

3.441 
97.12 

MN2-O6-MN5 102.30 

J7 
MN3-O4-MN6 

3.423 
93.56 

MN3-O7-MN6 107.21 

J8 MN3-O7-MN7 3.562 116.93 

J9 MN4-O8-MN5 3.510 105.93 

J10 
MN5-O6-MN6 

3.326 
90.84 

MN5-O9-MN6 103.44 

J11 
MN6-O7-MN7 

3.370 
104.64 

MN6-O13-MN7 91.66 

J12 MN4-O10-MN8 3.893 114.40 

J13 
MN4-O8-MN9 

3.369 
94.23 

MN4-O10-MN9 106.03 

J14 
MN5-O8-MN9 

3.321 
92.32 

MN5-O11-MN9 101.99 

J15 
MN5-O9-MN10 

3.282 
97.15 

MN5-O11-MN10 98.11 

J16 
MN6-O9-MN10 

3.302 
99.19 

MN6-O12-MN10 98.14 

J17 
MN6-O12-MN9 

3.314 
103.69 

MN6-O13-MN9 92.19 

J18 MN7-O13-MN9 3.454 103.29 

J19 
MN7-O14-MN8 

3.285 
98.73 

MN7-O15-MN8 96.18 

J20 MN8-O10-MN9 3.492 109.18 

J21 
MN9-O12-MN10 

3.334 
99.49 

MN9-O12-MN10 100.81 
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The magnetic properties were measured on a polycrystalline sample of Na-1. At 300 K, 

the mT product (Fig. 8.4) is 85.04 emu K mol 1 which is slightly higher than the expected value 

(83.125 emu K mol 1 taking gav = 2) for 19 MnII centers (g = 5/2). The difference is probably due 

to the contribution of temperature-independent paramagnetism (TIP) as studied below. The mT 

value shows a gradual decrease to a value of 12.10 emu K mol 1 at 1.8 K. This large decrease in 

mT with decreasing temperature is indicative of the presence of antiferromagnetic exchange 

interaction in the sample. Because of the weak exchange coupling between the Mn centers, at 

high temperature range (> 50 K) one can treat the Mn19 molecule as a system of exchange-

coupled MnII ions with an averagely small coupling constant.  It is shown in Fig. 8.4 that the mT 

above 100 K can be well fitted by the following equation 

2 ( 1)
( )m TIP

g S S
T T

T
                                                                             (8.2) 

where  is the antiferromagnetic coupling parameter and TIP stands for the temperature-

independent susceptibility. Taking g = 2 and S = 5/2, the fitting gives a  of 24.6 K and a TIP 

of 1.4  10 3 emu/mol (for a single MnII ion). As 19 MnII centers share 42 exchange pathways 

(Fig. 8.2), the averaged exchange coupling constant is estimated to be Jav = 3.8 K ( 2.7 cm 1) 

considering  = zJS(S + 1) / 3kB, where z is the number of nearest neighbors of a Mn center and 

is 42/19 on average for the Mn19 spin cluster in 1.177 
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Fig. 8.4.  Plot of mT and 1/ m (inset) for a polycrystalline sample of Na-1 measured in an 
applied magnetic field of 0.02 T. Solid lines are fits to Eqn. (8.2). 

Fig. 8.5(A) shows the field dependence of the magnetization at 1.8 K. The reduced 

magnetization (M/N B) increases with increasing field and does not saturate even at 7 T. 

Considering the observation of antiferromagnetic coupling (vide supra), one might expect the 

ground spin state of this cluster to be S = 5/2, although the competing interactions do not allow 

for an assignment of the expected spin structure of polyanion 1. As the magnetic field increases, 

the Zeeman energy levels of different spin states cross and a gradual increase of the ground spin 

state and Sz  is observed well below 7 T. At 1.8 K, no steps are observed in the magnetization. It 

is therefore an open question whether this system can be described by a series of discrete spin 

states, or if a description in terms of a continuum, somewhat equivalent to short range order in an 

infinite 2-dimensional frustrated spin system, is more appropriate. The reduced magnetization 

(M/N B) increases almost linearly with the magnetic field above 2 T. 

In order to obtain a better understanding of the nonlinear part, we subtracted the 

quasilinear part from M (H = 7 T). The resulting M-Mlinear is displayed in Fig. 8.5(B) and 

analyzed by a modified Brillouin function B5/2 :
178 
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2

7 5/2

( )
| ( )

S

T S
B

M HM aM B M B
B k T

                                                                            (8.3) 

where MS is the saturation moment of the nonlinear part,  is the correlation length of the MnII 

spins, and a is the lattice parameter. The solid line is the resulting fit. The saturation moment of 

MS = 6.2 B is close to 5 B expected for a saturation of one MnII ion. Further, we find that   

0.8a. This suggests that an almost free spin is very weakly coupled to the remaining 18 spins 

with a correlation length of a lattice constant. 

 

Fig. 8.5.  (A) Field dependence of magnetization of Na-1 at 1.8 K; (B) Nonlinear part of M(H). 
The continuous line is the fit to a modified Brillouin function B5/2. 
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8.3  Conclusions 

In conclusion, this chapter has reported the structure and magnetic properties of a novel, 

unique, discrete polyanion 1, comprising a cationic, planar {Mn19(OH)12}
26+ assembly 

incorporated in a 60-tungsto-6-silicate by reaction of MnII ions with [A- -SiW9O34]
10- in aqueous 

solution at room temperature.  The planar Mn19 magnetic cluster in 1 is unprecedented in POM 

chemistry, and in fact 1 contains more manganese ions than any other polyanion reported to date. 

Due to a huge Hilbert space and the weak exchange coupling between MnII and OH  ions, the 

magnetism of 1 is approximated by a model considering competing exchange interactions of 

localized magnetic moments only in a quasi-continuum limit. This model is supported by the 

HF-EPR data. Susceptibility measurements indicate the antiferromagnetic coupling between 

Mn2+ ions. Magnetization measurements further suggest that in this planar Mn19 magnetic cluster 

an almost free spin is weakly coupled to the remaining 18 spins with a correlation length of a 

lattice constant. 
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CHAPTER NINE 

MAIN RESULTS AND CONCLUSIONS 

The overall goal of this undertaking was to explore the spin dynamics of electron spins in 

quantum and classical limits and most importantly the quantum-classical boundary, using 

samples containing electron spins of increasing values. We have used high frequency electron 

paramagnetic resonance (HF-EPR) techniques to characterize six paramagnetic materials with 

increasing number of unpaired electrons and molecular sizes. Our results have illustrated that 

four samples including Mn:CdSe QDs, Cu2, Cu3  and Fe7 can be well described with quantum 

mechanics while sample Mn19 behaves like a typical classical system. Most interestingly, sample 

Mn7 straddles the interface between the classical and quantum mechanical spin descriptions. 

Chapter 3 describes the HF-EPR measurements on the magnetic ions in a diluted 

magnetic semiconductor, a 5.0 nm colloidally prepared CdSe quantum dots containing 0.6% 

Mn2+. HF-EPR provides definitive evidence that in a Mn:CdSe QD, the Mn2+ ion incorporates at 

only two well-defined sites rather than three, exhibiting a pair of sextets with distinct g-values 

and hyperfine constants. No intermediates between core and surface sites are observed. The 

broad background observed in low field EPR is resolved at high field and can be assigned to 

contributions from the mS = 5/2  3/2 and mS = 3/2  1/2 transitions that are broadened by 

the internal strain at the Mn2+ centers. The distribution of zero-field splitting parameters at the 

surface is wider than that of the core, perhaps reflective of the presence of reconstruction. The 

loss of resolved hyperfine structure in the limit of kT << g B is shown to be due to the 

distribution in the zero-field splitting parameters, which is a direct result of the crystal strain 

arising from the proximity to the surface and structural reconstruction. We surmise that with 

parallel measurement of pressure dependent EPR measurements it might be possible to develop 

high field EPR as a more quantitative technique for measuring strain in Mn-doped QDs. The 

higher resolution afforded by HF-EPR opens up a new avenue for characterizing the site 

symmetry and site numbers in Mn:CdSe and related QDs. 

 Chapter 4 presents the studies on the structure and magnetic characterization of a novel, 

discrete, solution-stable, double-cuboid-shaped copper(II)-containing polyoxo-22-palladate(II), 

Cu2. This polyanion contains the largest number of palladium ions yet found in polyoxopalladate 
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chemistry. This is the first detailed EPR measurements on CuII ions in this octa oxo geometry. In 

addition, the magnetic exchange interaction between the two CuII ions is found to be 

unexpectedly large, possibly suggesting a new area for theoretical investigations of magnetic 

interactions on CuII and other complexes under controlled coordination and bonding parameters. 

Chapter 5 reports the coherent manipulation of electron spins in an antiferromagnetically 

coupled spin triangle {Cu3} impregnated in free standing nanoporous silicon (NS) by using 240 

GHz microwave pulses. To our knowledge this is the first study of electron spin doceherence and 

manipulation for a single molecule magnet trapped in the nanoporous silicon. Rabi oscillations 

are observed and the spin coherence time is found to be T2 = 1066 ns at 1.50 K. This 

demonstrates that the {Cu3}:NS hybrid material provides a promising scheme for implementing 

spin-based quantum gates. By measuring the spin relaxation times of samples with different 

environments we examine the main decoherence sources and suggest a possibility of improving 

the spin memory time by molecular engineering. 

Chapter 6 summarizes the continuous wave (cw) and pulsed HF-EPR measurements on 

an Fe-based magnetic cluster Fe7 is also reported. The cw EPR results show that two different 

molecular species exist in the crystal, with slightly differentzero-field-splitting parameters. The 

spin decoherence time, T2, was measured at high magnetic fields and low temperatures, which 

makes it possible to obtain high spin polarization and to significantly reduce decoherence due to 

electron spin flip-flop processes. Theoretical fitting of T2 versus temperature shows that, for 

crystalline samples of this molecule, spin flip-flop fluctuations represent the main source of spin 

decoherence at low temperatures, as reported also for the Fe8 single-molecule magnet. Moreover, 

it is found that T2 is position dependent within the EPR line, a model for which is given. We also 

note that this is the third example of an Fe-based cluster that exhibits a measurable decoherence 

time, and only the second involving a crystal. 

Chapter 7 describes HF-EPR of a high spin (S) compound, Mn7, whose properties 

straddle the interface between the classical and quantum mechanical spin descriptions. The 

cluster has an unprecedented core structure comprising an octahedral [MnIII
6( 4-O)( 3-O)3( 3-

N3)4]
6+ unit with one of its faces capped by a MnII ion. Magnetization and susceptibility studies 

indicate an S = 29/2 ground state, the maximum possible. Variable-temperature HF-EPR spectra 

on powder and single-crystal samples of Mn7 exhibit sharp spectral features characteristic of a 

quantum spin that are well resolved in a certain temperature range, but which transform to a 
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continuum of peaks characteristic of a classical spin in another; these features are well 

reproduced by computer simulations. To our knowledge, this Mn7 cluster provides the first clear 

experimental realization of the simulated spectral predictions for such a large spin system.  

Chapter 8 reports the structure and magnetic properties of a novel, unique, discrete 

polyanion comprising a cationic, planar {Mn19(OH)12}
26+ assembly incorporated in a 60-tungsto-

6-silicate. The planar Mn19 magnetic cluster is unprecedented in POM chemistry, and in fact it 

contains more manganese ions than any other polyanion reported to date. Due to a huge Hilbert 

space and the weak exchange coupling between MnII ions, its magnetism is approximated by a 

model considering competing exchange interactions of localized magnetic moments only in a 

quasi-continuum limit. This model is supported by the HF-EPR data. Susceptibility 

measurements indicate the antiferromagnetic coupling between Mn2+ ions. Magnetization 

measurements further suggest that in this planar Mn19 magnetic cluster one almost free spin is 

weakly coupled to the remaining 18 spins with a correlation length of a lattice constant. 
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