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Magnetic susceptibility and heat capacity measurements are used to infer information about the short-range
magnetic order above the Néel temperature Ty and the antiferromagnetically ordered states below Ty of quasi-
one-dimensional (quasi-1D) CuSb,Og, NiTa,Og, and CoSb,Og. It is shown that two antiferromagnetic sublattices,
oriented at 90° to one another, are likely present in NiTa,Os and CoSb,O¢. Application of magnet field parallel
to the quasi-1D chains of one sublattice is perpendicular to the chains of the other sublattice. This results in
two antiferromagnetic transitions when the magnetic field H > 2 T (~0.2 meV). The anisotropic influence of
magnetic field on the antiferromagnetic state leads to a magnetocaloric effect that is fully investigated in this
work. The effect is associated with competition among Néel, dimer, and spin-liquid states that are all present at

Ty.
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I. INTRODUCTION

Transition-metal oxides exhibit a wide range of interesting
electrical and magnetic properties. Among these, M Sb,Og
and MTa,O¢, where M is a transition-metal ion, display
antiferromagnetism with reduced dimensionality [1-12]. Their
Néel temperatures Ty are near 10 K, but short-range magnetic
order [7,9,10,13] is evident well above Ty. In this region,
broad peaks in their magnetic susceptibilities are indicative
of one-dimensional (1D) order of magnetic moments on 1D
chains. The short-range nature of the order in this region
is suggested by other measurements such as Mossbauer
spectroscopy [1] and heat capacity [2,9]. Below Ty, the
1D chains align to form three-dimensional order, sometimes
exhibiting an energy gap [9,13]. The coupling between the
1D antiferromagnetic chains is weak [9,14,15], which invites
classification as quasi-1D antiferromagnets.

One-dimensional antiferromagnetic chains are a category
of Luttinger liquids [16]. Normally, long-range order is not
expected for a 1D chain of magnetic ions. However, they
can undergo phase transitions (i.e., dimerization, or a spin-
Peierls transition) through coupling with 3D phonons [17,18].
Competition between nearest- and next-nearest-neighbor ex-
change energies (J; and J,, respectively) is known to lead to
spontaneous dimerization if the relationship between them is
favorable [19]. Furthermore, in the anisotropic XXZ Heisen-
berg model, a triple point, where Néel, dimer, and spin-fluid
states of matter intersect, can arise depending on the ratio
between J;/J, and the anisotropy parameter A [19].

Real magnetic systems always possess interchain coupling.
It is believed that this coupling can lead to long-range
order [20-22]. For example, the quasi-1D antiferromagnet
Cs,CoCly possesses a coupling ratio [23,24] of J/J; ~ 68,
A ~0.25, and a Néel temperature of 0.22 K, where J is
the coupling along and J, is the coupling perpendicular to
the chain. Magnetic field applied perpendicular to the chains
breaks the symmetry, initially inducing a spin-flop phase, but
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eventually it suppress long-range order leading to quantum
fluctuations, and a spin-liquid phase emerges. The spin-liquid
phase, lacking long-range magnetic order but exhibiting short-
range order, is a magnetically frustrated system, unlike the
spin-fluid phase, which is a gapless Luttinger liquid state [19]
associated with a purely-1D system where |A| < 1. Direct
comparison of experimental observations in quasi- 1D systems
to theory for purely 1D is tenuous, and the theoretical
complexity of adding interchain coupling requires a mean-field
treatment. Such theoretical work has considered the quasi-
1D antiferromagnet in magnetic field, suggesting that field
perpendicular to the magnetic chain suppresses long-range
order and induces the spin-liquid phase [24,25]. This type of
field-induced phase competition is the subject of the present
investigation. The present study differs from other studies
of the influence of magnetic field on quasi-1D spin-chain
systems, where field causes magnetization plateaus that are
associated with the formation of triplet states [23,25]. No
magnetization plateaus are revealed here, possibly because
of complexities in the crystal/magnetic structure.

This work focuses on three of these compounds, CuSb,Og,
NiTa;O¢, and CoSb,;Og. CuSb,O¢ orders antiferromagneti-
cally at Néel temperature [3,9] Ty = 8.5 K, NiTa,Og or-
ders [10,15,26] at Ty = 10.5 K, and CoSb,Og¢ orders at [8,13]
Ty = 13.5 K. They possess similar crystal structures, with
the transition-metal M>* ion residing in an octahedral envi-
ronment. CuSb,Og undergoes a structural transition on cooling
below 380 K from trirutile tetragonal («¢-CuSb,Og) to distorted
monoclinic (B-CuSb,0¢) while maintaining the octahedral
environment [27]. NiTa,Og and CoSb,O¢ possess the same
tetragonal space group (P4, /mnm); the c lattice parameter of
the unit cell is roughly double the a lattice parameter [8,26].
The crystal structure for these compounds is shown in Fig. 1;
multiple unit cells and two M-Og octahedra are shown to
illustrate the fact that the apexes of the octahedra point along
the [110] direction at z = 0 and the [110] direction at z = 1/2.
The oxygen occupancy does not allow the apexes to point along
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FIG. 1. (Color online) Tetragonal P4,/mnm crystal structure for NiTa, O and CoSb,Og. Except for the monoclinic distortion, this structure
is valid for CuSb,0¢. The M atoms are red, oxygen atoms are blue, and Sb or Ta atoms, reduced in size for clarity, are gray. The unit cell is
illustrated by thin lines. The one-dimensional M-O-O-M linkages along the [110] and [110] directions at z = 0 and z = 1/2, respectively, are
illustrated by lines. One octahedron is shown for each layer; the apexes of the octahedra form the M-O-O-M linkages, which can only point
along [110] and [110] at z = 0 and z = 1/2, respectively. The four in-plaquette M-O bond distances are 2.0683 A, the two out-of-plaquette
bond distances are 2.0265 A, and the octahedra apexes are separated by 2.5223 A in the case of CoSb,0s. Java Structure Viewer was used to

create this figure.

[110] at z = 0, or those at z = 1/2 to point along [110]. Two
neighboring apexes create M-O-O-M linkages that are impor-
tant for the formation of the 1D antiferromagnetic chains [14];
these linkages are evident upon inspection of Fig. 1.

Band structure calculations for CuSb,Og reveal an unusual
quasi-1D magnetic ground state driven by orbital ordering,
which is attributed to the presence of competing interactions
between in- and out-of-plaquette orbitals and strong electron
correlations [14]. The calculations suggest that the domi-
nant magnetic exchange is along the [110] crystallographic
direction at z = 0 and the [110] direction at z = 1/2. It is
therefore directed along the apexes of the Cu-Og octahedra
(i.e., via the out-of-plaquette oxygen) producing Cu-O-O-Cu
linkages within the crystal structure. The directional aspect
of the magnetic exchange suggests a two-sublattice model for
the antiferromagnetic structure. One sublattice, at z = 0, has
antiparallel magnetic moments along [110] with the moments
lying purely in the a-b plane (i.e., no canting along [001]);
the second magnetic sublattice, at z = 1/2, has its moments
also lying purely in the a-b plane, but rotated 90° with regard
to the first layer. Upon viewing Fig. 1, it becomes clear how
this magnetic structure can occur via the M-O-O-M linkages,
since the chains at z = 0 and z = 1/2 are perpendicular to one
another. Band structure calculations [14] suggest J/J; ~ 120
for CuSb,0O¢ [29].

There is disagreement regarding the magnetically ordered
state in CuSb,0O¢ determined from experiment. Nakua and
Greedan [11] proposed two possible magnetic structures,
based on powder neutron diffraction data. One of these,

the orthogonal model, has Cu magnetic moments ordered
antiparallel along [110] at z =0 and [110] at z = 1/2; it is
identical to the two-sublattice model described above. Later,
single-crystal neutron diffraction by Kato et al. [7] determined
that the magnetic structure involved parallel alignment (i.e.,
ferromagnetic) of the magnetic moments along [010], with
adjacent moments aligned antiparallel [i.e., forming an antifer-
romagnetic structure with magnetic wave vector (r /a,0,7 /c)].
Subsequent single-crystal measurements by Gibson et al. [12]
suggested ordering similar to the two-sublattice model, albeit
with a slight tilting of the moments. The work by Kato et al.
is the most detailed investigation/analysis, and their magnetic
structure model agrees best with the anisotropy [9] of the
magnetic susceptibility x (see discussion of x below). More
recent neutron diffraction experiments [28] also agree with
Kato et al. This model, however, disagrees with the magnetic
structure suggested by the magnetic exchange constants
obtained from band structure calculations [14].

In the case of NiTa,Og, density functional theory (DFT)
calculations [15] reveal J/J, ~ 65 and that the dominant
antiferromagnetic exchange path is along [110] at z =0
and [110] at z =1/2, which would result in the same
two-sublattice model (or orthogonal model) for the antifer-
romagnetic structure as described above [29]. In the same
work, however, results from powder neutron diffraction (PND)
revealed the antiferromagnetic structure previously reported
by Ehrenberg et al. [26], also based on PND data, where the
Ni magnetic moments are ordered antiparallel along [110] at
z = 0and z = 1/2. This discrepancy was not addressed [15].
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However, the DFT calculations and the absence of Ni-O-O-Ni
bonds along [110] at z = 1/2, as noted above, provide support
for the two-sublattice model. Neutron diffraction on single
crystals will likely be required to identify the antiferromagnetic
structure with better certainty, given the presence of disorder
below Ty in the PND data [26].

The magnetically ordered state of CoSb,Og also displays
superexchange pathways along [110] (i.e., along Co-O-O-Co
linkages), with a magnetic structure [8] that is described as
similar to that of FeTa,O¢. However, two magnetic structures
were proposed [30] for FeTa,Og¢ and Mossbauer effect data
suggest canting of the magnetic moments by 20° in the [001]
direction [1]. Of the proposed structures, one is identical to
the two-sublattice model described above. Neither of these
structures included any canting in the [001] direction. At
present, no estimates of J/J, exist for CoSb,Og.

The brief review provided above reveals that more exper-
iments are required to identify the antiferromagnetic struc-
tures of CuSb,0¢, NiTa,Og, and CoSb,O¢. In the present
work, analysis of the magnetic susceptibility data of our
single-crystalline samples helps to infer the most probable
antiferromagnetic structures for the three compounds from
among the proposed structures. Heat capacity measurements
for differing orientations of magnetic field H with regard to
the quasi-1D magnetic chains lends support for the inferred
structures. The two-sublattice model is found to be valid for
NiTayOg and CoSb,Og, but not for CuSb,Og.

Determination of the antiferromagnetic structures is an
important step toward understanding the physical properties of
these compounds. The weak coupling between the sublattices
in the quasi-1D magnetic solids NiTa;Og and CoSb,Og leads
to the presence of two antiferromagnetic transitions when the
magnetic field H is parallel to the quasi-1D chains of one
lattice and perpendicular to the those of the second. The typical
magnetic field required to disrupt the magnetic ordering along
the chain is about 2 T, which corresponds to an energy on the
order of 0.2 meV. The effect is associated with competition
among Néel, dimer, and spin-liquid states that are all present
at TN.

The shift of the integrated intensity of the magnetic-
ordering peak in the heat capacity at constant pressure Cp
with temperature through the application of magnetic field
implies a change in magnetic entropy, which in turn indicates
the presence of a magnetocaloric effect (MCE). The MCE is
investigated through analysis of Cp and magnetization data.
The anisotropy of the observed MCE suggests that rotating
the sample in constant magnetic field would cause it to cool or
warm, such as revealed [31,32] for NdCos, ErGa,, and HoGas,.
However, in the compounds studied in the present work, the
MCE is associated with the orientation of each sublattice
with regard to H, the presence of magnetic frustration within
each sublattice, and the poor magnetic coupling between
adjacent sublattices. The absence of a MCE in CuSb,0Og is
attributed to its different antiferromagnetic structure, more
robust magnetic exchange, and its propensity to exhibit a
spin-flop transition [9]. The MCE reported herein differs
from that observed [33] and theoretically studied [34-37] for
low-dimensional quantum-spin systems, where saturation to a
fully polarized magnetic system is responsible.
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The organization of this report is as follows. Section II
highlights experimental and sample preparation methods.
Section III discusses magnetic susceptibility data with the
goal of determining which of the proposed antiferromagnetic
structures for each compound is most probable. Section IV
presents and discusses the magnetic portion of the heat
capacity data on NiTa,Og and CoSb,Og in order to highlight
the large amount of short-range magnetic order present near
Tx. This issue has been addressed for CuSb,Og in prior
work [9]. These sections form the necessary prelude to
understanding the influence of magnetic field on the heat
capacity of CuSb;0¢, NiTa;0¢ and CoSb,0g, which forms
the topic of Sec. V, where data and interpretation thereof are
presented. Finally, an important by-product of this work is
the existence of a magnetocaloric effect that is discussed in
Sec. VI, which is followed by a brief summary and outlook in
Sec. VIL

II. EXPERIMENTAL DETAILS

Single crystals of CuSb,Og and CoSb,O¢ were grown using
chemical vapor transport as described previously [9,13,38].
Polycrystalline NiTa,Og was synthesized by mixing stoichio-
metric quantities of NiO and Ta,;Os in an agate mortar followed
by heating to 1050°C for 23 hours in air. The sample was
reground, pelletized and reacted for 48 hours in air at 1100 °C.
This step was repeated twice with successively higher reaction
temperatures of 1150 °C and 1200 °C. The sample was then
reground and hydrostatically pressed at 40 MPa into 3 mm
diameter rods up to 60 mm in length followed by sintering at
1100 °C for 10 hours and 1200 °C for 20 hours. Single crystals
of NiTa,Og were then grown from the polycrystalline rods
using the floating-zone method utilizing a two-lamp image
furnace with 1500 W halogen lamps operating at 570 W in a
flowing oxygen atmosphere at 0.21 MPa. The growth rate was
5 mm/h and rotation rates of 30 rpm for both the feed and
seed rod were used. A single crystal of ZnSb,Og, prepared as
described previously [9], was used as a nonmagnetic analog
for data analysis purposes. All crystals were oriented using
Laue x-ray diffraction. A polycrystalline sample of MgTa,O¢
was prepared by mixing stoichiometric quantities of MgO and
Ta,Os followed by heating to 1000 °C for 10 hours in air. The
sample was reground, pelletized, and reacted for 96 hours in air
at 1000 °C. Subsequently, the sample was reground, pelletized,
and reacted for 480 hours in air at 1050 °C. Phase purity of the
samples was checked with x-ray diffraction. All measurements
utilized a Quantum Design physical properties measurement
system; this device uses vibrating sample magnetometry to
measure magnetic susceptibility and the heat-pulse technique
to measure heat capacity.

III. MAGNETIC SUSCEPTIBILITY

The magnetic susceptibility x of CuSb,0Og¢, NiTa,Og, and
CoSb,0g at 0.2 T is shown in Fig. 2. The data were corrected
for the core diamagnetism, and plotted as 1/x versus T
(not shown) in order to conduct Curie-Weiss fits. Those fits
were carried out over the temperature range above 100 K.
They reveal magnetic moments consistent with total spin on
the transition-metal site S = 1/2, 1, and 3/2 for CuSb,Og,
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FIG. 2. (Color online) Magnetic susceptibility x versus temper-
ature T for (a) CuSb,Og, (b) NiTa, 04, and (c) CoSb,Og in a magnetic
field H of 0.2 T. The directions of H with regard to the respective
crystallographic directions are indicated in the legends.

NiTa,Og, and CoSb,Og, respectively [13]. Antiferromagnetic
order occurs at Ty = 8.5 K, 10.5 K, and 13.5 K for CuSb,0Og,
NiTa,Og, and CoSb, g, respectively, as noted above. x was
measured along multiple crystallographic directions for each
specimen to investigate its anisotropy.

CuSb,0¢ exhibits significant anisotropy below Ty for H
applied along each of its principal crystallographic directions.
Normally when H is applied perpendicular to the axis along
which the moments lie in their antiferromagnetically ordered
state, x approaches a constant [39]. If H is applied parallel to
the axis along which the moments lie, x — O as T — 0 [39].
Thus, through inspection of the temperature dependence of x
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below Ty as T — 0, information regarding the alignment of
the moments in their ordered state with regard to H can be
inferred. The data in Fig. 2(a) reveal that x fails to clearly
tend toward zero for any of the applied field directions.
Obviously the moments seem to be ordered perpendicular to
[001] (i.e., perpendicular to the ¢ direction), but x’s behavior
as T — 0 implies that the moments are not aligned parallel
to either [100] or [010] (i.e., parallel to the a or b axes,
respectively). However, the decrease of x below Ty for H
applied along [010] is significantly stronger than for H applied
along [100]. Therefore, it seems reasonable to deduce that the
alignment of the moments in CuSb,0Og is nearly parallel to
[010], which agrees best with two of the neutron diffraction
data analyses [7,28]. The data in Fig. 2 may suggest a slight
deviation of the moment alignment with regard to [010], which
could be associated with the monoclinic distortion.

Inspection of the x data for NiTa,O¢ [see Fig. 2(b)] as
T — 0 below Ty reveal a more complex situation. Clearly
the saturation of x for H || [001] indicates that the magnetic
moments appear to be aligned perpendicular to [001]. The
data for H applied along [100] and [110] suggest that the
moments are not aligned along either of these directions. For
H applied along [010] and [1 101, x below Ty decreases further
toward zero, suggesting that the moment alignment along those
directions is better, but clearly these are also not the directions
along which all of the moments are aligned. Similar behavior
occurs for CoSb,0Og, as shown in Fig. 2(c). No canting of
the magnetic moments along [001], as proposed [1], seems
evident from the x data for H || [001]. For magnetic field
H applied along [100], [010], [110], and [110], all x data
behave similarly. As with NiTa;Og, the Co magnetic moments
of CoSb,0¢ appear to be better aligned with directions lying
in the a-b-plane than with ¢, but clearly there is not a
single direction among those measured along which all of
the moments are aligned.

The two-sublattice model for antiferromagnetic ordering
discussed above seems an appropriate model to describe the
behavior of y below Ty for NiTa,Og and CoSb;QOg. In this
model, H is never directed along the axis for which all of
the antiparallel magnetic moments are aligned for any of the
measured field directions shown in Figs. 2(b) and 2(c). The
case for this two-sublattice model in CoSb,Og is slightly more
convincing than for NiTa,Og, since yx for all four measured
directions within the a-b plane are identical. The data in
Fig. 2(b) may indicate disorder of the moments, or slight
canting from the [110] and [110] directions in the respective
sublattices in NiTa,Og. Although the x data do not provide
absolute proof of the two-sublattice model, further support is
provided from the Cp data presented in Sec. V.

IV. MAGNETIC ENTROPY

Cp data of CuSb,0¢ were reported in prior work [9] and
are briefly summarized here. The magnetic contribution to Cp,
referred to as the magnetic heat capacity §Cp, was obtained
by subtracting Cp data for the nonmagnetic analog compound
ZnSb,0¢ from the CuSb,Og¢ data. The results are surprising in
that 58% of the expected magnetic entropy change of RIn2
occurred over the region between 115 K and Ty, with the
majority of that entropy change occurring between 50 K and
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FIG. 3. Magnetic contribution to the heat capacity of NiTa,Og and
CoSb,0¢. Data are shown on a log scale to emphasize the shoulder
above Ty due to short-range order. Inset displays the magnetic entropy
change AS,,, which was determined from the area under the curves
in the main panel.

Tx. An additional 9% change in magnetic entropy occurred
on cooling below Ty to 0.4 K, for a total magnetic entropy
change of 67% of R In2. This clearly illustrates the presence
of a substantial amount of short-range magnetic order above
Ty as well as a significant number of unordered spins at the
lowest temperature. Furthermore, below Ty an energy gap of
1.15 meV was observed. The gap was attributed to coupling
between the 1D Jordan-Wigner-transformed fermions and the
3D phonons. The magnetic ordering at Ty was viewed as an
alignment of the 1D chains, rather than the formation of a truly
3D magnetically ordered state.

Figure 3, which shows §Cp/T versus T for NiTa,Og
and CoSb,0g, reveals a great deal of similarity to the data
of CuSb,0O¢. The nonmagnetic analog compounds used for
the analysis were MgTa,Og and ZnSb,Og, respectively. In
the region between 80 K and Ty, NiTa,Og experiences a
loss in magnetic entropy that is 62% of R In(2S + 1), while
measurements from 7y to the lowest measured temperature
reveal an additional entropy loss of only 20%. In the case of
CoSb,0g, between 80 K and Ty an entropy loss of 42% is
observed and below Ty the additional entropy loss is 15%
Thus, the data reveal the short-range order above Ty as a very
dominant physical property of all three of these systems, with
the long-range order below Ty as a relatively minor further
reduction of the entropy.

In lieu of these observations, it seems reasonable to assert
that strong magnetic frustration is present in the vicinity of Ty
for all of these compounds. The magnetic system must involve
Néel ordered regions (i.e., long-range antiferromagnetic order-
ing), short-range ordered regions, and unordered regions. The
unique antiferromagnetic structure of NiTa;Og and CoSb,O¢
is expected to play a role in generating magnetic frustration,
since the 90° orientation of alternating chains along ¢ would
most likely weaken the magnetic coupling along this direction,
leading to a less robust ordered state below Ty . The weak mag-
netic exchange [15] within the a-b plane, but in directions other
than the chain direction, must also play arole. The nature of the
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short-range order is probably in the form of dimers, or larger
collections of magnetic moments, separated by disordered
spins, which can be thought of as a spin liquid. The spin-liquid
state is essentially a collection of frustrated spins [23-25]. At
Ty and below, the relatively modest change in entropy suggests
that the Néel, dimer, and spin-liquid states coexist.

V. INFLUENCE OF MAGNETIC FIELD ON
ANTIFERROMAGNETIC ORDERING

Measurements of heat capacity at constant pressure Cp
were used to investigate the effect of H on the antiferro-
magnetic ordering. Furthermore, Cp was measured for H
applied along a number of crystallographic directions for
each specimen to investigate the anisotropic effect of H on
magnetic ordering. Figure 4(a) reveals the influence of H on
Cp in CuSb,0¢ for H applied along the [100], [010], and
[001] directions. For H = 0, a peak associated with long-range
antiferromagnetic order occurs in Cp at Ty = 8.5 K. The peak
is not affected appreciably by magnetic field (H < 8 T) for
any of the measured directions.

Data for Cp of NiTayOg are shown in Fig. 4(b). When H ||
[001], there is a single peak in Cp at Ty upon which application
of field has little or no influence [see inset of Fig. 4(b)]. For H ||
[110] very different behavior is observed. For H > 2 T, the
single peak in Cp splits into two, with one peak remaining at
the position of the H = 0 peak, and the second peak moving to
lower T with increase of H. Atthe same time, the original peak
reduces in integrated intensity with the lost intensity emerging
in the newly formed peak. The effect is identical for H || [110]
(data for this direction are not shown, for clarity). When Cp is
measured at 8 T for H || [100] [see the gray dashed curve in
Fig. 4(b)] a single, asymmetric peak is evident. It shifts to lower
temperature with increasing field, but the shift is approximately
midway between the two peaks in the H || [110] data. The
peak’s asymmetry may be associated with misalignment of
the sample with respect to H. Law et al. [15] measured
heat capacity in magnetic field on a polycrystalline sample
of NiTayO¢ and observed the peak in Cp at Ty to smear out. In
light of the observations herein, the behavior they observed is
expected.

Figure 4(c) shows Cp data for CoSb,Og, which reveals
behavior that is very similar to that of NiTa;Og. When H ||
[001], there is a single peak in C p at Ty upon which application
of field has little or no influence [see inset of Fig. 4(c)]. For
H > 2T, the single peak in Cp splits into two only for H ||
[110] or [110] (data for the [110] direction are not shown).
The newly formed peak in CoSb,0Og¢ is much sharper than
the corresponding peak in NiTayOg. This may be associated
with better order among the moments in the two-sublattice
model discussed in Sec. III. For H || [100] or [010] (latter not
shown), only a single asymmetric peak is evident [see the gray
dashed curve in Fig. 4(c)]; it shifts to lower temperature with
increasing field, with the shift midway between the two peaks
in the H || [110] data of Fig. 4(c).

Focusing for a moment on the data for H | ¢, since the
magnetic moments lie in the a-b plane, and the magnetic
exchange within the a-b plane is dominant [14,15], there
is minimal affect on the position or shape of the peak in
Cp for any of the specimens when H || [001]. The differing
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FIG. 4. (Color online) Heat capacity Cp of (a) CuSb,Og,
(b) NiTa,0g, and (c) CoSb,0q. (a) Data are shown for CuSb,Og¢
at H = 0 (open data points) and 8 T (filled red data points) for H ||
[010] and [001]; no field-induced shift in temperature of the peak in
Cp is observed. For (b) NiTa,Og and (¢) CoSb,0g, data for H || [001]
at H = 0 (open data points) and H = 8 T (filled red data points) are
shown in the insets; no appreciable shift in the peak in Cp occurs. For
H || [110], (b) and (c) show that two peaks emerge in the Cp data as
magnetic field is increased in magnitude. This is most clearly evident

in panel (c) for CoSb,Og. The gray dotted lines in (b) and (c) show
data for H || [100] at 8 T.

behavior of CuSb,Og¢ for H applied within the a-b plane can be
associated with a few distinct differences it has when compared
to the other two compounds. As discussed above, it appears
that the antiferromagnetic structure of CuSb,Og may not be
the two-sublattice structure. In addition, CuSb,Og¢ exhibits [9]
a spin-flop transition for H || [100] or [010] at H = 1.3 T. This
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transition allows CuSb,Og to lower its energy in the presence
of H without a noticeable reduction of Ty (i.e., without
a shift in the magnetic-ordering peak in Cp). Finally, the
magnetic exchange constants [14,15] Jj110), J11007, and Jl%%%]
are four to twelve times larger in magnitude for CuSb,0Og¢
versus those for NiTa;Og. Thus, the magnetic coupling
within the plane, and with the neighboring plane, is more
robust in CuSb,0Og, which will make the antiferromagnetic
ordering temperature in CuSb,O¢ more resistant to H. At
the same time, the magnetic exchange constant between the
next-nearest planes in NiTayOg is slightly stronger. Note that
these comparisons of magnetic exchange constants assume
that CuSb,0Og possesses two-sublattice antiferromagnetic or-
dering [14], which requires further investigation. However, the
comparisons provide a sense of why magnetic field might have
a more pronounced influence on the antiferromagnetic state of
NiT3206.

An explanation for the formation of two peaks when H ||
[110] or [110] is now proposed. In the two-sublattice model
for antiferromagnetic ordering in NiTa;O¢ and CoSb,0Og, one
lattice, at z = 0, has its magnetic moments oriented parallel
to [110] with neighboring moments rotated 180° with regard
to one another. The adjacent magnetic layer, at z = 1/2, has
its moments lying in the a-b plane, but rotated 90° with
regard to the z = 0 layer. The magnetic moments are directed
naturally along the M-0O-O-M linkages shown in Fig. 1. When
H || [110] or [110], H is parallel to the moment axis of one
sublattice, but oriented 90° with regard to the second. The
magnetic heat capacity data in Sec. IV reveal the presence of a
substantial amount of short-range magnetic order immediately
above Ty, and the fact that little additional entropy loss occurs
on further cooling below Ty. Thus, the magnetic ordering
in NiTa;Og¢ and CoSb,O¢ at Ty, as well as the ordered
state below, can be viewed as a collection of short-range
ordered regions that have aligned to form the two-sublattice
antiferromagnetic state. However, within this ordered state,
15% or more of the magnetic moments remain unordered, even
to the lowest temperatures measured herein. These unordered
magnetic moments comprise the spin-liquid state described in
Sec. IV.

Application of magnetic field parallel to a chain would
help to order some of the moments of the spin-liquid state,
thereby stabilizing the Néel state. In contrast, application
of H perpendicular to a chain would enhance the magnetic
frustration, thereby destabilizing the Néel state. As a result,
the magnetic entropy change for the magnetic moments at Ty
on half of the chains will move downward in temperature to a
region where less thermal energy is present. When H || [100]
or [010], H is atan angle of 45° with respect to both sublattices.
As aresult, Ty is suppressed uniformly for both, and only one
peak appears in Cp. Some asymmetry in this peak is likely
associated with slight misalignment of the sample with respect
to H. Note that no shift in the Cp peak occurs if H || [001].
This indicates that the moments are constrained to lie in the a-b
plane, and little magnetic frustration occurs in the out-of-plane
direction.

Relatively weak interlayer coupling [15] along [%%%] in
NiTa;O¢ (when compared [14] to CuSb,0g) isolates the sub-
lattices from one another, allowing the magnetic moments of
each sublattice to act in a relatively independent manner from
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those of neighboring sublattices. The weak coupling between
the sublattices along the [é é é] direction [15] in NiTa,Og¢ of
~0.5 K is comparable to uH/kp ~ 1.3 K at 1 T (assuming
w = 2up for the Ni magnetic moment, where (5 is the Bohr
magneton and kp is the Boltzmann constant), which allows
fields in the range used here to disrupt the magnetic ordering
along [001]. This relationship between the two energy scales
is less favorable for CuSb,0Og, where [14] J[I 11, ~ 3.3 Kand
wH/kg ~ 0.7K at 1 T; note that the 8 T ﬁeld used in this work
reaches the necessary energy range, so the absence of an effect
of 8 T on the peak in Cp provides additional evidence against
the two-sublattice model for CuSb,Og. This discussion reveals
that the Cp data presented herein provide strong support for the
two-sublattice model of antiferromagnetic order in NiTa;Og
and CoSb,O¢ presented in Sec. III. Calculations of band
structure and magnetic exchange constants for CoSb,Og¢ are
unavailable at present; they would be valuable in evaluating
the model described above, but are beyond the scope of this
report.

VI. MAGNETOCALORIC EFFECT

The observation that the integrated intensity of the peak in
Cp associated with antiferromagnetic ordering shifts to lower
temperature with application of H implies that there exists
a change in magnetic entropy AS,,, and a magnetocaloric
effect (MCE). The MCE can be evaluated by analyzing the Cp
data. The entropy change over a specific temperature range at
constant H is calculated from Cp using

T
AST(H):/ (@) dT. )
T

The results from Eq. (1) are then used to determine the change
in magnetic entropy AS,(AH) = ASy(H,) — ASy(H)) as-
sociated with the change in magnetic field AH = H, — H;.
Beginning the integration of Eq. (1) at the lowest measurement
temperature 77, and terminating at any finite temperature
T > T, allows determination of AS,,(T,AH).

The magnetic entropy change can also be calculated using
x data, after converting it into units of magnetization M. This
can be appreciated through the Maxwell relation

oM S,
(ﬁ) = (ﬁ) ' @
H T

The change in S,, associated with a change in H is determined
by integrating Eq. (2) to obtain

H,
AS(T,AH) = / <8—M) dH. 3)
H, oT )y

In practice, Eq. (3) is used to determine A S, (T,AH) at any
temperature T for a specific field change AH = H, — H.
Note that H; is small but nonzero, since a finite H is required
to measure M.

M was measured in fields of 0.2, 2, 4, 6, and 8 T, and only
upon cooling at rates of 0.8 K/min to ensure consistency. A
plot of (M /0T )y for all samples is shown in Fig. 5. Data for
CuSb,0g¢ at 0.2 T and the maximum field of 8 T for H || [100],
[010], and [001] are shown in Fig. 5(a). (M /9T )y is strongly
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FIG. 5. Temperature derivative of the magnetization, (0M /3T )y,
for (a) CuSb,Og, (b) NiTa,Og, and (c) CoSb,Og. Data for H || [100],
[001], and [110] axes are represented by squares, triangles, and
circles, respectively. For NiTa,Os and CoSb,Og, the curves for
H || [100] and [010] are identical in all fields. Therefore, data for
H || [010] are not shown. Likewise, curves for H || [110] and [110]
are identical and the H || [110] curves are not shown. Open data
points represent measurements at H = 0.2 T; these data have been
multiplied by 28 and 37, as indicated, to improve visibility. Filled
data points represent measurements at H = 8 T.

influenced by the increase in H, but the temperature where
the steep change in (0 M /9T )y occurs is negligibly affected.
This is consistent with the measurements of Cp discussed
above, which indicate little influence of H on the position
of the peak at Ty associated with magnetic ordering. The
maximum magnitude of (d M /9T )y for CuSb,Og is 120 to 500
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times smaller than that observed for NiTa,Og and CoSb,0O¢
[see Figs. 5(b) and 5(c)]. Upon consideration of Eq. (3), the
small magnitude of (0M /3T )y signifies an extremely small
magnetocaloric effect for CuSb,Og.

The situation is very different for NiTa,Og and CoSb,Og.
A clear shift of (0M/dT)y to lower temperature occurs for
NiTa;O¢ and CoSb,O¢ when magnetic field lies in the a-b
plane, as shown in Figs. 5(b) and 5(c). On the other hand, when
H || [001] the shift in temperature of (0 M /9T )y is negligible
[see insets of Figs. 5(b) and 5(c)], which, upon consideration of
Egs. (1) and (3), is consistent with the C p data discussed above.
Any shift of (0M /0T)y for H || [001] can likely be attributed
to misalignment of the single-crystal axes with regard to H.
The shift of the maximum of (0M/9T)y is greatest (AT =
2.1 K for NiTa,O¢ and 3.8 K for CoSb,0Qg) when the field is
along either [110] or [110]. This shift is about twice that for
H || [100] or [010] (AT =~ 0.9 Kand AT = 2 K for NiTa;O¢
and CoSb,Og, respectively). This behavior is expected, based
on the Cp data and discussion of the two-sublattice model in
Sec. V.

It is interesting to note that a small bump can be seen
at ~11.0 K for NiTa;Og and ~13.2 K for CoSb,O¢ in the
(0M/0T)y measurements with 6 T (not shown) and 8 T along
[110] and [110]. These bumps do not shift in temperature as the
field is increased from 6 to 8 T. Such a bump is not immediately
observed at lower fields because the main peak overlaps this
region. These bumps are associated with the original Cp peak
at Ty, which does not shift in 7', but loses intensity to the
formation of the secondary peak [see Figs. 4(b) and 4(c)].
The bump in (0M /3T )y is not observed for H || [100], [010],
or [001], in agreement with the absence of two peaks in Cp
when H is parallel to the same axes. The fact that the peaks in
Cp are more prominent than the bumps in (0 M /9T )y can be
appreciated upon careful consideration of Egs. (1) and (3),
and their use in determining AS,,. Furthermore, the peak
in (0M/9T)y is associated with magnetic moments oriented
parallel to H; therefore, their response upon cooling below
their ordering temperature is more pronounced [39] than for
those perpendicular to H.

The quantity |AS,,(AH)| was determined from the
Cp(T,H) data using Eq. (1) as described above. In this case,
AH = 8T.Similarly, Eq. (3) was applied to the magnetization
data of Fig. 5 and the same quantity, |AS,,(AH)|, was de-
termined using |AS,,(AH)| = |AS,,(H =8T) — AS,,(H =
0.2 T)| (note that H = 0.2 T was the smallest field used). The
data obtained from these two methods should agree, since
entropy is an intrinsic property. Figure 6 shows the results.
|AS,,(AH)| obtained from the two independent methods
agrees very well for CoSb,Og, with the data for both methods
of similar magnitude, near |AS,,(8 T)| ~ 2.7 J/kg K. In the
case of NiTa;Og, a significantly smaller effect of |AS,,, (8 T)| ~
0.7 J/kg K is observed, and the two methods agree less well.
The entropy change associated with H || [001] is small for
both samples, as expected. In some cases, multiple peaks
occur in the |AS,,(AH)| data. This is associated with the
small number of magnetic fields available for the analysis.
Notable is the difference in the |AS,,(A H)| datafor H || [110]
and H || [001]. Rotating the sample between these two field
directions at constant magnetic field would lead to |AS| ~
2.1 J/kg K in the case of CoSb,Og.
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Finally, to determine the temperature change AT associated
with a given magnetic field change A H, the relation

eam) (r)
AT:—/ — V(Z£2) 4H )
u \Cp(T.H)) \ 0T ],

is used. The results are shown in Fig. 7. Data for H || [110]
were obtained by plotting the integrand of Eq. (4) for H = 0.2,
2,4, 6, and 8 T, followed by numerical integration. Data for
H | [100] and H || [001] were obtained using H = 0.2 T and
H = 8T data only; use of two magnetic fields underestimates
AT by about 7% compared to AT obtained using 5 fields. Note
that the AT for CoSb,Og are all negative as would be expected
from a peak shift to lower temperature due to increasing H.
The maximum magnitude of AT reaches ~1 K for NiTa,Og
and 3 K for CoSb,0¢. As expected, there exists significant
anisotropy between H | [110] and [001]. In all cases, the
change in temperature due to the application of field tends
toward zero for temperatures above Ty, as would be expected.

VII. CONCLUSIONS

Measurements of the magnetic susceptibility x and heat
capacity Cp as functions of temperature and magnetic field
H have been used to learn about the ordering of the

—e— H|| [110] using (2M/T),,

(a) NiTayOg
0.8l J'\_‘ - = H|[110] using C, ]
: —®— H || [100] using (oM/0T),,
—-— H||[100] using C,
0.6 —A— H|| [001] using (2M/0T),, -
----- H||[001] using C,
\
04 \ ﬂ"l._
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\ ..l.
\ "n
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~~ |
& M“:‘I::::L
&D q ‘I ;/" PPy
5 0 0- L L L L L f L -3

£ 3.0F (b) CoSbyOgq

|AS

FIG. 6. (Color online) Change in magnetic entropy |AS,, (8 T)|
obtained using Eq. (1) (red, green, and black dashed lines) and Eq. (3)
(data points with lines) for (a) NiTa,Og and (b) CoSb,0Og.
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FIG. 7. Change in temperature AT realized through a change in
magnetic field H determined with Eq. (4). Data for A || [110] (filled
circles), H || [100] (open squares), and H || [001] (open triangles)
are shown for (a) NiTa,Og and (b) CoSb,Og.

antiferromagnetic moments for CuSb,Og, NiTa;Og, and
CoSb,0¢. The magnetic moments for all three compounds
lie parallel to the a-b plane. Within the plane, the analysis
indicates that the magnetic moments of CuSb,Og lie nearly
parallel to the [010] direction, in agreement with two deter-
minations from single-crystal neutron diffraction [7,28]. For
NiTa;O¢ and CoSb,0Og, a model with the antiparallel moments
along [110] at z =0 and the adjacent layer, at z = 1/2,
with antiparallel moments along [110], is suggested by our
experimental results; this is referred to as the two-sublattice
model (sometimes called the orthogonal model) [11], and it is
consistent with band structure calculations [15].

Proper determination of the antiferromagnetic structures is
an important step toward understanding the physical properties
of these compounds. The extremely weak coupling between
the sublattices in the quasi-1D magnetic solids NiTa,O¢ and
CoSb,0¢ leads to the presence of two antiferromagnetic
transitions when the magnetic field H is parallel to the

PHYSICAL REVIEW B 90, 224423 (2014)

quasi-1D chains of one lattice and perpendicular to the those
of the second. This is associated with a mixture of Néel, dimer,
and spin-liquid states at Ty, the mixture of which is sensitive
to magnetic field and its direction within the plane. The typical
magnetic field required to disrupt the magnetic ordering along
the chain is about 2 T, which corresponds to an energy on the
order of 0.2 meV.

The observations herein support an interpretation that
the magnetic ordering in NiTa;Og and CoSb,0O¢ is low-
dimensional in nature, with extremely weak coupling along the
¢ direction. Since magnetic field easily rotates the magnetic
moments from their planar ordered arrangements in the sublat-
tice, the antiferromagnetic coupling between neighboring 1D
chains in each sublattice also appears to be weak. This agrees
with band structure calculations [15], where the magnetic
exchange between Ni ions of neighboring 1D chains is about
an order of magnitude weaker than the exchange between Ni
ions within the 1D chains. Long-range magnetic order is not
expected for purely 1D systems. Therefore, the weak coupling
perpendicular to the quasi-1D chains is the likely source of the
3D ordering that is observed [20-22]. These considerations
provide further support for the assertion that NiTa,Og and
CoSb,0¢ can be considered quasi-1D antiferromagnets.

The results presented herein reveal that the magnetic order
of NiTa,O¢ and CoSb,O¢ can be easily manipulated with
magnetic field. This leads to a magnetocaloric effect that is
highly anisotropic by virtue of the quasi-1D nature of the
antiferromagnetism; the magnetocaloric effect is modest in
magnitude. The anisotropy indicates that rotation of NiTa;Og
and CoSb,0g single crystals in magnetic field would cause
them to change temperature. While anisotropy in the MCE
of conventional antiferromagnets has been reported in a few
cases [31,32], it has not been widely studied [40] and we are
unaware of previous investigations of the MCE’s anisotropy in
quasi-1D antiferromagnets. The MCE reported herein differs
from that observed [33] and theoretically studied [34-37] for
low-dimensional quantum-spin systems, where saturation to a
fully-polarized magnetic system is responsible. In the case of
NiTa,Og and CoSb,Og, the MCE is associated with the unusual
antiferromagnetic ordering of the quasi-1D spin system, and
the disruption of that ordering through the application of
magnetic field. That is, the orientation of each sublattice with
regard to H as well as the poor magnetic coupling between
adjacent sublattices and quasi-1D chains are responsible for
the MCE. This unique aspect to the magnetic lattice, as well
as the mixture of Néel, dimer, and spin-liquid states at Ty, is
behind the anisotropic sensitivity of the magnetic ordering to
magnetic field applied within the a-b plane.
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