PHYSICAL REVIEW B 109, 094414 (2024)

One-half magnetization plateau in the spin-% fce lattice antiferromagnet Sr,CoTeOg

Hidekazu Tanaka®,'2-* Akira Matsuo,’ and Koichi Kindo?
! Innovator and Inventor Development Platform, Tokyo Institute of Technology, Midori-ku, Yokohama 226-8502, Japan
2Department of Physics, Tokyo Institute of Technology, Meguro-ku, Tokyo 152-8551, Japan
3Institute for Solid State Physics, The University of Tokyo, Kashiwa, Chiba 277-8581, Japan

® (Received 19 December 2023; revised 5 February 2024; accepted 27 February 2024; published 12 March 2024)

We report the results of high-field magnetization measurements on a powdered sample of Sr,CoTeOg,

which approximates the spin-1/2 fcc lattice Heisenberg antiferromagnet. This compound undergoes a mag-
netic ordering into a type-I antiferromagnetic state at 7y = 13.4 K. The magnetization exhibits a plateau at
one-half of the saturation magnetization. This indicates antiferromagnetic nearest-neighbor and ferromagnetic
next-nearest-neighbor exchange interactions, consistent with the type-I antiferromagnetic state. However, the

one-half magnetization plateau is indistinct. This can be ascribed to the small exchange anisotropy or the sig-
nificant finite-temperature effect due to the energy structure characteristic of the spin-1/2 fcc lattice Heisenberg
antiferromagnet. The observed transition sequence is consistent with the theory, although the magnetization

anomalies are not sharp.

DOLI: 10.1103/PhysRevB.109.094414

I. INTRODUCTION

Quantum many-body effects have been central topics
in condensed matter physics. It is known that spin-1/2
triangular- and kagome-lattice Heisenberg antiferromagnets,
prototypical frustrated quantum magnets, produce remarkable
quantum many-body effects caused by the synergy between
the geometrical frustration and quantum effect [1-3]. Theoret-
ical and experimental studies established that these quantum
magnets display the magnetization plateau, a macroscopic
quantum many-body effect [4-34]. These frustrated quantum
magnets also exhibit fractionalized spin excitations, regard-
less of whether their zero-field ground states are ordered
[35-49]. This strongly suggests that their ground states have a
sizable spin-liquid component.

In this context, the study of quantum many-body ef-
fects in three-dimensional (3D) frustrated magnets such
as spin-1/2 fcc and pyrochlore-lattice Heisenberg antifer-
romagnets is of interest. The magnetization process in
the 3D frustrated magnet has been extensively studied for
the spin-3/2 pyrochlore-lattice Heisenberg antiferromagnet,
which displays the one-half magnetization plateau caused by
the effective biquadratic exchange interaction arising from
the spin-lattice coupling [50-52]. Theories showed that the
one-half magnetization plateau emerges in spin-1/2 fcc
and pyrochlore-lattice Heisenberg antiferromagnets [53-56].
However, its experimental verification is little.

This paper reports on the result of magnetization mea-
surement on a double-perovskite compound Sr,CoTeOg using
pulsed high magnetic fields. This system can be described as
a spin-1/2 Heisenberg-like antiferromagnet on an fcc lattice
at low temperatures. Figure 1(a) shows the crystal structure
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of Sr,CoTeOg, which is monoclinic P2, /n with lattice con-
stants of a=5.64 A, b=5.61 A, c=7.92 A, and $=90.1°
[57,58]. Taking @’ =a+b and b’ =b —a, we see that mag-
netic Co*" ions form an fcc lattice, as shown in Fig. 1(b).
Although the fcc lattice is distorted, the crystal lattice is
close to the uniform fcc lattice because ~/2a ~ +/2b~ ¢ and
B ~90°. CoOg and TeOg octahedra are arranged alternately,
sharing their corners. Because the nonmagnetic Te®" ion has
the filled outermost 4d orbital, we can expect that the nearest-
neighbor (NN) exchange interaction J; shown in Fig. 2(a)
becomes antiferromagnetic (J; >0) and dominant, as dis-
cussed in Refs. [59,60].

Sr,CoTeOg¢ undergoes a magnetic phase transition at
Ty =15—18K [57,58]. Neutron diffraction experiments de-
termined the magnetic structure in the ordered state to be
the type-I antiferromagnetic structure illustrated in Fig. 2(b)
[57,58]. The type-I antiferromagnetic structure is realized
when the NN interaction J; is antiferromagnetic, and the
next-nearest-neighbor (NNN) interaction J, is ferromagnetic
or very weakly antiferromagnetic (J, < 0) [53,54,61-65]. The
type-I antiferromagnetic state was also found in other double-
perovskite magnets Ba, YRuOg [66] and Ba, YOsOg [67], in
which magnetic ions are Ru’" and Os®* with spin 3/2. The
nonmagnetic hexavalent ion plays an essential role in ex-
change interactions. Sr,CoWOQOg and Sr,NiWOg have a type-I1
antiferromagnetic structure illustrated in Fig. 2(c) [68,69],
which is realized when J; is antiferromagnetic and J,/J; = 0.5
[53,54,63-65]. This is because the filled outermost orbital of
the WO ion is 5p, as discussed in Refs. [59,60].

The magnetic properties of Co*™ in an octahedral en-
vironment can be described with an effective spin-1/2
when the temperature 7 is much lower than the magnitude
of the spin-orbit coupling constant A=—178 cm™', i.e.,
T < |1 /kg =250K [70-72]. Hence, the effective spin-1/2
model is valid in the temperature range below the liquid
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FIG. 1. (a) Schematic view of the crystal structure of Sr,CoTeOg.
The blue and gold octahedra are CoOg and TeOg octahedra centered
by Co** and Te® ions, respectively. (b) Schematic view of an fcc
lattice obtained by takinga’ =a +b and b’ =b —a.

nitrogen temperature 77 K. Since the crystal lattice of
Sr,CoTeOg¢ approximates the cubic fcc lattice, the exchange
interaction between the effective spins will be close to the
Heisenberg model [71]. The g factor for the Zeeman term
will be roughly twice the conventional g=2 [70,71]. The
saturation field for the fcc lattice Heisenberg antiferromagnet
becomes large even for the spin-1/2 case because the co-
ordination number is 12. It will often exceed the accessible
field range. However, using a pulsed high magnetic field up
to 73 T, we could observe the entire magnetization process in
Sr,CoTeOg because of the large g factor, as shown below.
Figure 3(a) shows four sublattices and spin configu-
rations of the type-1 antiferromagnetic state stabilized in
magnetic fields when J; >0 and J, S0 [53,54,61-65]. The
magnetization curve of the spin-1/2 fcc lattice Heisenberg
antiferromagnet without the NNN interaction (J, =0) was
calculated through a cluster mean-field method, assuming a
four-sublattice model shown in Fig. 3(a) [55]. Figures 3(b)—
3(e) show the spin configurations in magnetic fields. An
antiferromagnetic (b) state is stable in zero and low magnetic
fields. With increasing magnetic field, quantum fluctuations

Type-11 Type-III

FIG. 2. (a) The exchange network in an fcc lattice antiferromag-
net. Thick solid and thin dashed lines denote the nearest-neighbor J;
and the next-nearest-neighbor J, exchange interactions, respectively.
(b) Type-1, (c) type-11, and (d) type-III antiferromagnetic states char-
acterized by propagation vectors ¢ = (0, 0, 1), (1/2, 1/2, 1/2), and
(0, 1/2, 1), respectively.

stabilize low-field coplanar (c), up-up-up-down (uuud) (d),
and high-field coplanar (e) states in this order [53-55]. The
magnetization has a plateau at one-half of the saturation mag-
netization in the uuud state. The transition between (b) and (c)
states is the first order [55].

FIG. 3. (a) Four spin sites of the type-I fcc lattice antifer-
romagnet in magnetic fields. (b)—(e) Possible spin configurations
in magnetic fields. (b) Antiferromagnetic, (c) low-field coplanar,
(d) collinear up-up-up-down, and (e) high-field coplanar states.
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When the J; and J; interactions are antiferromagnetic, and
J2/Jy is small, the zero-field ground state is the type-III anti-
ferromagnetic state illustrated in Fig. 2(d) [53,54,61,63-65].
The type-III antiferromagnetic state was observed in K,IrClg
[73,74]. With increasing antiferromagnetic J, from zero, four
spin states shown in Figs. 3(b)-3(e) become rapidly unstable
[54]. The one-half magnetization plateau is absent in the pa-
rameter range for the type-II and -III antiferromagnetic states
[54]. The antiferromagnetic J, interaction strongly suppresses
the one-half magnetization plateau.

We observed a one-half magnetization plateau in
Sr,CoTeOg. This observation and the type-I antiferromagnetic
state at zero field confirm that J; > 0 and J, é 01in Sr,CoTeOg.

II. EXPERIMENTAL DETAILS

Sr,CoTeOg powder was prepared by the solid-state reac-
tion in accordance with the chemical reaction 2SrO+CoO+
TeOz—i-%Oz —> Sr;CoTeOg. Reagent-grade source materials
were mixed in stoichiometric quantities and fired at 900 °C
in air for 24 h. The powder was then reground, pelletized, and
calcined twice at 1000 °C in air for 24 h. The samples obtained
were examined by x-ray powder diffraction.

The magnetic susceptibility of Sr,CoTeOg powder was
measured in the temperature range of 1.8-300K using
a superconducting quantum interference device (SQUID)
magnetometer (MPMS XL, Quantum Design). High-field
magnetization was measured in a magnetic field of upto 73 T
at 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
calibrated with the magnetization measured using the SQUID
magnetometer.

III. RESULTS AND DISCUSSION

Figure 4(a) shows the temperature dependence of the
raw magnetic susceptibility x, and its temperature deriva-
tive dx;/dT of Sr,CoTeOg powder. The temperature range
is below 80 K, where the effective spin-1/2 model holds.
The temperature dependence of y; almost coincides with
the previous reports [57,58]. A magnetic phase transition is
clearly observed at Ty = 13.4 K, at which dx,/dT shows a
sharp peak. This transition temperature is somewhat lower
than Ty = 15-18 K reported previously [57,58].

We also plotted in Fig. 4(a) the magnetic susceptibility
Xc after the correction of the Van Vleck paramagnetic sus-
ceptibility yvy =8.27x 1073 emu/mol, which was obtained
by a high-field magnetization measurement shown below.
Figure 4(b) shows the temperature dependences of the mag-
netic susceptibility x. and its inverse. The solid line is the
Curie-Weiss fit with the Curie constant C = 1.24 emu K/mol
and Weiss temperature ® =—76.9K in a 50<7 <80K
range. We obtain gcw = 3.63 from the Curie constant. The g
factor is larger than gp,e = 3.08 obtained from the high-field
magnetization measurement below. This is because there is no
temperature range below 80 K in which x ! is precisely linear
in T due to the short-range spin correlation.

Figure 5(a) shows the raw magnetization curve and its
field derivative dM/dH of Sr,CoTeOg powder measured
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FIG. 4. (a) Temperature dependences of the magnetic suscep-
tibility of Sr,CoTeOgs powder before and after the correction of
the Van Vleck paramagnetism 8.27x 1073 emu/mol (left axis), and
the temperature derivative of the magnetic susceptibility dx/dT
(right axis). A vertical arrow denotes the magnetic phase transi-
tion temperature 7y = 13.4 K. (b) Temperature dependences of the
magnetic susceptibility and inverse susceptibility corrected for the
Van Vleck paramagnetism. The solid line is the Curie-Weiss fit in a
50 < T < 80K range.

at T =1.3K. The magnetization saturates at H;=66.7 T,
at which dM/dH has an inflection point. The mag-
netization increases after the saturation because of the
large Van Vleck paramagnetism characteristic of Co*"
in an octahedral environment [71,72]. From the magne-
tization slope above H,, we evaluated the temperature-
independent Van Vleck paramagnetic susceptibility as
vy = 1.48x1072 (up/T)/Co** =8.27x 1073 emu/mol. We
subtracted yyy from the raw magnetic susceptibility x; to
obtain the low-temperature spin susceptibility x., as shown
in Fig. 4. The saturation magnetization was obtained as
M =1.54 ug/Co’* by extrapolating the magnetization curve
above H; to a zero field [dashed line in Fig. 5(a)]. The
g factor is obtained to be gmae =3.08. This g factor is
almost the same as gmae =3.0 in Ba3CoNb,Og [59] and
smaller than gp,, =3.82 in BazCoSb,09 [16]. Using a re-
lation gupHs =8J; and gmag = 3.08, we obtain the exchange
constant of J; /kg = 17.3 K.
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FIG. 5. (a) Raw magnetization curve of Sr,CoTeOg powder mea-
sured at 1.3 K (left axis) and field derivative susceptibility dM/dH
vs magnetic field H (right axis). The dashed line denotes the Van
Vleck paramagnetism evaluated from the magnetization slope above
the saturation field Hy = 66.7 T. (b) Magnetization curve and dM /dH
vs H after the correction of the Van Vleck paramagnetism. Vertical
arrows are the saturation field and estimated critical fields. The solid
black line is the magnetization curve for J, = 0 calculated by a cluster
mean-field method for 28 spin sites [55]. Corresponding spin states
are illustrated. The inset shows the expansion of dM/dH between 15
and 35 T.

Figure 5(b) shows the magnetization curve after correcting
the Van Vleck paramagnetism. A plateau anomaly is observed
at one-half of the saturation magnetization. The lower and
higher edge fields are roughly estimated as H.3 ~34 T and
H.,~42T, shown by vertical arrows. We specified these
fields where dM/dH shows inflection points. For compari-
son, we depicted the magnetization curve for a spin-1/2 fcc
lattice Heisenberg antiferromagnet with J, = 0 calculated by a
cluster mean-field method for 28 spin sites [55]. Although the
observed one-half plateau is indistinct, it is consistent with the
theory of the spin-1/2 fcc lattice Heisenberg antiferromagnet
[53-55].

The field derivative of magnetization dM/dH displays a
slight bend anomaly at H,; >~ 23T, as shown in the inset of
Figs. 5(b) and 6. This anomaly appears to be the transition
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FIG. 6. Magnetization curve of Sr,CoTeOq powder after the cor-
rection of the Van Vleck paramagnetism measured at 1.3 K using a
pulsed magnetic field up to 40 T (left axis) and dM/dH vs H (right
axis). Vertical arrows are roughly estimated critical fields.

between the antiferromagnetic (b) and low-field coplanar (c)
states in Fig. 3. The emergence of the one-half magnetiza-
tion plateau and the type-I antiferromagnetic state observed
at zero field confirm that Sr,CoTeOg is described as a spin-
1/2 fcc lattice Heisenberg-like antiferromagnet with dominant
antiferromagnetic J; and weak ferromagnetic or very weak
antiferromagnetic J, interactions. The J, interaction is neg-
ligible in Sr,CuTeOg [75] and SrLaCuSbOg [76], with similar
orbital configurations as those in Sr,CoTeOg. When the ferro-
magnetic J, interaction becomes large, the system approaches
the classical model, and the quantum magnetization plateau
will be suppressed. For these reasons, we can deduce that the
magnitude of the J, interaction is much smaller than that of
the J; interaction in Sr,CoTeQOg.

Another transition is observed in dM/dH at H,; ~9T,
shown by a vertical arrow in Fig. 5(b). This transition is more
visible in the magnetization process measured using a pulsed
magnetic field up to 40 T, shown in Fig. 6, because decreasing
the top field reduces mechanical noise at the start and end.
Neutron diffraction experiments indicated that the magnetic
moment in the ordered state has both the ¢ axis and ab plane
components [57,58]. We deduce that the transition at H,; is
the spin reorientation to the antiferromagnetic state shown in
Fig. 3(b) that gains the Zeeman energy. For the powder sam-
ple, ordered moments are distributed isotropically. Although
it should be small, the finite exchange anisotropy AJ exists
in Srp,CoTeOg because the fcc lattice is slightly distorted.
Due to the exchange anisotropy, a finite magnetic field of an
order of \/(AJ)J is necessary to orient these ordered moments
perpendicular to the applied magnetic field.

When the exchange interaction and the g factor are
anisotropic, the saturation field depends on the field direc-
tion so that the saturation anomaly for the powdered sample
is smeared. However, the saturation anomaly in Sr,CoTeOg
powder is considerably sharp, as shown in Fig. 5(b). This
indicates that the anisotropies of the exchange interactions and
the g factor are small.

The observed one-half magnetization plateau is not dis-
tinct. Here, we discuss the reason. Theories predict that the
exchange randomness can make the magnetization plateau

094414-4



ONE-HALF MAGNETIZATION PLATEAU IN THE SPIN- ...

PHYSICAL REVIEW B 109, 094414 (2024)

indistinct in triangular- and kagome-lattice quantum magnets
[77-79]. Since the saturation anomaly at H is consider-
ably sharp, the exchange randomness will be negligible in
Sr,CoTeOg, as in related compounds Ba,CoTeOg [80,81] and
Sr,CuTeOg [60,75]. Hence, we infer that the smearing of the
one-half magnetization plateau is not ascribed to the exchange
randomness.

Because the crystal lattice of Sr,CoTeOg is not correctly
cubic, there is a certain amount of exchange anisotropy.
In general, the quantum fluctuation energy is smaller than
the classical energy. The quantum magnetization plateau is
sensitive to the exchange anisotropy. Whether or not the mag-
netization plateau emerges and its field range will depend on
the field direction. This makes the plateau anomaly indistinct
in a powdered sample. The exchange anisotropy will be one
of the origins of the indistinct one-half magnetization plateau,
even though its magnitude will be significantly smaller than
the Heisenberg term.

Since the theoretical one-half magnetization plateau range
is AH~6.6T for J;/kg= 173 K, J,=0, and g=3.08,
the ratio of the measurement temperature 7 =1.3K to the
plateau range is kg7 /(gug AH) ~ 0.1. The observed one-half
magnetization plateau is indistinct, although the tempera-
ture is sufficiently lower than the plateau range. Such a
significant finite-temperature effect is also known on the one-
third magnetization plateau for the spin-1/2 kagome-lattice
Heisenberg antiferromagnet [32,82]. The one-third plateau
melts rapidly by the slight temperature increase due to many
excited states with different total spins energetically close to
the plateau state [82]. This situation will be similar to the
case of the one-half magnetization plateau in the spin-1/2
fcc lattice Heisenberg antiferromagnet. The one-half mag-
netization plateau is destabilized by the antiferromagnetic
NNN exchange interaction J, and disappears very rapidly with
increasing the antiferromagnetic J, [54]. This indicates that
many excited states with different total spins are energetically
close to the one-half plateau state because the J, interaction is

weak in SrpCoTeOg. These excited states give rise to the rapid
melting of the one-half plateau with only a tiny temperature
increase. Hence, the remarkable finite-temperature effect is
also one of the origins of the indistinct one-half magnetization
plateau.

IV. CONCLUSION

We have presented the results of high-field magnetiza-
tion measurements on a powdered sample of Sr,CoTeOg
that approximates the spin-1/2 fcc lattice Heisenberg anti-
ferromagnet. We observed a one-half magnetization plateau
caused by the quantum fluctuation. Because an antiferromag-
netic NNN exchange interaction J, destabilizes the one-half
magnetization plateau, the J, interaction should be weakly
ferromagnetic in Sr,CoTeQOg. This is consistent with the
type-1 antiferromagnetic state below Ty = 13.4 K. However,
the one-half magnetization plateau is indistinct. This can be
attributed to the small exchange anisotropy and the signifi-
cant finite-temperature effect caused by the energy structure
characteristic of the spin-1/2 fcc lattice Heisenberg antifer-
romagnet. Below the plateau field range, we also observed a
small magnetization anomaly suggestive of a quantum phase
transition between the antiferromagnetic and low-field copla-
nar states. Although the magnetization anomalies are not
sharp in Sr,CoTeOg powder, the observed transition sequence
is consistent with the theory overall.
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