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Experimental Realization of a Spin-1/2 Triangular-Lattice Heisenberg Antiferromagnet
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We report the results of magnetization and specific heat measurements on Ba;CoSb,0y, in which the
magnetic Co>" ion has a fictitious spin 1/2, and provide evidence that a spin-1/2 Heisenberg anti-
ferromagnet on a regular triangular lattice is actually realized in Ba;CoSb,0y. We found that the entire
magnetization curve including the one-third quantum magnetization plateau is in excellent quantitative
agreement with the results of theoretical calculations. We also found that Ba;CoSb,04 undergoes a three-

step transition within a narrow temperature range.
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Exploring the ground state of a frustrated quantum
magnet has been one of the main subjects of condensed
matter physics [1-3]. A long theoretical debate reached a
consensus that a two-dimensional (2D) spin-1/2
triangular-lattice Heisenberg antiferromagnet (TLHAF)
has an ordered ground state of the 120° spin structure
[4-7]. Although the zero-field ground state is qualitatively
the same as that for the classical spin, the ground state in a
magnetic field cannot be determined uniquely only from
the classical model because the classical ground state is
infinitely degenerate. The ground state of a small spin
TLHAF in a magnetic field is essentially determined by the
quantum fluctuation energy. A remarkable quantum effect
is that an up-up-down spin state, which appears in a
magnetic field for the classical model, can be stabilized
in a finite magnetic field range, so that the magnetization
curve has a plateau at one-third of the saturation magneti-
zation [8-16].

The nature of the quantum mechanical ground state in a
magnetic field is strongly reflected in the magnetization
process. The magnetization process for a 2D spin-1/2
TLHAF, in which maximally strong frustration and quan-
tum fluctuation coexist, has been calculated energetically
using spin wave theory [9,11,12], the coupled cluster
method [13] and exact diagonalization [14—16]. The calcu-
lated magnetization curves are greatly different from that
for the classical spin. However, experimental verification
of the theoretical results has not been conducted at a
quantitative level.

Experimentally, Cs,CuCl, [17], Cs,CuBr, [18,19] and
k-(BEDT-TTF),Cu,(CN); [20] have been actively inves-
tigated as spin-1/2 TLHAFs. However, the triangular lat-
tice in these substances is not regular but distorted, and
thus, the exchange interaction is spatially anisotropic.
Cs,CuCl, and Cs,CuBry also exhibit a large antisymmetric
interaction of the Dzyaloshinsky-Moriya (DM) type.
Cs,CuBry is the only triangular-lattice antiferromagnet
that displays the quantum magnetization plateau [18,19].
However, its magnetization process is strongly anisotropic
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owing to the large DM interaction, and the magnetization
plateau is not observed for a magnetic field perpendicular
to the triangular-lattice plane. The magnetic models of
Cs,CuBr, and Cs,CuCl, are complicated. To elucidate
the quantum nature of the ground state and excitations in
the TLHAF, a spin-1/2 Heisenberg antiferromagnet with a
regular triangular lattice is necessary. It is considered
impossible to realize a regular triangular lattice in a copper
compound, in which magnetic Cu?>* ions are in an octahe-
dral environment, because the degeneracy of the e, orbital
cannot be lifted in trigonal crystal field and a large Jahn-
Teller energy of the order of 3000 K cannot be released
[21]. Thus, the trigonal (or hexagonal) crystal lattice of the
copper compound is unstable at low temperatures. In this
letter, we present the results of magnetization and specific
heat measurements on Ba;CoSb,0q and provide evidence
that Ba;CoSb,0y closely approximates the ideal spin-1/2
TLHAF.

Figure 1 shows the crystal structure of BazCoSb,0O.
This substance crystallizes in a highly symmetric hexago-
nal structure, P6;/mmc, which is closely related to the
hexagonal BaTiOj5 structure [22,23]. The structure is com-
posed of a single CoOg octahedron and a face sharing
Sb,O9 double octahedron, which are shaded blue and
ochre, respectively. Magnetic Co?>" ions form regular
triangular-lattice layers parallel to the ab plane, which
are separated by a nonmagnetic layer consisting of the
Sb,0y double octahedron and Ba’>* ions. Therefore, the
interlayer exchange interaction is expected to be much
smaller than the intralayer exchange interaction.
However, Ba;CoSb,0y undergoes magnetic ordering at
Tx = 3.8 K owing to the weak interlayer interaction [23].
Because of the highly symmetric crystal structure, the
antisymmetric DM interaction is absent between the
first-, second-, and third-neighbor spins in the triangular
lattice and between all spin pairs along the ¢ axis.

It is known that the magnetic property of Co?" in an
octahedral environment is determined by the lowest orbital
triplet 7, [24-26]. This orbital triplet splits into six
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FIG. 1 (color online). Crystal structure of Ba;CoSb,0Og. The
blue single octahedron is a CoOg4 octahedron with a Co®" ion at
the center, and the face-sharing Sb,Og double octahedron is
shaded ochre. Magnetic Co?* ions form a regular triangular
lattice in the ab plane. Dotted lines denote the chemical unit cell.

Kramers doublets owing to spin-orbit coupling and the
uniaxial crystal field, which are expressed together as

H'=—3/2A-8) — &{(1)* — 2/3}, )

where [ is the effective angular momentum with / = 1 and
S is the true spin with § = 3/2. When the temperature T is
much lower than the magnitude of the spin-orbit coupling
constant A = —178 cm™!, i.e., T << |A|/kp = 250 K, the
magnetic property is determined by the lowest Kramers
doublet, which is given by I + §% = *=1/2, and the effec-
tive magnetic moment of Co?>" is represented by m =
gups with the spin-1/2 operator s [24-26]. In general,
the total of the g factors for the three different field
directions is about 13 [24], which is twice as large as that
for conventional magnets. When the octahedral environ-
ment exhibits trigonal symmetry observed in Ba;CoSb, 0y,
the effective exchange interaction between fictitious spins
s; is described by the spin-1/2 XXZ model [25,26]

H oo =D [Ji{stss + 5187} + Jysist] )
(i)

This interaction is Ising-like (J;/J; >1) for 6/A <0,
while it is XY-like (J;/Jp <1) for 6/A>0. The
Heisenberg model (Jy/J; = 1) is realized when 6 = 0.
We assume that the nearest-neighbor interaction on the
triangular lattice is dominant in Ba;CoSb,0y, as observed
in isostructural Ba;NiSb,Oq [27].

The Ba3;CoSb,0O9 powder used in this study was pre-
pared via the chemical reaction 3BaCO; + CoO +
Sb,05 — Ba3;CoSb,09 + 3CO,. Reagent-grade materials

were mixed in stoichiometric quantities and calcined at
1100 °C for 20 h in air. BazCoSb,O9 was sintered at
1200 °C for more than 20 h after being pressed into a
pellet. To prepare single crystals, we packed the sintered
Ba;CoSb,0y into a Pt tube of 9.6 mm inner diameter and
50 mm length. Small single crystals with dimensions of
1 X 1 X 1 mm® were grown from the melt. The tempera-
ture of the furnace was lowered from 1700 to 1300 °C over
two days. The samples obtained were examined by x-ray-
powder and single-crystal diffraction.

The magnetic susceptibility of Ba;CoSb,0Oq powder was
measured in the temperature range of 1.8-300 K using a
SQUID magnetometer (Quantum Design MPMS XL).
High-field magnetization measurement in a magnetic field
of up to 53 T was performed at 4.2 and 1.3 K using an
induction method with a multilayer pulse magnet at the
Institute for Solid State Physics, University of Tokyo. The
absolute value of the high-field magnetization was cali-
brated with the magnetization measured by the SQUID
magnetometer. The specific heat of BayCoSb,0q single
crystal was measured down to 0.4 K using a physical
property measurement system (Quantum Design PPMS)
by the relaxation method.

Figure 2(a) shows the raw magnetization curve and the
derivative susceptibility for Ba;CoSb,0O¢ powder mea-
sured at 1.3 K. The entire magnetization process was
observed up to a magnetic field of 53 T. The saturation
of the Co®* spin occurs at H; = 31.9 T. The increase in
magnetization above H, arises from the large temperature-
independent Van Vleck paramagnetism of Co’' in the
octahedral environment [25,26]. From the magnetization
slope above H, the Van Vleck paramagnetic susceptibility
was evaluated as yyy=1.60X10"2(ug/T)/Co** =
8.96 X 1073 emu/mol. The saturation magnetization was
obtained as M; = 1.91 ug/Co** by extrapolating the
magnetization curve above H to a zero field [dashed line
in Fig. 2(a)].

Figure 2(b) shows the magnetization curves corrected
for the Van Vleck paramagnetism. The quantum magneti-
zation plateau is clearly observed at M, /3. Thick dashed
and solid lines denote fits by the higher order coupled
cluster method (CCM) [13] and by exact diagonalization
(ED) for a 39-site rhombic cluster [16], respectively. Both
theories coincide with each other. The only adjustable
parameters are saturation field H, and saturation magneti-
zation M. Although the experimental magnetization curve
is smeared around the critical fields due to the finite
temperature effect and the small anisotropies of the g
factor and the interaction, the agreement between the
experimental and theoretical results is excellent. If the
effective exchange interaction is strongly anisotropic, the
magnetization process will strongly depend on the field
direction, as observed in CsCoCl; [28], and its spatial
average will not agree with the theory for the 2D
spin-1/2 TLHAF. The present result demonstrates that
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FIG. 2 (color online).
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(a) Raw magnetization curve of Ba;CoSb,0y powder measured at 1.3 K and derivative susceptibility dM/dH

vs magnetic field H. Dashed lines denote the Van Vleck paramagnetism evaluated from the magnetization slope above the saturation
field H, = 31.9 T. (b) Magnetization curve corrected for Van Vleck paramagnetism. Thick dashed and solid lines denote the
theoretical magnetization curves calculated by the higher order coupled cluster method (CCM) [13] and by exact diagonalization (ED)
for a 39-site rhombic cluster [16], respectively. Thin dotted lines denote classical magnetization curves.

Ba;CoSb,0y closely approximates the 2D spin-1/2
TLHAF, although 3D magnetic ordering occurs at 7Ty =
3.8 K owing to the small interlayer interaction.

From the saturation magnetization and the relation
4.5J = gugH,, the average g factor and the exchange
constant were obtained as g = 3.82 and J/kg = 18.2 K,
respectively. The magnetic field range of the M, /3 plateau
observed in Baj;CoSb,0y agrees with that of 0.306 <
H/H; <0.479 predicted by the CCM [13] and ED
[14,16]. This field range is much larger than that of 0.45 <
H/H; <0.50 observed in Cs,CuBr, with a spatially an-
isotropic triangular lattice (J,/J; = 0.74) [18,19] and is
twice as large as that of 0.317 < H/H, < 0.413 for the
spin-1 case [27].

Figure 3 shows the magnetic susceptibilities of
Ba;CoSb,0, powder obtained before and after the correc-
tion of the Van Vleck paramagnetic susceptibility of
Xvy = 8.96 X 1073 emu/mol. We plotted the susceptibil-
ity data for T = 40 K, where the spin-1/2 description of
the magnetic moment is valid. The contribution of the Van
Vleck paramagnetic susceptibility is one-quarter to one-
third of the raw magnetic susceptibility, and thus, its cor-
rection is essential for evaluating the intrinsic magnetic
susceptibility. The magnetic susceptibility has a rounded
maximum at 7 K, characteristic of a low-dimensional
antiferromagnet. The solid line in Fig. 3 indicates the
theoretical susceptibility of the 2D spin-1/2 TLHAF cal-
culated by series expansion [29] with J/kz = 18.2 K and
g = 3.82, which were obtained from the present high-field
magnetization measurements. The experimental and theo-
retical magnetic susceptibilities are consistent, although
the theoretical susceptibility is smaller than the experimen-
tal susceptibility.

Using a small single crystal, we also measured the
specific heat to investigate the nature of the magnetic
ordering. Figure 4 shows the low-temperature specific
heat measured at a zero magnetic field. Sharp peaks in-
dicative of magnetic phase transitions were observed
around 3.8 K. As shown in the inset, Ba;CoSb,0Og under-
goes three magnetic phase transitions at Ty; = 3.82,
Tno =379 and Tyn; = 3.71 K. In the Heisenberg-like
triangular-lattice antiferromagnet, successive phase transi-
tions occur when the magnetic anisotropy is of the easy-
axis type, while a single transition arises for easy-plane
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FIG. 3 (color online). Temperature dependence of magnetic
susceptibilities for Ba;CoSb,04 obtained before and after cor-
rection of Van Vleck paramagnetism. The solid line denotes the
theoretical susceptibility calculated by series expansion [29]
with J/kg = 18.2 K and g = 3.82.
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FIG. 4 (color online). Low-temperature specific heat of
Ba;CoSb,0y measured at zero magnetic field. The inset shows
an expansion of the graph around 3.8 K.

anisotropy [30,31]. The successive phase transitions ob-
served show the presence of easy-axis anisotropy, which is
consistent with the 120° spin structure in a plane including
the ¢ axis observed by Doi et al. [23]. However,
Ba;CoSb,0y differs from other triangular-lattice antifer-
romagnets with easy-axis anisotropy in its ordering pro-
cess. Usually, magnetic ordering occurs in two steps, as
observed in the classical systems CsNiCly [32,33],
GdPd,Al; [34] and RbsMn(MoO,); [35], while in
Ba;CoSb, 0y, it occurs in three steps. The scenario of the
three-step transition is considered to be as follows [30]:
with decreasing temperature, the ¢ axis component of spins
first becomes ordered at Ty; with the condition (Sj) #
(S3) # (S5), then a transition to a state with (Sj)=
—2(85) = —2(S5) occurs at Ty,. Finally, the ab compo-
nents becomes ordered at 7Ty3;. Consequently, below Tys,
spins form a triangular structure in a plane parallel to the ¢
axis. It appears that the first ordered phase, which is
omitted in the above-mentioned classical systems, emerges
in Ba3COSb209.

The reduced temperature range of the intermediate
phase (Tx; — Tn3)/Tx; is determined from the ratio of
the anisotropic term (J; — J) to the isotropic term (J )
in the exchange interaction [30,31]. The very narrow tem-
perature range of the intermediate phase in Ba;CoSb,0q
means that the anisotropic term is much smaller than
the isotropic term. The effective exchange interaction of
Eq. (2) is strongly anisotropic in typical cobalt substances
[25,26], but in BazCoSb, 0y, it is close to the Heisenberg
model. This means that the coefficient of the trigonal
crystal field 6 is much smaller than the spin-orbit coupling
constant A in Ba;CoSb,0y, and the local environment of
Co?* is close to a cubic environment as observed in
perovskite KCoF5 [36].

In conclusion, we have shown that the entire magneti-
zation process and the temperature dependence of the

magnetic susceptibility for Ba;CoSb,0, agree well with
theoretical results for the spin-1/2 TLHAF, and that
Ba;CoSb,0y undergoes three magnetic phase transitions
with very narrow intermediate phases. These results dem-
onstrate that the spin-1/2 TLHAF is actually realized in
Ba;CoSb,04. Conversely, this work verifies recent theory
on the magnetization process for the spin-1/2 TLHAF.
Therefore, Ba;CoSb,0y is expected to be useful for ver-
ifying quantum-fluctuation-assisted spin states in magnetic
fields [9—11] and for exploring new quantum aspects of the
spin-1/2 TLHAF such as negative quantum renormaliza-
tion and the singularity of magnetic excitations [37-39].
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