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Abstract. Various experimental measurements were performed to complete the

phase diagram of a weakly distorted triangular lattice system, Sr3NiNb2O9 with Ni2+,

spin-1 magnetic ions. This compound possesses an isosceles triangular lattice with two

shorter bonds and one longer bond. It shows a two-step magnetic phase transition

at TN1 ∼ 5.1 K and TN2 ∼ 5.5 K at zero magnetic field, characteristic of an easy-

axis anisotropy. In the magnetization curves, a series of magnetic phase transitions

was observed such as an up-up-down phase at µ0Hc1 ∼ 10.5 T with 1/3 of the

saturation magnetization (Msat) and an oblique phase at µ0Hc2 ∼ 16 T with
√

3/3
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Msat. Intriguingly, the magnetic phase transition below TN2 is in tandem with the

ferroelectricity, which demonstrates multiferroic behaviors. Moreover, the multiferroic

phase persists in all magnetically ordered phases regardless of the spin structure. The

comparison between the phase diagrams of Sr3NiNb2O9 and its sister compound with

an equilateral triangular lattice antiferromagnet Ba3NiNb2O9 [Phys. Rev. Lett 109,

257205 (2012)], illustrates how a small imbalance among exchange interactions change

the magnetic ground states of the TLAFs.

PACS numbers: 75.40.Cx, 75.10.Jm, 75.85.+t, 77.22.Ej, 71.15.Mb

Submitted to: J. Phys.: Condens. Matter

1. Introduction

Frustration can lead to interesting physics through an effective suppression of the

exchange interactions. Among the frustrated systems, triangular lattice antiferromagnet

(TLAF) is one of the most intensively studied systems due to its simplicity [1, 2,

3, 4, 5, 6]. Both theoretical and experimental studies have reached to a certain

consensus on the magnetic ground state of TLAFs; a non-collinear state in which

the spins at the corners of a triangle are at 120◦ to each other is stabilized at zero

field. This state is unique up to the global rotational symmetry. In the presence

of an external magnetic field, macroscopic degenerate states are realized below the

magnetization saturation. Quantum and/or thermal fluctuations select a soft mode out

of the macroscopic degenerate states, which is the famous collinear up-up-down (uud)

spin structure stabilized in a finite magnetic field range, hence showing a magnetic

plateau with 1/3 Msat. At even higher magnetic fields, another exotic state, the so

called oblique phase (a coplanar 2:1 canted phase) is stabilized before the saturation is

reached.

Theoretical studies have also suggested that the uud phase persistent at zero

temperature is the signature of the quantum fluctuations [7], while the thermal

fluctuations stabilizes the uud phase at finite temperatures even above TN [8]. Recent

studies on equilateral TLAFs have demonstrated that the effect of the fluctuations

on the uud phase depends on the spin number. For the small spin number systems,

such as Ba3CoNb2O9 (Co2+, effective spin-1/2) [9] and Ba3NiNb2O9 (Ni2+, spin-1) [10],

the uud phase is stabilized in a wider range ofs magnetic field at lower temperatures.

Therefore, the quantum fluctuations are the dominant mechanism in stabilizing the uud

phase in the small spin systems. Several new magnetic phases are also observed in

Ba3CoNb2O9, which may be due to an enhanced fragility of the ground state to the

various perturbations by the quantum fluctuations. On the other hand, the large spin

number systems such as Ba3MnNb2O9 (Mn2+, S = 5/2) [11] show a suppressed uud
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phase at lower temperatures, suggesting the importance of the thermal fluctuations in

stabilizing the uud phase.

Intriguingly, the multiferroic phase discovered in the TLAFs also depends on the

spin number. For example, the small spin number compounds, Ba3CoNb2O9[9] and

Ba3NiNb2O9[10], possess the multiferroicity in all magnetically ordered phases, but

the large spin number compounds, Ba3MnNb2O9[11] and RbFe(MoO4)2 [12], show the

multiferroicity only in the non-zero chiral spin state. This sharp difference between the

small and the large spin compounds again clearly demonstrates the profound effect of

the quantum fluctuations on the nature of the electric ground state in TLAFs.

Meanwhile, the physics of distorted triangular lattice magnets can be more

multifarious because more than one inequivalent exchange interactions compete each

other. One celebrated example of the distorted triangular lattice magnet is Cs2CuBr4[13,

14, 15], in which the first clear evidence of the uud phase was observed. Due to the

distortion of the lattice, Cs2CuBr4 shows an incommensurate spiral spin order with a

wave vector Q = (0, 0.575, 0) in the absence of an external magnetic field. Under

the magnetic field, the wave vector evolves continuously and jumps to a commensurate

wave vector Q = (0, 2/3, 0) in the magnetization plateau region with 1/3 Msat, thus

the uud spin structure is realized. A small plateau with 2/3 Msat was also observed,

which had not been theoretically predicted [16]. Another fascinating distorted TLAF is

KFe(MoO4)2 [17], in which a neutron scattering experiment revealed a simultaneous and

independent existence of a non-collinear and a collinear magnetic structure in alternating

intercalated magnetic layers at zero field. Theoretically, it has been suggested that

different kinds of magnetic phases, such as Néel order, incommensurate spiral spin

structure and spin liquid state, can be stabilized in distorted TLAFs depending on the

ratio of the nearest neighbor exchange interaction (JNN) and the next-nearest neighbor

interaction (JNNN) [18, 19, 20, 21, 22].

In this work, we investigated how a small lattice distortion changes the phase

diagram of an equilateral TLAF. We have prepared polycrystalline Sr3NiNb2O9, in which

Sr replaces Ba in the equilateral TLAF Ba3NiNb2O9. In Sr3NiNb2O9, the smaller ionic

radius of Sr induces a distortion to have an isosceles plaquette with two strong (shorter)

bonds and a weak (longer) bond. By comparing the magnetic and electric properties

of this unique compound to those of Ba3NiNb2O9 and some other related TLAFs, we

demonstrate the effect of the imbalanced exchange interactions on the ground states of

the TLAFs.

2. Experimental

Polycrystalline Sr3NiNb2O9 samples were prepared using solid state reaction method.

Stoichiometric mixtures of SrCO3, NiO and Nb2O5 were ground together, and calcined

in air at 1230 ◦C for 24 hours.

A high-field vibrating sample magnetometer (VSM) and a commercial SQUID

magnetometer (MPMS, Quantum Design) were used to measure the dc magnetization at
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the National High Magnetic Field Laboratory (NHMFL). A homemade ac susceptometer

was used to measure the ac susceptibility at a frequency range of a few hundreds hertz

[23]. The specific heat was measured using the physical property measurement system

(PPMS, Quantum Design). The measurement was done by two steps. During the

first step, the specific heat of an empty pucker with a small drop of N-grease on it

was measured, which was treated as background specific heat. During the second step,

a dense and solid thin plate of Sr3NiNb2O9 sample with total mass around 10 mg

was placed on this N-grease and then the specific heat was measured. After that, by

subtracting the background specific heat from this total specific heat, we obtained the

specific heat of the sample.

The neutron powder diffraction(NPD) experiments were performed by a neutron

powder diffractometer, HB2A, at the High Flux Isotope Reactor (HFIR) of the Oak

Ridge National Laboratory (ORNL). Around 3 g powder was loaded in an Al-cylinder

can, and mounted in the Orange cryostat. The diffraction data were collected at selected

temperatures using two different wavelengths λ =1.54 and 2.41 Å with a collimation

of 12′-open-6′. The shorter wavelength has a greater momentum transfer (Q) coverage

that was used to investigate the crystal structure, while the longer wavelength gives a

better Q resolution at low Q that is important for investigating the magnetic structure.

The diffraction data were analyzed by the Rietveld refinement program FullProf [24].

The polycrystalline Sr3NiNb2O9 samples were shaped into a rectangular plate with

20.765 mm2 in area, 0.153 mm in thickness to measure the dielectric constant with a

commercial capacitance bridge (Andeen Hagerling 2700A). The obtained capacitance

was converted into dielectric constant based on the assumption that the shape is

infinitely large plate. The pyroelectric current was measured using a high impedance

electrometer (Keithley 6517B). A detailed procedure for the pyroelectric current

measurement can be found in ref 9.

3. Results and discussions

3.1. Structural and magnetic properties

The NPD patterns of polycrystalline Sr3NiNb2O9 measured at 20 K were presented in

Figure 1 (a). Besides the peaks from the Al- sample can, impurity peaks of ∼ 1.8% and

∼ 2.1% of the total intensity were found from NiO and SrSb2O6 phases, respectively.

The lattice patterns can be indexed in a monoclinic unit cell with a = 9.7268(4) Å,

b = 5.6175(7) Å, c = 16.8704(3) Å, and β = 125.024(9)◦. The space group is P1

21/c1 with one Ni atom at the 2a (0, 0, 0) site and another Ni atom at the 2d (1/2,

1/2, 0) site, the other atoms (Sr, Nb, and O) are all located at the 8f (x, y, z) site.

Detailed information of the atomic coordinates are shown in Table 1. Compared to

the structure of Ba3NiNb2O9, although the lattice of Sr3NiNb2O9 is distorted from the

hexagonal to the monoclinic space group, the Ni-triangular layers are still in the ab

plane. In addition, the bond-lengths of the isosceles Ni-triangle are close each other;
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Figure 1. (color online) (a) NPD pattern taken at 20 K. The solid curve is the best

fit from the Rietveld refinement by using FULLPROF. The upper and lower vertical

marks represent the nuclear reflections of Sr3NiNb2O9, Al-can, and the impurities

of NiO, SrSb2O6, respectively. The refinements were done with the P 1 21/c 1 space

group. (b) NPD patterns taken at 1.5(red) and 20 K(black). The magnetic wavevector

is (1/3, 1/3, 1/2).
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Figure 2. (color online) (a) The lattice structure with the Ni-triangular lattice of

Sr3NiNb2O9. (b) The Ni-triangular layers represented in a monoclinic unit cell (P 1

21/c 1 space group, black solid-line) and in a fictitious hexagonal unit cell (P -3 m 1

space group, blue dash-line).

one longer bond of 5.6175(7)Åand two shorter bonds of 5.6162(7) Å.

At 1.5 K, two magnetic Bragg peaks were clearly observed, as shown in Figure 1

(b), which can be labeled as a magnetic wavevector (1/3, 1/3, 1/2). This indicates

the spin structure at 1.5 K of Sr3NiNb2O9 is the 120 degree structure, same as that of

Ba3NiNb2O9. This may not be surprising since the distortion of the triangular layer is

very weak as discussed above. The Ni-triangular layers in an approximative hexagonal

unit cell were presented in Figure 2 (b) to visualize the small difference. Due to the

average effect of the powder diffraction, we cannot tell the 120 degree spin structure is

easy-axis or easy-plane type. Also the average effect makes it difficult to detect a small

deviation of the spin structure from the 120 degree order, if any, such as some kind of

incommensurate spin structure.
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Table 1. Position parameters(Å) of Sr3NiNb2O9 at 20 K determined from the NPD

data.

atom site x y z

Sr(1) 4e 0.2826(2) 0.4988(3) 0.1028(8)

Sr(2) 4e 0.7562(2) -0.0128(3) 0.0934(9)

Sr(3) 4e 0.2508(2) 0.0057(8) 0.2442(11)

Ni(1) 2a 0.0000 0.0000 0.0000

Ni(2) 2d 0.5000 0.5000 0.0000

Nb(1) 4e 0.5066(14) 0.4949(19) 0.3254(8)

Nb(2) 4e -0.0020(7) 0.0210(15) 0.3313(7)

O(1) 4e 0.9839(14) 0.7065(18) 0.2385(10)

O(2) 4e 0.5038(12) 0.7797(19) 0.2647(8)

O(3) 4e 0.2498(21) 0.5462(15) 0.2532(11)

O(4) 4e 0.9948(14) 0.7764(16) 0.9174(8)

O(5) 4e 0.0741(19) 0.3017(22) 0.9454(12)

O(6) 4e 0.4933(15) 0.2691(15) 0.9108(9)

O(7) 4e 0.5296(14) 0.7873(14) 0.9436(8)

O(8) 4e 0.7566(21) 0.0189(10) 0.9200(8)

O(9) 4e 0.2586(16) 0.5804(18) 0.9152(9)
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Figure 3. Temperature dependence of the specific heat at different magnetic fields.

Solid and dashed arrows indicate TN1 and TN2.

Figure 3 shows the specific heat data of Sr3NiNb2O9 at different magnetic fields.

With increasing temperature, a broad peak appears around 5.0 K (TN1) followed by a

weak slope change around 5.7 K (TN2) at zero magnetic field, showing the successive

magnetic phase transition. With increasing magnetic field, both TN1 and TN2, defined

as the peaks or kinks at finite magnetic field, decrease. The broad feature of the peaks,

instead of the lambda-type anomaly, might be due to the polycrystallinity of the sample

and closeness of the two transitions. We used the specific heat data to simply identify
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the phase transitions and did not attempt further analysis.
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Figure 4. (a) Temperature dependence of the dc susceptibility measured at 0.1 T

(filled solid circles) and its inverse (empty circles). Thick red solid line is the Curie-

Weiss fit. (b) Temperature dependence of the dc susceptibility at different magnetic

fields and the d(χT )/dT around TN1 and TN2.

Field-cooled dc susceptibility data (χdc(T )) obtained at different magnetic fields

are shown in Figure 4. The zero field cooled and field cooled data (not shown here)

were identical. The χdc(T ) follows the Curie-Weiss law at high temperatures. By fitting

the 1/χdc(T ) curve, we obtained -21.5 K for the Weiss temperature (ΘCW ), 3.21µB/Ni

for the effect magnetic moment and 2.27 for the Landé g factor, which are comparable

with those of Ba3NiNb2O9 and other Ni2+ compounds [25]. The χdc(T ) shows a peak

around 5.0 K at 0.1 T, which is consistent with the TN1 obtained from the specific heat

(Figure 3). We also found another peak in d(χdcT )/dT at a temperature consistent with

TN2 defined from the specific heat. Both features shift towards lower temperatures with

increasing magnetic field.

The ac susceptibility (χac(T )) data are shown in Figure 5. At low fields below 4

T, the χac(T ) (Figure 5 (a)) are similar to the χdc(T ). We assigned the two weak peak

positions as TN1 and TN2, which are again consistent with TN1 and TN2 obtained from

the specific heat and dc susceptibility measurements. With fields above 6 T (Figure 5

(b)), these two peaks began to diverge. It is obvious that TN1 is strongly suppressed but

TN2 changes slightly with increasing field. At even higher fields above 12 T (Figure 5

(c)), TN1 appears to be completely quenched but a new anomaly starts to emerge. We

assigned it as TN3, a third anomaly, because the feature at TN3 at 12 T is more prominent

than that of TN1 at 10 T and appears even at higher temperature than the latter. TN3

also decreases with increasing fields and eventually disappears above 16 T.

Figure 6 shows the field dependence of dc magnetization M(H) up to 35 T and its

first derivative with respect to the field, dM/dH, at various temperatures. Above 25 T,

M(H) becomes constant and dM/dH decreases abruptly, signaling the magnetization

saturation. The value of the saturation moment (Msat) is about 2.1 µB, which agrees

with that of Ba3NiNb2O9 [10]. Several slope changes at certain fields in the M(H)
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Figure 5. Temperature dependence of the ac susceptibility at various magnetic fields.

Arrows are used to indicate TN1, TN2, and TN3.

measured at 0.6 K were observed, which corresponds to the anomalies in dM/dH near

the same fields. The associated features are denoted as Hc1 (solid circle), Hc2 (solid

square) and Hsat, whose values at 0.6 K are 11 T, 16 T and 25 T, respectively. The

features can be more clearly seen at lower temperatures. As shown in Figure 6, the

magnetization value at Hc1 is 0.7 µB, which is 1/3 Msat, and the magnetization at Hc2

is 1.2µB, close to
√

3/3 Msat. In the magnetization of Ba3NiNb2O9, a weak anomaly
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with
√

3/3 Msat was also observed and the spin structure was suggested to be the

oblique phase. Therefore, we propose a similar successive magnetic phase transitions in

Sr3NiNb2O9, that is, it enters the uud collinear spin structure at Hc1 and the oblique

phase at Hc2, followed by the fully spin polarized state at Hsat.

3.2. Electric properties
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Figure 7. (a) Temperature dependence of dielectric constant at different magnetic

fields with data offset by 0.02. (b) Field dependence of dielectric constant at different

temperatures with data offset by 0.02. Arrows indicate the critical fields of the

transitions. Refer to the text for the rule of assignment of the positions.

Temperature (ε(T )) and magnetic field (ε(H)) dependence of dielectric constant

are shown in Figure 7. For ε(T ) at various magnetic fields (Figure 7 (a)), a strong

peak starts to develop around TN2. Moreover, we found that the positions where the

peak starts to decrease upon cooling is consistent with the TN1 observed from other
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measurements mentioned above. Again, both TN1 and TN2 decrease with increasing

magnetic field.

ε(H) at different temperatures are presented in Figure 7 (b). The most prominent

feature appears around 5 T at T= 5.0 K, which is assigned to Hc1 based on the M(H)

and dM/dH anomalies observed at the similar field. At lower temperatures, the feature

associated with Hc1 becomes weaker and shifts to higher field, but is still observable

down to 1.0 K especially from the first derivative. The first derivative curves (a typical

first derivative curve at T= 2.50 K is shown in the inset of Figure 7 (b)) revealed another

feature at fields close to Hc2, which also shifts to higher fields at lower temperatures. At

higher temperatures, a broad minimum associated with the magnetization saturation

(denoted Hsat) is visible in the measured field range.
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Figure 8. (a) Temperature dependence of pyroelectric current at various magnetic

fields. Inset shows the corresponding polarization at zero field under different poling

electric fields. (b) Temperature dependence of polarizations at various magnetic fields

obtained from the pyroelectric current data shown in (a). Arrows indicate the phase

transition temperatures. Refer to the text for the rule of the assignment.

To detect a possible electric transition, we measured the spontaneous polarization

through pyroelectric current at different magnetic fields. As shown in Figure 8 (a),

there is a sharp increase of the pyroelectric current around Figure 7 (b), whose sign is

dependent on the poling electric field. With increasing magnetic field, the magnitude of

the pyroelectric current is suppressed from 20 pA at 0 T to 2 pA at 16 T. In Figure 8

(b), we show the spontaneous polarization obtained by integrating the pyroelectric

current in time domain and assuming the polarization at high temperature is zero.

The temperature where the polarization starts growing fast is consistent with TN2 as

indicated with two green slope lines in Figure 8. The polarization decreases from 0.35

µC/m2 at 0 T to 0.04 µC/m2 at 16 T, while TN2 shifts to the lower temperatures.

The emergence of the reversible and spontaneous polarization below TN2 confirms

that Sr3NiNb2O9 is a multiferroic TLAF, in which the ferroelectricity appears within

all magnetic ordering phases. Compared to its sister compound Ba3NiNb2O9, the

polarization value of Sr compound is smaller than that of Ba compound, and the second
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reentrant peak in pyroelectric current of Ba compound below TN2 is absent [10].
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Combining all critical temperatures and magnetic fields obtained from the various

magnetic and electric probes presented above, a low temperature phase diagram of

Sr3NiNb2O9 (an isosceles TLAF) is drawn in Figure 9 (a). The phase diagram of its sister

compound Ba3NiNb2O9 [10] (an equilateral TLAF) in Figure 9 (b) for a comparison.

The similarities between these two phase diagrams are follows. (i) Both exhibit a

series of spin state transitions with increasing fields at low temperatures, which are the

120 degree structure at zero field, the canted 120 degree structure at low fields below Hc1,

the uud structure between Hc1 and Hc2, and the oblique structure above Hc2. Therefore,

the slightly distorted TLAF Sr3NiNb2O9 still stabilizes all exotic field induced magnetic

phases at low temperatures as the other reported nondistorted TLAFs [9, 11, 10, 26].

This agrees with a previous theoretical study, which predicted a weak distortion does

not alter the non-collinear spin structure into other spin structures such as spin liquid

or Néel order [22]; (ii) The ferroelectricity appears in all the magnetic ordered states for

both compounds.

One striking difference between them is that Sr3NiNb2O9 shows a two-step phase

transition at zero field while Ba3NiNb2O9 shows a single-step phase transition. The

studies on TLAFs have shown that the TLAFs show a two-step or a single-step

phase transition from paramagnetic state to non-collinear (120 degree) phase at zero

magnetic field depending on their magnetic anisotropy. For example, a TLAF with

easy-plane anisotropy undergoes a direct single-step transition to the non-collinear

phase [12, 27], while one with easy-axis anisotropy shows a two-step transition with

a collinear (uud) phase existing between the paramagnetic and the non-collinear phase

[6, 28, 29]. Therefore, the appearance of uud phase at zero field of Sr3NiNb2O9 indicates
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that the inequivalent exchange interactions originated from the lattice distortion of the

triangular lattice turns the magnetic anisotropy from easy-plane to easy-axis anisotropy.

A recent study on another distorted TLAF Sr3NiTa2O9 also showed similar easy-axis

anisotropy[31]. When there are two different antiferromagnetic exchange interactions

JNN and JNNN within a triangular lattice, the stronger JNN induces a collinear spin

ordering at higher temperatures while the weaker JNNN (along with JNN) can stabilize a

non-collinear spin ordering at lower temperatures. When the all the J ’s are involved, it

is likely that the non-collinear spin structure would be incommensurate spin structure in

which the spin wave modulation vector Q0 is determined by cos(πQ0) = −JNN/(2JNNN)

[13]. However, our powder neutron diffraction results were not able to resolve a possible

deviation from the 120 degree ordered state. The determination of the exact spin

structures of Sr3NiNb2O9 on high quality single crystals is the subject of the future

research.

Another difference is that the magnetic field range of the uud phase of Sr3NiNb2O9

is smaller by 36% than that of Ba3NiNb2O9 at the zero temperature limit of the phase

diagram, accordingly, the 120 degree and non-collinear phase below uud has expanded

towards the oblique phase. As we discussed in the introduction, the existence of

the uud phase at zero temperature limit in a TLAF is mainly due to the quantum

spin fluctuation uud rather than the classical spin fluctuations observed with large

spins [11, 26]. Moreover, the geometrical frustration that induces the strong quantum

spin fluctuations is most significant with the three equivalent exchange interactions

in a equilateral TLAF. Therefore, a reduced spin fluctuations due to the inequivalent

exchange interactions in the distorted Sr3NiNb2O9 possibly reduces the magnetic field

range for the uud phase. Theoretical studies also revealed that the increase in the

inequivalence reduces the magnetic field range where uud phase is stabilized [30].

Another interesting feature of Sr3NiNb2O9 is a multiferroic TLAF in which the

ferroelectric phase transition and the magnetic phase transition occur simultaneously at

TN2. In a similar compound Sr3NiTa2O9 that also shows a two step-phase transition, the

multiferroic phase emerges below the second phase transition (TN1)[31]. Furthermore,

the multiferroic phase of Sr3NiNb2O9 at TN2 is robust even under the high external

magnetic field. For example, when the magnetic field increased from 0 T to 16 T, TN2

only decreased from 5.6 K to 4.0 K. This indicates that the magnetic phase transition at

TN2 is possibly driven by the ferroelectric phase transition via the strong magnetoelectric

coupling [32].

4. Conclusion

In summary, we studied the effect of a weak lattice distortion in TLAF on its magnetic

and electric ground states by examining an isosceles triangular lattice antiferromagnet

Sr3NiNb2O9 in comparison with a equilateral compound Ba3NiNb2O9. The weak

lattice distortion does not affect the successive magnetic phase transitions and the

ferroelectricity in Sr3NiNb2O9. On the other hand, the imbalanced exchange interactions
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in the triangular lattice induced by the lattice distortion change the easy-plane

anisotropy of the Ba compound to the easy-axis anisotropy in the Sr compound. The

uud phase is stabilized in a narrower magnetic field region in the Sr compound, possibly

due to the reduced quantum fluctuations in the isosceles triangular lattice.
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