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ABSTRACT: We report the low-temperature characterizations
on structural, specific heat, magnetic, and ferroelectric behaviors
of transition metal oxide compound Sr;NiTa,0,. It is suggested
that Sr;NiTa,Oy is a spin-1 triangular lattice Heisenberg
quantum antiferromagnet which may have weak easy-axis
anisotropy. At zero magnetic field, a two-step transition
sequence at Ty; = 3.35 K and Ty, = 2.74 K, respectively, is
observed, corresponding to the up—up—down (uud) spin
ordering and 120° spin ordering, respectively. The two
transition points shift gradually with increasing magnetic field
toward the low temperature, accompanying an evolution from
the 120° spin structure (phase) to the normal oblique phases.
Ferroelectricity in the 120° phase is clearly identified. The first-principles calculations confirm the 120° phase as the ground state
whose ferroelectricity originates mainly from the electronic polarization.
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I. INTRODUCTION anomalies against H. The one-third ('/;) plateau appears,
corresponding to the ab-plane up—up—down (uud) state, as
shown in Figure 1b in the low-H range, similar to the cases with
the '/, plateau in classic spin systems.”””* However, such a
plateau has never been clearly identified in realistic quantum
magnets, and instead a series of anomalies in the M(H)
dependence have been observed.”'>'**' One of the reasons is

Strongly correlated electron systems have been receiving
attention over the past decades, in which frustrated quantum
magnets represent a highly concerned class, owing to the rich
variety of exotic quantum states and quantum spin
frustration.'* The most prominent examples include quantum
spin liquids, spin ices, spin glasses, and noncollinear
rrrl’agnet:l.3’5_7’ Itp is rece'ntl}II’ recgognize:1 that noncollinear associatelglxziltsh the failed attempt at growing l}igh—quality S%r{gle
magnets may induce strong magnetoelectric coupling, as crystals. Further enhagced H may drlve. the transition
evidenced in a number of spiral spin ordered multiferroics &2 .from. the uud state to the oblique 2:1 cant.ed spin s.tate, sh9wn
These emergent quantum phenomena are believed to arise not in Figure 12,1§r21§izghen to the ferromagnetic phase in tbe hlgh_
only through the interplay of strong geometric frustration, low field range. "7 Such plate'aus are not always available mn
dimensionality, and small moment, but also via modulation classic Spm systems, and in some cases the @agnetlc
using magnetic field (H). Although careful experimental susceptibility ¥ <not M) as - a functl?n lc;fmg-g_slflcreases
investigations on these issue states have been reported, there monotonously‘untll magnetization saturation.
remain some critical issues. For example, the ground state in ) In f‘act, qult.e a few of the .TLAF ] systems }.1ave beelr;
these magnets as a controversial issue is still open."*™'° investigated it past years, 1n5cgldmg Ba3N1Nb20?,
For antiferromagnetic triangle lattice Heisenberg spin Ba;CoNb, Oy, .and Ba;CoSb,Oy.” They _ all have high-
systems where the small spin quantum number is '/, or 1, an Smmetw lag:er-hke structslires, as shown n Figure 1d—f. The
ordered ab-plane 120° ground state is believed, as shown in ad)aFent Me™O4 and Me™* O, o.cta}hedra ngl corner- or fagf-
Figure la, qualitatively consistent with observations on classic sharing are stacked, and magnetic Jons (Me*" = Ni or Co™)
triangle lattice Heisenberg spin systems.'”~*" Nevertheless, the are separa.ted b}’ nonmagnetic Me™* (Nb, Sb, Ta, etc.) tons on
ground state of triangle lattice Heisenberg antiferromagnet the two-dimensional (ab) planes. For Ba;NiNb,O, sufficient H
(TLAF) systems with small moment under a nonzero H is can drive the spin structure at low temperature (T) to evolve
essentially determined by quantum fluctuation energy.””"** from the 120° phase to the uud phase, characterized by a
Theoretical predictions suggest that the ab-plane 120° ground
state upon increasing H may be replaced by other quantum Received: October 4, 2015
phases, characterized by magnetization (M) plateaus or Published: March 2, 2016
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Figure 1. Schematic of magnetic structure: (a) the ab-plane 120° spin
ground state under zero magnetic field, (b) the ab-plane up—up—
down (uud) state in the low-H range, and (c) the oblique 2:1 canted
spin state. Crystal structures of TLAF systems as schematically shown
in parts d—f. The adjacent Me**Og and Me** Oy octahedra with corner-
or face-sharing are stacked, and magnetic ions (Me** = Ni** or Co*)
are separated by nonmagnetic Me>* (NDb, Sb, Ta, etc.) ions on the two-
dimensional (ab) planes.

change of the M(H) dependence slope (i.e., anomaly
mentioned above) at M = '/;M, where M, is the saturated
magnetization, and eventually toward the oblique phase."® For
Ba;CoSb,0,, phase transitions occur in sequence at M = '/,
%/, and 2/;M,, while the transitions appear at M = /5 1/, and
?/3M; for Ba;CoNb,O,, noting both systems have small Co*"
spin moment § = '/,.>"*** Unfortunately, the origins for these
magnetic transitions are not yet well-understood.

It is surprising to observe very different magnetic phase
transitions in these structurally similar TLAF systems, raising
the question of the structure—property relationships. Two
issues deserve to be highlighted here. First, what is the reason
for such big differences in the structure—property relationship?
One may wonder how essential the quantum fluctuations
associated with spin S = '/, are in determining the ground state
and phase transitions. The quantum fluctuations seem to be
sensitive to the structural distortions which are different in, e.g,,
Ba;CoSb,0, and Ba;CoNb,O,."*** Do similar behaviors apply
to another Ni** based TLAF system? So far, Ba;NiNb,O, has
been well-investigated for these behaviors, while it would be
interesting to address another Ni** based system with different
Me®* like Me = Ta. Second and in a more general sense, new
quantum states in TLAF systems remain meaningful for
materials chemistry and condensed matter physics, but so far
available data are insufficient for drawing a conclusion on the
underlying mechanism. It is not our motivation to address all
these issues in this work; searching for more TLAF candidates
that exhibit similar lattice structures but different magnetic
properties is our major target.

Alternatively, another interesting issue is the possible
multiferroicity observed in these TLAF systems. This issue is
essentially motivated by magnetically induced ferroelectricity
observed in a few triangle lattice AFM systems where the spin
moments can be approximately treated as classic spins, such as
RbFe(MoO,), (S = °/,) and ACrO, (A = Ag and Cu, S =
3/,).>** Due to the intensive studies on ferroelectricity in a
number of noncollinear magnets,** > the possible significance
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of discovering ferroelectricity in these quantum TLAF systems
is straightforward. Here, the multiferroicity is mainly identified
in noncollinear 120° spin states and the so-called Y state. The
underlying mechanism for ferroelectricity in these spin systems
is not yet fully understood, but the lattice distortion in coupling
with the noncollinear spin structure is believed to be critical. In
fact, several recent experiments did confirm the presence of
nonzero ferroelectric polarization in TLAF sister structures
such as Ba;NiNb,O, (S = 1), Ba;CoNb,O, (S = !/,), and
Ba;MnNb,O, (S = °/,),"® while the last one has a much bigger
moment than the former two. However, for Ba;NiNb,O, and
Ba;CoNDb,O,, both the collinear and noncollinear spin states
exhibit ferroelectricity, while only the noncollinear spin state for
approximately classic spin system Ba;MnNb,Oy allows for the
ferroelectricity which is absent in the collinear state."”

The above discussion on the TLAF systems constitutes the
two sides of the coin for the present work. On one hand,
Ba;CoSb,0, and Ba;CoNb,O,, which have the same Co** ion
but different Me> ions (Sb>* and Nb*), exhibit different
magnetic phase transitions.'*** Ba;NiNb,0Oy and Ba;CoNb,0s,
which have different magnetic Ni** and Co®* ions but the same
Me’* ion, also show different magnetic behaviors.">'* One is
then particularly interested in a search for an additional Ni
based system which has another nonmagnetic Me>* ion other
than Nb**, in order to compare the magnetic behaviors with
Ba;NiNb,Oy. On the other hand, one needs to check the one-
to-one correspondence between the collinear/noncollinear spin
structure and ferroelectricity. In this work, we report our
investigation on a new member in this TLAF family:
St;NiTa,0, (Ni*" with S = 1 and Me®" = Ta’*), noting that
Sr** is smaller than Ba®* in ionic size and thus has slightly
different lattice distortion between Sr;NiTa,O, and
Ba;NiNDb,O,. It will be revealed that this compound is similar
to Ba;CoNb,O, but different from Ba;NiNb,O, and
St;NiNb,O,”" in terms of magnetic structure and phase
transitions. It also shows two successive magnetic phase
transitions into 120° spin ground state at H = 0. Furthermore,
clear ferroelectricity is evidenced in the noncollinear 120° state.

Il. EXPERIMENTAL DETAILS

Polycrystalline Sr;NiTa,0g samples were prepared using the conven-
tional solid sintering method in air. The highly purified powder of
oxides and carbonates was mixed in stoichiometric ratio, ground, and
then fired at 1300 °C for 24 h. The resultant powder was reground and
pelletized under a pressure of 1000 psi into disks of 2.0 cm in
diameter, and then these pellets were sintered at 1400 °C for 24 h in
air in prior to natural cooling down to room temperature. The sample
crystallinity and microstructure were checked using X-ray diffraction
(XRD) with the Cu Ka radiation at room temperature with an X-ray
powder diffractometer (D8 Advanced, Bruker). The refinement of the
XRD data was performed using the Rietveld method. The 6—26 XRD
spectrum is plotted in Figure 2. It is shown that the trigonal P3m1
space group with a = 5.607 A and b = 6.923 A can be well-fitted by the
measured spectrum, as well-demonstrated in previous works on other
Ba based and Sr based TLAF systems.'>'* It is shown that the lattice
structure model in Figure 1 can be applied to Sr;NiTa,O, too, where
the Ni ions occupy the 1b Wyckoft sites and form the triangular lattice
on the ab-plane, and the Ni magnetic triangular lattice occupations are
separated by the two nonmagnetic Ta*" layers. Therefore, Sr;NiTa,0,
can be safely regarded as one member of the TLAF class.

The M as a function of T and H was measured using the Quantum
Design superconducting quantum interference device magnetometer
(SQUID) in the zero-field cooling (ZFC) and field-cooling (FC)
modes, respectively. The specific heat Cp, was measured from 2 to 300
K under H up to 9 T using a physical property measurement system
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Figure 2. Rietveld refinement pattern for the powder X-ray diffraction
data at room temperature.

(PPMS, Quantum Design) by the relaxation method. For electrical
measurements, the disk-like samples of 3.0 mm in diameter and 0.2
mm in thickness were deposited with Au electrodes on the top/
bottom surfaces. The dielectric constant € as a function of T was
measured using the HP4294A impedance analyzer attached to the
PPMS. In our experiments, we used both Au and silver paste
electrodes and observed no remarkable difference in terms of the
dielectric response and pyroelectric current. The ferroelectric polar-
ization P was measured by probing the zero-field pyroelectric current
and isothermal polarized current via the Keithley 6514 electrometer
connected with the PPMS too. For the pyroelectric current
measurement, each sample was electrically poled under an electric
field E;, ~ 10 kV/cm and cooled down from S0 to 2 K. Then, the
poling field was removed, and the sample was electrically short-
circuited for 40 min to several hours in order to exclude possible
contributions other than the polarized charges associated with P.
Usually, this discharging process continues until the background is less
than 0.2 pA. The pyroelectric current I,,, during the subsequent
warming process was collected at different ramping rates of 0.5—2 K/
min, respectively.

lll. RESULTS AND DISCUSSION

3.1. Magnetic Behaviors. Figure 3a shows the dc magnetic
susceptibilities y(T) measured at H ~ 0.1 T over the whole T-
range from 2 to 300 K. This field is believed to be sufficiently
small. Here, several features deserve highlighting. First, no
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Figure 3. (a) Measured temperature dependence of magnetic
susceptibility under H = 0.1 T. (b) The inverse magnetic susceptibility
1/y is fitted with the Curie—Weiss law y = y, + C/(T + Ocy) (red
line). The inset in part a shows the corresponding d(y)/dT at low
temperature.
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identifiable thermal hysteresis is observed between the ZFC
and FC measurements. Second, the y(T) curves demonstrate
the Curie-like behavior in the high-T range, as shown in Figure
3a. Third, this rounded peak actually consists of two
neighboring anomalies roughly at Ty; ~ 3.35 K and Ty, ~
2.74 K, respectively, as defined by the dy/dT as a function of T.
Similar phenomena were reported in other TLAF systems,”” in
which the spin states below Ty, and Ty, were assigned as a
collinear order and a 120° AFM phase. For the present system,
all of the data indicate that the spin state below Ty, is also the
120° AFM phase, but the nature of the spin structure in Ty, <
T < Ty, remains unclear. The anomaly of ¥(T) and dy/dT at
Ty is insufficient to assign the oblique 2:1 phase. This spin
state is most likely an up—up-down (uud) phase instead of an
oblique 2:1 phase, and this issue will be discussed below, as
shown in Figure S.
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Figure 4. Measured M(T) and d(y)/dT under different H up to 5.0 T.
The two-step transition sequence at Ty, and Ty, is labeled.
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Figure S. (a) Temperature dependence of magnetic susceptibility
(left) and dM/dH (right) measured at 2 K. The arrows indicate the
transitions explained in the text. (b) Field dependence of magnet-
ization measured at different temperatures.
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Additionally, one may also argue that Sr;NiTa,Oy is of weak
axis anisotropy in terms of the two successive magnetic
transitions at Ty; and Ty,.” It is this anisotropy that eventually
drives the 120° phase below Ty, fitted to the in-plane triangle
lattice symmetry. In fact, it has been theoretically predicted that
the easy-axis magnetic anisotropy favors a two-step magnetic
ordering in a TLAF, consistent with our observations here.*®
Another TLAF system, Ba;NiSb,0,, whose magnetic aniso-
tropy is an easy-axis type, was reported to undergo two
magnetic phase transitions at Ty, ~ 13.5 Kand Ty, ~ 13.0 K
Nevertheless, this argument still needs more checking from
various aspects. First, due to the polycrystalline nature of our
samples, a quantitative evaluation of this axis anisotropy is not
yet possible for us. Second, there are several examples where
Ni** in an octahedral environment leads to a small easy-plane
anisotropy, e.g., in TLAF system NiGa,S,."" Also, for
Ba;NiNb,Oy, the reported phase diagram is in striking
agreement with theoretical expectation for an easy-plane
anisotropy.13

Besides, the inverse y'(T) data over a broad T-range plotted
in Figure 3b can be fitted using the linear Curie—Weiss law y =
Xo+C/(T + Ocy), where C is the Curie constant, Oy is the
Curie—Weiss temperature, and y, is the T-independent
contribution consisting of the diamagnetism from the core
electron shells (core) and Van Vleck paramagnetism (yyy) of
the open shells of Ni** ions. The fitting over the whole T-range
gives C = 1.189 emu/(mol K) and Ogy ~ —9.0981 K < 0,
suggesting the effective AFM interaction between Ni*' ions.
The estimated effective moment m, is ~3.09 ug per Ni** ion,
which corresponds to a Landé factor g of ~2.185, consistent
with the nominal moment and g-factor value of 2.1—2.3 for the
Ni** jon. In order to check this value for the Landé factor, we
also performed the electron paramagnetic resonance (EPR)
measurements on the sample from T = 106 K to room
temperature. Unfortunately, the EPR measurement at lower T
is inaccessible to us. From the relatively high-T data, the
evaluated g value is ~2.11. It is expected that the high-T data
should be slightly smaller than that predicted although this
value does fall in the reasonable range.

In addition, the spin frustration ratio f = 10cwl/ Ty, is ~3.01,
indicating a moderate frustration in the system. This moderate
frustration explains the nonidentifiable thermal hysteresis which
should be serious otherwise in the strong frustration case.
Surely, it should be mentioned that magnetization is a quantity
related to the global spin arrangement, and a simple connection
with individual spin moment (m,) in the paramagnetic state
may not be physically reasonable.

Furthermore, we investigate the M(T) dependences under
different H values, and the data are converted into a set of ¥(T)
curves under different H up to 5.0 T, plotted in Figure 4. Again,
no thermal hysteresis is available for the data measured under
the ZFC and FC conditions. Both Ty; and Ty, shift to lower T
at higher field, although the anomalies in the dy/dT curves
become significantly broader at higher fields. The Ty, and Ty,
(if any) determined from the y ~ T and dy/dT ~ T curves are
in agreement with those obtained from the Cp(T) data to be
shown below. It is noted that similar features have been
observed in Ba;CoNb,0,,'*** Li,Co(WO,),,*" and
PbyTeCoV,0,,."* Given the above argument that Ty, and
Ty, mark, respectively, the transitions toward the uud phase
and 120° phase, the three phases in sequence of decreasing T
below H ~ 4.0 T are, respectively, the paramagnetic phase
above Ty, the uud phase between Ty, and Ty, and the 120°

2712

phase below Ty;. It is predicted that field H essentially
destabilizes the two ordered phases, which is a core
characteristic of the TLAF systems evidenced so far.>"* The
120° phase seems to disappear at H ~ 4.0 T, which will be
replaced by the normal oblique phase in the high-field range, to
be discussed later.

We then look at the possible magnetic phase transitions
upon varying H. We address the M(H) data in the low-T range.
In Figure Sa are shown the M(H) data at T = 2 K, noting no
isothermal field hysteresis in the H-cycle. A nearly linear M(H)
relationship is seen with no saturation tendency as H is up to
9.0 T. The largest M value at H ~ 9.0 T is only ~1.7 py per
Ni** ion, still smaller than the estimated saturated value M,
corresponding to g§ ~ 2.185 uy per Ni*" ion for Sr;NiTa,0,,
suggesting the nature of strong AFM interactions in this
compound. Nevertheless, one is still able to detect magnetic
phase transitions by looking into the details of M(H)
dependence. The plotted dM/dH data as a function of H at
T = 2 K are shown in Figure Sa, too. One sees two anomalies,
respectively, at H-; ~ 3.8 T and H¢, ~ 7.3 T. The existence of
the peak at H, supports the assignment of 120° phase below
H¢,. Furthermore, the corresponding magnetization M, is
~0.7 pg, and the estimated M¢,/M; ratio is ~0.32, marking the
appearance of the '/ plateau, again consistent with the
assignment of 120° phase below Ty, and below H,.

Unfortunately, the anomaly at H, is not a peak but a weak
shoulder, suggesting the appearance of a normal oblique phase
between Hg; and Hg,. This makes an identification of the
transition at H¢; unsure. Most likely, an H-driven transition
from the 120° phase to the normal oblique phase occurs at H ~
Hc,. Furthermore, the measured M(H) data at several T up to
3.5 K are plotted in Figure Sb. Both the H:, and Hg,
determined from the H-derivative of M data shift to the
lower magnetic fields at higher T, although the peak at H; and
the shoulder at H¢, become weaker and smeared above ~2.7 K.
Here it should be mentioned that the magnetization does not
saturate until 9 T, implying that higher field experiments are
needed.

3.2. Specific Heat. The specific heat Cp under various H
over broad T-range can also provide information on the
magnetic phase transitions, and in particular at such low
temperature the magnetic contribution to the specific heat
would be dominant, and the phononic contribution is minor, to
be discussed right below. As an example, the Cp/T dataat T =2
K under zero field are plotted in Figure 6a. The rapid rising Cp/
T with decreasing T in the low-T range reflects the significant
contribution from the magnetic ordering. Two successive peaks
also at Ty; ~ 3.3 K and Ty, ~ 2.7 K are observed, consistent
with the indications from the M(T) data.

For a detailed analysis, one considers the magnetic and
phonon contributions due to the fact that Sr;NiTa,Oq is a
magnetic insulator. First, the Cp/T values around ~10 K are
close to zero, suggesting that the phonon contribution is
sufficiently weak as T is down to ~10 K, and the specific heat
below ~10 K is mainly from the magnetic ordering.”> The
magnetic entropy S obtained by integrating the Cp/T data
below ~10 K gives S_,, ~ 0.92R In 3, close to the standard
estimation S,,,, = nR In(2S + 1) ~ 9.136 J/(mol K), where  is
the number of magnetic ions in one unit cell (n = 1 for
Sr;NiTa,0,). The corresponding entropy gains at Ty; and Ty,
are ~043S,,,; and ~0.26S,,,, respectively. In addition, one
finds that the specific heat values between 2 and 2.7 K are well-
fitted by the power law Cp, = AT? where A ~ 1397 is a
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Figure 6. (a) Temperature dependence of specific heat (Cp) at zero
fields (left) and magnetic entropy (Smag) (right). The blue solid line
shows the T? dependence of Cp. (b) Temperature dependence of
specific heat (Cp) under different H up to 9.0 T.

constant. This power law indicates that Sr;NiTa,Oy can be
regarded as a pseudo-two-dimensional triangular magnet, i.e.,
the Ni magnetic triangular lattices are magnetically separated by
the two nonmagnetic Ta layers.” The remaining spin entropy
is from the gradually enhanced short-range magnetic
correlation over a broad T-range above Ty;.

On the other hand, the measured C,(T) data under different
fields up to 9 T demonstrate the evolution of the magnetic
phase transitions upon increasing H, as shown in Figure 6b.
The evolutions of the two transition points Ty, and Ty, as
indicated by the dashed arrows, evidence the shift toward the
low-T' side on one hand and gradually suppressed peak
magnitudes on the other hand. The broad peak in the specific
heat at 7 T is not a phase transition, but a development of
short-range order in the triangular plane. These results are
similar to the observations on the other systems with two AFM
magnetic transitions.”® Further increasing H makes the two
peaks merge into one broad peak, also indicating that the
interplanar interaction is suppressed by magnetic field,
consistent with the magnetic susceptibility data. In short, the
peak-merging is believed to mark the order—disorder transition
induced by an intermediate magnetic field.

3.3. Ferroelectric Polarization. Now, we focus on the
terroelectric and dielectric behaviors. As an example, we show
the measured pyroelectric current I, as a function of T under
H = 0 in Figure 7a. Three different warming rates (0.5, 1.0, and
2.0 K/min) are chosen, and the measured current peaks at the
three warming rates appear roughly at the same temperature
without much shift, demonstrating that the measured signals do
come from the pyroelectric current. It is seen that nonzero I,
appears roughly at Ty,, suggesting the intrinsic correlation of
the current with the 120° spin state, while the normal oblique
phase may be weakly ferroelectric if at all. We also measure the
Iy, data under the positive and negative pooling electrical field
E = 1000 kV/m, respectively, and the dielectric constant &(T)
at a frequency of 100 kHz and the evaluated polarization P(T)
data are plotted in Figure 7b. The dielectric anomaly coincides
with the initiation point of the P(T) at Ty,. The symmetrical
P(T) curves upon the positive/negative poling fields suggest
that the polarization can be reversed electrically. More
important is that the ferroelectric transition begins roughly
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Figure 7. (a) Measured pyroelectric current I as a function of T at
three warming rates 0.5, 1.0, and 2.0 K/min, respectively. (b) The FE
polarizations under positive and negative poling electric fields (left)
and the dielectric constant (¢, right axis) vs T.

below Ty, and the P value at T ~ 2.0 K is ~2 yC/m?* The
maximal P value is similar to that of Ba;NiNb,O,"’ and
Ba;CoNb,0,.'* These results suggest that the ferroelectricity
appears in the 120° spin state.

Given the hypothesis that the ferroelectricity is related to the
specific magnetic structure, one would expect that the
polarization P is highly H-dependent. Therefore, a series of
IPYrO(T) curves measured at 1 K/min warming rate under the
isofield conditions are obtained, and the data are plotted in
Figure 8a. The evaluated P(T) data under these fields are
plotted in Figure 8b. Several features deserve highlighting here.
First, the I, peak shifts toward the low-T side with increasing
H and the evaluated peak positions coincide roughly with the
Ty, instead of Ty as determined from the Cp/T data and dM/
dT data, demonstrating the magnetic nature of the ferroelec-
tricity. Second, the one-to-one correspondence between the
ferroelectric transition points and Ty, for all the cases suggests
once more that the 120° spin state is ferroelectricity-active.
Third, the gradual magnitude suppression and peak-shifting of
Ipym(T) dependence upon increasing H further confirm the
magnetic nature of ferroelectricity. However, the polarization
suppression by magnetic field is not yet completed until H ~
H¢, > Hg,, implying that the normal oblique phase may be
also ferroelectricity-active but the ferroelectricity is quite weak.
To illustrate the ferroelectric response, the evaluated P and
magnetoelectric response ME = [P(H=0) - P(H)]/P(H =0)
at three temperatures are plotted in Figure 8c. It is noted that
the polarization is seriously suppressed by increasing H. At T =
2 K, the ME response is up to 90% at H = 7 T, indicating the
strong magnetoelectric coupling. From a comparison with the
specific heat data and magnetic susceptibility data in response
to magnetic field across H = 7 T, it is suggested that the normal
oblique phase has no magnetic field induced ferroelectricity.

IV. DISCUSSION

4.1. Phase Diagram. To this stage, a multiferroic phase
diagram for Sr;NiTa,0, from all the measured data on M(T,
H), Cp(T, H), and P(T, H) can be proposed, as shown in
Figure 9a, although not all the phase boundaries are sufficiently
apparent with small uncertainties. Three magnetic phases in
addition to the paramagnetic (PM) phase are proposed, similar
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Figure 8. Measured (a) Lpyo—T data and (b) P-T data under various
magnetic fields. (c) Evaluated P—H and ME (%)—H relations under 2,
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Figure 9. (a) Phase diagram constructed from data of magnetic
susceptibility y, magnetization M, specific heat Cp, and polarization P
as a function of T and H. The 120° spin phase (A phase), uud phase
(B phase), and normal oblique phase (C phase) are labeled. Here it is
noted that the dashed boundary between B and C indicates that the
normal oblique phase is only weakly ferroelectric if at all. The TLAF
systems with easy-plane anisotropy and easy-axis anisotropy are as
schematically shown in parts b and c.

to other TLAF systems with active ferroelectricity.'* They are
the 120° spin phase (A phase), the uud spin phase (B phase),
and the normal oblique phase (C phase). Here the boundary
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(dashed line) between regions B and C indicates that the
normal oblique phase is weakly ferroelectric. In fact, details on
this boundary remain unclear. First, the two-step transitions at
Tai = 3.35 K and Ty, = 2.74 K under H = 0 coincide with
theoretically predicted two-step magnetic transitions for a
TLAF system with the easy-axis anisotropy, as schematically
shown in Figure 9¢.*** Second, but differently, a direct and
single-step transition was identified for other TLAF systems
with the easy-plane anisotropy, and in fact the absence of the
uud spin phase at H = 0 was believed for a Heisenberg model
with isotropic or easy-plane anisotropy,”* as schematically
shown in Figure 9b. By contrast, the easy-axis exchange
anisotropy and easy-axis single-ion anisotrog)y were believed to
stabilize the uud phase at H = 0.°****°™* Here, Sr;NiTa,0,
enters the uud phase and then the 120° phase upon cooling.
Sr3NiTa,Oy may be an exception which has the easy-axis
anisotropy uud phase between the 120° phase and normal
oblique phase.

More interestingly, we have found that the 120° phase is
ferroelectric, while the ferroelectricity of the normal oblique
phase needs additional checking, and it is weak if there is any.
To our best knowledge, magnetically induced ferroelectricity
has been observed in quite a few TLAF systems, such as
RbFe(MoO,), (S =%/,), ACrO, (A = Ag and Cu, S =*/,), and
Ba;,NiNb,Oy (S = 1)."**** The ferroelectricity of ACrO,
comes from the Cr** (S = 3/,) spiral spin order.”® For
RbFe(MoO,),, the space group below 180 K is P3m, and the
nearest neighbor layers favor the AFM alignment while the in-
plane magnetic order favors the 120° phase as the ground state
at H = 0.”> The absence of a mirror plane perpendicular to the
c-axis and the broken inversion symmetry seem to drive the
ferroelectric polarization in the 120° phase (or Y state).'>**
This mechanism may be used to understand the origin for
ferroelectricity in Sr;NiTa,O, at the 120° phase. However, the
weak ferroelectricity if any in the normal oblique phase requires
further studies for clarification. Here we perform the first-
principles calculations on the magnetic structure in order to
provide additional data on the origin of ferroelectricity in the
120°-phase.

4.2. First-Principles Calculations. Our first-principles
calculations are based on the density functional theory
(DFT), and are performed using the projector-augmented
wave (PAW) potentials as implemented in the Vienna ab initio
simulation package (VASP).>>" The electron interactions are
described using the PBEsol (Perdew—Burke—Ernzerhof-
revised) parametrization of the generalized gradient approx-
imation (GGA). We started from experimentally determined
lattice structure and symmetry, and the atomic positions and
lattice constants are fully optimized iteratively until the
Hellman—Feynman forces converged to be less than 0.01
eV/A. The plane-wave cutoff is set to be 525 eV, and 4 X 4 X §
Monkhorst—Pack k-point mesh centered at the I' point is
adopted. The polarization is calculated using the standard Berry
phase method.

We first discuss the magnetic ground state. After the lattice
relaxation was performed under the ferromagnetic condition,
several possible magnetic orders have been tested, including
ferromagnetic (FM), 120°-noncollinear, uud-collinear, and
oblique phases. The DFT calculations show that the 120°
noncollinear order has the lowest energy. Taking this energy as
a reference (zero), the energy values for the FM, uud, and
oblique phases are 10.5, 2.9, and 45.0 meV per unit,
respectively, implying that the 120°-noncollinear order is the
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ground state. By mapping the system to a classical spin model
and comparing the energies of various magnetic states, the
nearest-neighbor exchange coupling of Ni is estimated to be 0.7
meV, which implies a weak exchange coupling.

With the 120°-noncollinear order, the calculated density of
states (DOS) for SryNiTa,0, and its projected density of states
(PDOS) to each atom are plotted in Figure 10a,b, respectively.
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Figure 10. (a) Total density of states (DOS) and (b) atomic-resolved
DOS.

It is seen from the DOS data that Sr;NiTa,O, is a Mott
insulator with a moderate bandgap of ~1.40 eV. The PDOS
data present more information on the contributions of Sr**,
Ni*, Ta*, and 0" to the band structure. The valence band
maximum (VBM) and conductive band minimum (CBM) are
mainly occupied with the 3d ep-electrons of Ni**. The 2p
electrons of O*7, 3d electrons of Ni**, and 5d electrons of Ta>*
distribute over the whole region from —7.0 to —1.5 eV,
indicating strong p—d hybridization. A minor contribution from
the 5d electrons of Ta®>" to the VBM and CBM is also found,
suggesting the existence of O-bridged superexchange between
Ni** and Ta®".

Given the in-plane 120° spin state, the Berry phase
calculation considering the spin—orbit coupling yields a
ferroelectric polarization of ~49.86 ;,tC/m2 along the c-axis.
Further carefully relaxed (with spin—orbit coupling, 120° spin
order, and higher accuracy) atomic positions give a polarization
of 45.63 jC/m? which is very close to above value obtained
using the high-symmetry structure. Therefore, one is allowed to
argue that the polarization is mainly from electronic
contribution while the ionic component if any is weak. This
electronic polarization is associated with the absence of a mirror
plane perpendicular to the c-axis and the broken inversion
symmetry in the 120° phase. Although the calculated value
seems to be larger than the measured polarization ~2.0 C/m?,
it remains quite reasonable considering the polycrystalline
sample and the nonsaturable pyroelectricity. The origin for
observed polarization in the magnetic field driven uud phase
remains to be investigated.

It should be mentioned that the measured polarization is far
smaller than the first-principles calculated value. This is
probably a common concern for most comparisons of
experimental data with theoretical predictions based on first-
principles regarding most multiferroics with magnetic origin for
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polarization. For most multiferroics except BiFeO;, first-
principles usually predict much larger polarization than the
measured value.’”>” The polarization of polycrystalline samples
for these multiferroics is also several times smaller than that of
single crystals.””>> Our data are from the pyroelectric current
method which does not allow measurement under electric bias.
The measured value is thus only the remnant polarization
instead of the saturated value, given sufficient electric poling
which is actually inaccessible in our experiments performed in a
PPMS system at such a low temperature.

To this end, we have established the one-to-one
correspondence between the magnetic transitions and
ferroelectricity in Sr;NiTa,O,, and also found several features
inconsistent with observations in similar TLAF systems. Since
the Ni** moment is S = 1, it is reasonable to expect strong
quantum fluctuations which compete with the exchanges. This
competition may also be highly sensitive to subtle variations of
chemical species, lattice distortion, and spin—orbit coupling,
etc. Therefore, scattered magnetic and ferroelectric behaviors
can be observed in structurally similar TLAF systems with small
magnetic moment. Sr;NiTa,0y represents an additional system
in this category.

V. CONCLUSION

In conclusion, we have investigated the magnetic phase
transitions and multiferroic behaviors in a novel TLAF
compound Sr;NiTa,O,. It is revealed that Sr;NiTa,0, exhibits
two successive magnetic transitions at Ty, = 3.35 Kand Ty, =
2.74 K, respectively, from the paramagnetic state to the uud
state and then to the 120° state. The 120° ground state may be
replaced by the normal oblique state upon increasing magnetic
field up to ~3.8 and ~7.0 T, respectively. These results suggest
that Sr;NiTa,Oy may have weak easy-axis anisotropy.
Interestingly, it is observed that 120° phase and normal oblique
phase are ferroelectric with remarkable magnetoelectric
response. The ferroelectric polarization in the 120° phase
aligns along the c-axis and originates from electronic
contribution.
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