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Quantum spin state transitions in the spin-1 equilateral triangular lattice
antiferromagnet Na,BaNi(POy,),
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We have grown single crystals of Na,BaNi(PO,),, a spin-1 equilateral triangular lattice antiferromagnet
(ETLAF), and performed magnetic susceptibility, specific heat, and thermal conductivity measurements at
ultralow temperatures. The main results are as follows: (i) At zero magnetic field, Na,BaNi(PO,), exhibits a
magnetic ordering at 430 mK with a weak ferromagnetic moment along the ¢ axis. This suggests a canted 120°
spin structure, which is in a plane including the crystallographic ¢ axis due to the existence of an easy-axis
anisotropy and ferromagnetically stacked along the ¢ axis. (ii) With increasing field along the ¢ axis, a 1/3
magnetization plateau is observed, which means that the canted 120° spin structure is transformed into an
up-up-down (UUD) spin structure. With even higher fields, the UUD phase further evolves into possible V
and V' phases. (iii) With increasing field along the a axis, the canted 120° spin structure is possibly transformed
into an umbrella phase and a V phase. Therefore Na,BaNi(PO,), is a rare example of a spin-1 ETLAF with
single-crystalline form that exhibits easy-axis spin anisotropy and a series of quantum spin state transitions.

DOI: 10.1103/PhysRevB.104.104403

I. INTRODUCTION

The two-dimensional (2D) equilateral triangular lattice an-
tiferromagnet (ETLAF) with spin-1/2 is one of the simplest
geometrically frustrated systems with strong quantum spin
fluctuations, which recently has caught attention due to its
exotic quantum magnetism. One celebrated example is the
quantum spin liquid (QSL) [1-4] that can host non-Abelian
quasiparticle [5] and fractional excitations [6,7] known as
spinons [8,9], which allows quantum mechanical encryp-
tion and transportation of information with potential for
creating a qubit that is protected against environmental influ-
ences [10]. For example, the recently studied NaYbO, [11],
NaYbS, [12-14], NaYbSe, [15-17], CsYbSe, [18,19], and
YbMgGaO, [20-28] are ETLAFs with effective spin-1/2 for
Yb** ions and have been proposed as QSL candidates. Due
to the Mg/Ga site disorder, the ground state of YbMgGaO,
[29-34] also has been proposed as a spin-glass or random spin
singlet state.
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Another example of exotic magnetism in spin-1/2 ETLAFs
is the quantum spin state transition (QSST). Theoretical stud-
ies have proposed that in a spin-1/2 ETLAF, the quantum spin
fluctuations stabilize a novel up-up-down (UUD) phase while
approaching zero temperature with the applied field parallel
to either the easy plane or the easy axis [35,36]. This UUD
phase exhibits itself as a magnetization plateau within a cer-
tain magnetic field regime and with one-third of the saturation
magnetization (1/3 M). Experimentally, such a UUD phase
has been reported for BazCoSb,O9 [37—40], BazCoNb,Oq
[41,42], Ba;La,CoTe,01, [43], and Na,BaCo(POy), [44],
all of which are ETLAFs with effective spin-1/2 for Co*"
ions. In some cases the QSL and QSST are correlated. It has
been reported that the QSL state can be tuned to the UUD
phase by an applied magnetic field in these Yb-ETLAFs men-
tioned above [11,12,15,18]. Meanwhile, for Na,BaCo(PQO,),,
although it orders at Ty = 148 mK, the observed residual term
of thermal conductivity (xo/7T) suggests that it behaves as a
QSL with itinerant excitations above its Ty [44].

To better understand the quantum magnetism of spin-1/2
ETLAFs, a useful approach is to switch the spin number. For
example, one can replace the spin 1/2 by spin 1 and study
how the quantum magnetism of the ETLAFs changes accord-
ingly. The reported studies on spin-1 ETLAFs are limited.
So far, the UUD phase has been reported for the 6HA phase
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of Ba3NiSb209 [45], Ba3NiNb209 [46], BazLazNiTezolz
[47], and the QSL has been proposed for 6HB phase of
Ba;zNiSb,O9 [48-51], all of which are spin-1 ETLAFs for
Ni* ions.

In this paper, we synthesized the spin-1 ETLAF
Na,;BaNi(POy), and grew single-crystal samples to perform
dc and ac magnetic susceptibility, specific heat, and thermal
conductivity measurements. The results show that it orders
at Ty = 430 mK with a weak ferromagnetic moment and ex-
hibits a 1/3 M, plateau (the UUD phase) with magnetic field
applied along the ¢ axis, both of which suggest an easy-axis
anisotropy. The obtained magnetic phase diagrams show more
field-induced spin state transitions besides the UUD phase.

II. EXPERIMENTS

The polycrystalline samples of Na,BaNi(POy), was firstly
made by solid-state reaction. The stoichiometric mixtures of
NaCO3, BaCO3, NiCOs, and (NHy4),HPO4 were ground to-
gether and then annealed in air at 300, 600 and 700 °C for
20 h successively. The single-crystal sample was prepared
by following the reported procedure used for single-crystal
growth of Na;BaCo(PO,), [52]. The polycrystalline sample
Na,BaNi(POy4), and NaCl were mixed inside a Pt crucible
with the mass ratio 1:5. The mixture was heated up to 950 °C
for 2 h and then cooled down to 750 °C with a rate of 3 °C/h.
The obtained crystals are thin plates with yellow color. The
single-crystal x-ray diffraction data were collected at 250 K
with the Mo K, radiation (0.710 73 A) using a Rigaku Xtalab
Pro diffractometer at Oak Ridge National Laboratory’s neu-
tron scattering user facility. The data reduction was done with
CRYSALISPRO, and the refinement was done with FULLPROF
[53].

The dc magnetic susceptibility x was measured with
a Quantum Design superconducting quantum interference
device (SQUID) magnetometer with a zero-field-cooling pro-
cess and a dc magnetic field B = 0.1 T. The dc magnetization
with a magnetic field up to 14 T was measured using a physi-
cal property measurement system (PPMS, Quantum Design).
The ac susceptibility (x) measurements were conducted with
a voltage-controlled current source (Stanford Research, No.
CS580) and lock-in amplifier (Stanford Research, No. SR830)
[54]. The phase of the lock-in amplifier is set to measure the
first harmonic signal. The rms amplitude of the ac excitation
field is set to be 0.6 Oe with the frequency fixed at 220 Hz. The
measurements were performed at SCM1 of the National High
Magnetic Field Laboratory, Tallahassee, by using a dilution
refrigerator. The data were obtained by the zero-field-cooling
process, and we increased the magnetic field during the ramp-
ing process.

Specific heat C, measurement was performed by using the
relaxation method on a PPMS (Quantum Design) equipped
with a dilution refrigerator insert. Thermal conductivity k¥ was
measured using a “one heater, two thermometers” technique
in a *He refrigerator at 300 mK < 7' < 30 K and a *He / “He
dilution refrigerator at 70 mK < 7 < 1 K, equipped with a
14-T magnet [44,55,56]. The sample was cut precisely along
the crystallographic axes with dimensions of 2.67 x 0.73 x
0.14 mm?3, where the longest and the shortest dimensions are
along the a and c axis, respectively. The heat current was

applied along the a axis, while the magnetic field was applied
along either the a or ¢ axis.

III. RESULTS

A. Crystal structure

The as-grown crystals of Na;BaNi(POy), are thin plates
with several-millimeter size, as shown in Fig. 1(a). The plate
is normal to the crystallographic c¢ axis, as confirmed by the
Laue back-diffraction pattern [Fig. 1(b)]. The best refinement
of the single-crystal diffraction data [Fig. 1(c)] leads to a P3
space group. The detailed crystallographic parameters and
atomic positions are listed in Tables I and II, respectively.
The crystal structure is shown in Fig. 1(d), in which the
triangular layers of magnetic NiOg octahedra are separated by
a single layer of nonmagnetic BaO1, polyhedra, with [PO4]3~
units and Na% filling the gaps in the nickel oxide layers.
This structure is very similar to that of Na,BaCo(POy), with
the P3m1 space group but with some differences. Compared
with the P3m1 space group [shown in Fig. 1(e)], in the P3
space group [Fig. 1(f)] the nonmagnetic BaO,, polyhedra are
fixed but the NiOg octahedra and PO, tetrahedra rotate in the
opposite direction along the ¢ axis [Fig. 1(f)]. Therefore the
mirror plane symmetry in Na;BaCo(PO,), is eliminated in
NazBaNi(PO4)2.

B. dc and ac susceptibility

Figures 2(a) and 2(b) show the temperature dependence
of the inverse dc susceptibility, 1/x, for B || ¢ and B | a,
respectively. The data show no sign of magnetic ordering
down to 2 K and can be well fitted by the Curie-Weiss law
with pegr = 3.56(1) up and 6cw = —1.2(1) K for B || ¢ and
with ptesr = 3.26(1) up, and Ocw = —1.9(1) K for B || a. Fig-
ures 2(c) and 2(d) show the dc magnetization measured at 2 K
for B || ¢ and B || a, respectively. The saturation moments are
2.14(5) up for B || ¢ and 2.00(5) up for B || a. The g factors
parallel and perpendicular to the ¢ axis were evaluated to be
g =2.14(5) and g; = 2.00(5).

Figure 3(a) shows the temperature dependence of the ac
susceptibility, x’(T), measured at zero dc magnetic field
(B =0T) but with the ac excitation field along the c¢ axis.
The curve shows a rapid increase below ~400 mK (defined
as the Néel temperature 7Ty), indicating a magnetic order-
ing, similar to that observed in some other ETLAFs such
as Ba,La;NiTe,0y, [47]. For the data measured with the ac
excitation field along the a axis [Fig. 3(b)], this feature is not
so clear. With an applied magnetic field along both the ¢ and
a axes, x'(T) shows a peak at Ty [Figs. 3(c) and 3(d)]. With
increasing field, this peak first shifts to higher temperatures
while B < 1 T and then comes back to lower temperatures
while 1 < B < 2.5 T. For the data measured with B || a and
B = 0.5 and 1.0 T, another additional peak is observed below
T, which is labeled as T* in Fig. 3(d).

Figure 4(a) shows the field dependence of x’(B) mea-
sured at different temperatures with B || c. At 20 mK, with
increasing field, x’(B) first quickly drops to a flat regime at
B, = 0.32(2) T, then exhibits two peaks at B, = 1.72(1) T
and B, = 1.80(1) T, and finally drops to be flat again at
B.y = 2.84(2) T. With increasing temperature, B.; and B,
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FIG. 1. (a) As-grown single crystal of Na,BaNi(PO,),. The scale of the grid is 1 mm. (b) Laue back-diffraction pattern along the
crystallographic ¢ axis. (c) Comparison between the observed squared structure factors at 250 K by single-crystal x-ray diffraction and the
calculated ones based on the P3 structure. (d) Illustration of the crystal structure for Na,BaNi(PO,),. (e) and (f) Projection of the crystal
structure along the ¢ axis for Na,BaCo(PO,), with P3m1 (e) and for Na,BaNi(PO,), with P3 (f)

shift to higher and lower fields, respectively, while B.3 and B4
show no obvious change. Meanwhile, the peaks around B,
and B3 become broader with increasing temperature and dis-
appear with temperature above 410 mK. Since the measured
x'(B) shows no frequency dependence (not shown here), it
could be approximately treated as the derivative of the dc
magnetization M (B). Thus we calculated M (B) by integrating
x'(B). The obtained M (B) at 20 mK [Fig. 4(c)] clearly shows

TABLE 1. Data of crystallographic refinement for
Na,BaNi(PO;);. Riw, R, Rp; and Rg,,,, the R-factors  for
conventional Rietveld refinement.

Parameter Value
Crystal system Hexagonal
Space group P3
Temperature (K) 250

VA 1
aA) 5.284(1)
c(A) 6.980(8)
V (A% 168.801(5)
Extinction coefficient 0.2964
No. reflections; R;, 2664; 4.72
No. independent reflections 480
RFZ; RFZa) 389, 5.10
Rr; x2 2.04;1.12

a plateau regime between B.; and B., and a slope change
at Bz followed by the saturation around B4. Although we
cannot infer the absolute value of M(B) here, it is obvious
that the magnetization of the plateau (around 0.32; here, we
scaled the M value to the 5.0 T value) is around 1/3 of the
saturation value (1.0).

Figure 4(b) shows x'(B) with B || a. At 20 mK, the curve
shows two peaks at B,y = 0.230(2) T and B,, = 2.80(2) T,
respectively, and then drops to be flat at B,3 = 4.00(5) T.
With increasing temperature, both peaks become broader and
the B, peak shifts to higher fields while the B, peak shifts
to lower fields. Above 300 mK, the peaks disappear. The
calculated M(B) at 20 mK with B || a [Fig. 4(d)] shows no
obvious sign of the magnetization plateau, which is clearly
different from that for B || c.

TABLE II. Atomic positions and parameters of Na,BaNi(POy),
at 250 K. Occ., occupancy.

Atom Site Occ. X y z Ugq

Ba la 1 0 0 0 0.0081(2)
Ni 1b 1 0 0 0.5 0.0054(3)
P 2d 1 1/3 2/3 0.24466(13) 0.0054(4)
Na 2d 1 1/3 2/3 0.6782(3) 0.0133(8)
o1 2d 1 1/3 2/3 0.0265(4) 0.0112(12)
02 6g 1 0.2312(4) 0.8756(4) 0.3212(2) 0.0115(8)

104403-3



N. LI et al. PHYSICAL REVIEW B 104, 104403 (2021)
200 T T T B\ T T B /\/ = T \B \ T 2\0 K
e B oN——20m
= |@Blc 00| 0)B//2 ] - @ (@)Bllc o305 2 Il
£ £ c 20mK 4 =] 165mK
o 9o 5 By —76mK | 3 ——302mK
© 100 10 ; 2 226mK4 - 5 2F A
é é 100 | _% 110 mK % ~ 780mK
= =2 - l B, UomK | =
= = y = | By =1
0 I I I 0 I I I 0E T = / i —
0 100 200 300 0 100 200 300 0 1 2 3 4 5
B (T)

B(T)

B (T)

FIG. 2. Temperature dependency of the inverse dc magnetic
susceptibility with B || ¢ (a) or B || a (b). The dc magnetization
measured at 2 K with B || ¢ (¢) or B || a (d). The solid lines in
(a) and (b) are linear Curie-Weiss fittings. The dashed lines in (c) and
(d) indicate the spin saturation.

C. Specific heat

Figure 5 shows the specific heat C, measured at zero field.
As shown in the inset, the low-temperature data exhibit a
broad peak around 600 mK followed by a small but sharp peak
at Ty = 430(3) mK. This sharp peak indicates a long-range
magnetic ordering, which is consistent with the rapid increase
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FIG. 3. Temperature dependence of the ac magnetic susceptibil-
ity measured at zero dc field but with the ac excitation field along
the ¢ axis (a) or a axis (b), or at different dc fields along the ¢
axis (c) or a axis (d). The solid arrows represent 7y, and the dashed
arrows represent 7*. For comparison, the inset in (a) shows the ac
susceptibility data of the Na,BaCo(PQy), single crystal with the ac
excitation field along the c axis.
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FIG. 4. The dc field dependence of the ac magnetic susceptibility
at different temperatures with B || ¢ (a) and B || a (b). Magnetization
obtained by integrating the ac susceptibility data for B || ¢ (c) and
B || a (d).

at ~400 mK in the zero-field x'(T) curve. Apparently, the
phonon specific heat is dominant in the high-temperature
regime from several tens of kelvins to 300 K. However, it
was found that the standard Debye formula cannot fit the
high-temperature regime at all. One known reason for the de-
viations of high-T specific heat from the Debye model is the
contribution of optical phonons at high temperatures, which
can be described by the Einstein model [56-59]. The phonon
spectrum of Na;BaNi(POy4), should consist of 3 acoustic
branches and 39 optical branches. We found that the high-
temperature data can be fitted by the formula

T\3 [O0/T o
Cop = 3NDR<—) / S
0

Op (er —1)?
No ROt TV exp(Og/T)
+Ng1R(©g/T) [exp(©51/T) — 11
,  exp(Opy/T)
+ Ng2R(Op2 /T) [exp(@pa/T) — 112
 NpsR(Ops /T2 — O8I/ T) (1)

[exp(©@p2/T) — 117

where x = hw/kgT, w is the phonon frequency, kp is the
Boltzmann constant, and R is the universal gas constant. Here,
the first term is the contribution of three acoustic phonon
branches using the Debye model (Np = 3), while the other
terms are the contributions from the optical branches using the
Einstein model (Ngy = 12, Ngp; = 15, and Ng3 = 12). Other
parameters are the Debye temperature, ®p = 165 K, and
three FEinstein temperatures, Og; = 202 K, O, =451 K,
and ®g3 = 1285 K.

Figures 6(a) and 6(c) show the C, data measured at T <
4 K and in different fields. With increasing field along the
c axis, the peak at Ty first shifts to higher temperatures
with abruptly increased intensity while B < 1 T, then comes
back to lower temperatures with decreased intensity while

104403-4



QUANTUM SPIN STATE TRANSITIONS IN THE SPIN-1 ...

PHYSICAL REVIEW B 104, 104403 (2021)

200 1

JIKmol)

~ 100 -

Co

0 100 200 300
T(K)

FIG. 5. Temperature dependence of the specific heat measured
at zero field. The red line is the fitting of phonon specific heat as
described in the main text. The inset highlights the low-temperature
specific heat data.

1 < B < 2T, and disappears while B > 2 T. Meanwhile,
the broad peak above Ty shifts to higher temperatures around
1-2 K and gains intensity with increasing field. The change
in the magnetic entropy below 4 K, AS,, was calculated
by integrating (C, — Cpn)/T [Fig. 6(b)]. At zero field, the
obtained value is 7.46 J/(K mol Ni), which is approaching
the expected magnetic entropy value of a spin-1 system,
ASn = RIn(2S + 1) = RIn3 with § = 1. The recovered mag-
netic entropy below 480 mK (where the sharp peak starts) is
2.83 J/(K mol Ni), which is only 31% of RIn3. This indi-
cates that a large portion of the magnetic entropy has already
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FIG. 6. (a) and (c) Specific heat data with T < 4K and in dif-
ferent magnetic fields along the ¢ axis or the a axis. (b) and (d) The
magnetic entropy for B || ¢ and B || a, obtained by integrating the
magnetic specific heat. The dashed lines show the entropy for RIn3.
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FIG. 7. Temperature dependence of the thermal conductivity
measured at different magnetic fields along the ¢ axis (a) or the a
axis (b). The insets of (a) and (b) highlight the low-temperature data.
The solid arrows represent 7y, and the dashed arrows represent 7 *.

been recovered or that there exist strong spin fluctuations
above the long-range magnetic ordering temperature Ty. The
broad peak around 600 mK at zero field then could be due
to the development of short-range correlations. Accordingly,
the shift to higher temperatures with increased intensity for
this broad peak under fields suggests that the applied field
enhances the short-range correlations. Meanwhile, the applied
field tunes the long-range ordering in a nonmonotonic way.
Similar behaviors were observed for the C, measured with
B || a, as shown in Figs. 6(c) and 6(d).

D. Thermal conductivity

Figure 7 shows the temperature dependence of ¥ measured
at different magnetic fields. The zero-field thermal conduc-
tivity exhibits a phonon peak at about 14 K with a rather
large value of 65 W/Km, which indicates the high crystalline
quality of the Na;BaNi(POy4), sample. In addition, there is
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a kinklike feature around 420 mK, which again should be
related to the magnetic ordering revealed by both x'(T) and
C,. With increasing field along the ¢ axis, as shown in the
inset of Fig. 7(a), the kink changes to a dip at 0.5 and 1 T,
and the dip position shifts to higher temperatures at 582(5)
and 612(5) mK, respectively. With B = 1.5 T the dip becomes
weaker and shifts to the lower temperature of 429(5) mK, and
then it disappears with B > 2 T. This evolution of 7y under
fields is similar to that observed from the x'(7T') and C, data
with B || c. With B=2 T and B = 5T, a new kink appears
around 640 mK and 1.9 K, respectively. This feature is likely
associated with the phonon scattering by spin fluctuations
since the C, data measured at 2 and 3 T indicate that the higher
fields enhance the short-range correlations around 1-2 K.
With increasing field along the a axis, as shown in Fig. 7(b),
the zero-field kink gradually moves to higher temperatures
and disappears with B > 3 T, while the 5- and 14-T data are
almost the same as those for B || c. It is noticed that the 0.5-
and 1-T data with B || @ show an additional kink around 7* =
110(2) and 160(3) mK, respectively [inset of Fig. 7(b)], which
values are consistent with the 7* observed from the x'(T)
data.

It is well known from many previous studies on the low-
dimensional or frustrated spin systems that the anomalies,
either the diplike or kinklike features, on the «(7') curves
are usually related to the magnetic transitions. In addition,
the field dependence of « can also display similar anomalies
at the field-induced magnetic transitions [40,44,55,56,60-62].
Figure 8 shows the «(B) curves at low temperatures for the
Na,;BaNi(PO,), single crystal. At 92 mK, the curve with
B || ¢ exhibits four minima at B, Bcp, B3, and By, while
there are three minima at By, By, and B,3 for the B || a curve.
The values of these critical fields are consistent with those
observed from the x’'(B) data. It is noticed that with increasing
temperature, the separation between B, and B3 increases,
which is also observed from the x’(B) data. Above certain
temperatures, such as 850 mK for B || ¢ and 380 mK for B || 4,
these critical fields are not recognizable.

Another feature of the low-temperature « (B) curves is that
the « at high field is always larger than the zero-field «
and shows saturation behavior. This means that in zero field
there is significant magnetic scattering of phonons in a broad
temperature region, including both 7 < Ty and T > Tn. In
particular, at T > Ty such as 520 and 850 mK, the strong
recovery of « at high field indicates the existence of strong
spin fluctuations in zero field that can scatter phonons.

E. Phase diagram

The consistent behaviors for the field dependence of criti-
cal temperatures (Ty, T*) and temperature dependence of all
critical fields among the x’, C,, and « data strongly suggest
the occurrence of field-induced spin state transitions. Accord-
ingly, the magnetic phase diagrams for B || ¢ and B || a were
constructed, as shown in Fig. 9. Besides the paramagnetic
phase at high temperatures and fully polarized phase at high
fields, there are four phases for both cases.

I
N WO =~ N W o N d O
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= 252 mK 252 mK
v

N
=TT
I
N
I

o N A~ OO

—— o+ 1

520 mK MO | 520 mK 1

B(T)
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FIG. 8. Thermal conductivity as a function of the magnetic field
along the ¢ axis (a) and the a axis (b).

IV. DISCUSSION

Since at low frequency the temperature dependence of
the ac x/(T) should behave similarly to that of its dc
x(T), the rapid increase in x’'(T) below Ty with B || ¢ for
Na,;BaNi(PO,), indicates a magnetic ground state with a
weak ferromagnetic moment along the ¢ axis. Moreover, the
rapid increase in M(B) at low fields [the rapid decrease or,
equally, a large peak near O T for x’(B)] also could be seen
as a supportive feature for the weak ferromagnetism. This
behavior is different from that of several studied ETLAFs.
As shown in the inset of Fig. 3(a), the x'(T) with B || ¢ for
Na;BaCo(POy), shows a broad peak at 300 mK followed by
a kink at Ty = 148 mK [44]. The x(T) for the well-studied
Ba3;CoSb,0q also exhibits a broad peak at 7.0 K followed by
an anomaly at 7y = 3.6 K [39]. The neutron diffraction data
of Ba3;CoSb,0g confirmed a 120° spin structure [63]. While
such kind of 120° spin structure is common for ETLAFs, it
does not lead to a net ferromagnetic moment and therefore
should not be the ground state for Na,BaNi(POy),.

Meanwhile, the reported Ba,La,;NiTe, 0, exhibits a simi-
lar rapid increase in x (T) below Ty [47]. Its neutron powder
diffraction data confirmed a Y-like triangular spin structure,
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FIG. 9. Magnetic phase diagrams of Na,BaNi(PO,), for B || ¢
(a) and B || a (b).

or a canted 120° spin structure, which is in a plane including
the crystallographic ¢ axis due to the existence of an easy-axis
anisotropy and ferromagnetically stacked along the ¢ axis. In
this canted 120° spin structure, the angle 6 between the canted
sublattice spins and the ¢ axis is smaller than 60°. Accord-
ingly, the sum of the magnetic moments of the three sublattice
spins is nonzero but leads to a resultant magnetic moment
along the ¢ axis in a triangular layer. Now if the triangular lay-
ers are ferromagnetically stacked, all the resultant magnetic
moments appearing in the triangular layers will align in the
same direction and result in a net magnetic moment along the
c axis. Here, we propose that Na,BaNi(POy); also has such a
magnetic ground state, a canted 120° spin structure ferromag-
netically stacked along the ¢ axis with easy-axis anisotropy.
Accordingly, we tend to assign phase I for both B || c and B ||
a to be the canted 120° spin state. While the exact reason for
the different magnetic ground states between Na, BaNi(POy),
and Na;BaCo(PQy), is not clear, it could be due to the lower
symmetry in lattice structure for Na,BaNi(POy);.

It is obvious that phase II for B || ¢ is the UUD phase
because for this phase its magnetization is a 1/3 M,
plateau. Since the UUD phase only survives for B || ¢ in

CB‘\l/‘ TlT ARV,

c QB\l/ R

[ II I1I 1Y%

I 7

o

FIG. 10. The proposed spin structure in each phase for B || ¢
(upper row) and B || a (bottom row).

Na,;BaNi(POy);, this again suggests its easy-axis anisotropy
as the theory predicted [36]. We can further compare the
magnetic phase diagrams of Na,;BaNi(POy4), with those of
Ba3;CoSb,0g. For Ba;CoSb,O9 with easy-plane anisotropy,
with increasing field along the ab plane, its 120° spin structure
at zero field is followed by a canted 120° spin structure, the
UUD phase, a coplanar phase (the V phase), and another
coplanar phase (the V' phase) before entering the fully polar-
ized state [40,64-69]. For B || ¢, the 120° spin structure will
be followed by an umbrella spin structure and the V phase.
Since Na,;BaNi(PO4), has easy-axis anisotropy, we made an
analogy between its B || ¢ phase diagram and the B || a phase
diagram of Ba3;CoSb,Oy or its B || a phase diagram and the
B || ¢ phase diagram of Ba;CoSb,0q. By doing that, we tend
to assign phases III and IV with B || ¢ for Na,BaNi(POy);
to be the V and V' phases, respectively, and phases III and
IV with B || a to be the umbrella and V phases, respectively.
Certainly, further studies such as neutron diffraction measure-
ments are needed to verify the spin structures of these phases.
Moreover, it is surprising to see a phase II with B || a that is
surrounded by phase III. This phase could be a metastable spin
state between the canted 120° and the umbrella phase, whose
nature again needs future studies to be clarified. The proposed
spin structure in each phase is summarized in Fig. 10.
Finally, we want to point out that, to our knowledge,
Na,;BaNi(PO,), is a rare example of a spin-1 ETLAF with
single-crystalline form that exhibits a series of QSSTs. The
other studied spin-1 ETLAFs with Ni** ions, including
Ba;NiSb, 09, BazNiNb,Oy, and Ba,La;NiTe,Oy,, are all of
polycrystalline form. The availability of single-crystalline
Na,BaNi(POy4), makes it an excellent candidate for future
spin-1 ETLAF studies, such as inelastic neutron scattering
measurements. For example, for Ba3CoSb,0y, unusual spin
dynamics have been confirmed by inelastic neutron scatter-
ing experiments [39,63,70-73], including strong downward
renormalization of the magnon dispersion, rotonlike minima,
line broadening throughout the entire Brillouin zone, and in-
tense dispersive excitation continua extending to a high energy
that is 6 times the exchange constant. Therefore it will be
interesting to see how these features can be affected in a
spin-1 ETLAF system, which will provide useful information
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to better understand the role of quantum spin fluctuations in
ETLAFs.

V. SUMMARY

We have grown single crystals of a spin-1 ETLAF,
Na,BaNi(POy),, and studied its magnetic susceptibility, spe-
cific heat, and thermal conductivity at ultralow temperatures.
The main experimental results include the following: (i) This
material shows a magnetic ordering at 430 mK with a weak
ferromagnetic moment along the ¢ axis, (ii) it exhibits a 1/3
magnetization plateau with a magnetic field applied along
the ¢ axis, and (iii) there are successive QSSTs for either
B | cor B | a.Itis arare example of a spin-1 ETLAF with
single-crystalline form that exhibits easy-axis spin anisotropy
and a series of QSSTs.
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