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The Ba;Cu3InsO;, stands for unique topology of the magnetic subsystem. It consists of rotated by 90°
relative to each other “paper-chain” columns made of vertex-sharing Cu'O, and Cu"Q, planar units. The overall
pattern of the copper ions is that of a three-dimensional Shastry-Sutherland network. At high temperatures,
the magnetic susceptibility follows the Curie-Weiss law with positive Weiss temperature indicating strong
predominance of ferromagnetic coupling. At low temperatures, however, this compound exhibits a long-range
antiferromagnetically ordered state that reaches saturation magnetization by a nontrivial succession of two
spin-flop and two spin-flip transitions already in modest magnetic fields. We show that the ground state in
Ba;CusIngyO;, may be a three-dimensional orthogonal arrangement of the Cu** (S = 1/2) magnetic moments
forming three virtually independent antiferromagnetic subsystems. In this arrangement, favored by anisotropic
exchange interactions, the quantum fluctuations provide the coupling between three mutually orthogonal magnetic

subsystems resulting in an impressive “order by disorder” effect.
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I. INTRODUCTION

Low-dimensional and frustrated magnetic systems have
shown to attract attention by their rich variety of quantum
ground states realized at low temperatures. Fascinating ex-
amples for exotic states are spin liquids and various types
of long-range collinear and noncollinear magnetic structures.
Famous spin liquids are the ancient Han-Purple pigment
BaCuSi,»Os,' the spin-Peierls compound CuGeOs3,? the Hal-
dane chain Y2BaNiOS,3 and the Shastry-Sutherland net-
work SrCu,(BO3),.4 Representatives of noncollinear magnetic
structures are helixes in quasi-one-dimensional quantum spin
systems LiCu,0,,° LiCuVO,,° and Li,ZrCuO4’ where the
arrangement of adjacent magnetic moments is a compromise
between several isotropic superexchange interactions.® The
pitch angle in these helixes depends on the ratio between mag-
netic nearest-neighbor and next-nearest-neighbor exchange
interactions being close to 90° in a wide range of parameters.’
There exists, however, another class of low-dimensional
antiferromagnets where exact orthogonal arrangement of the
magnetic moments is not governed by the isotropic superex-
change, i.e., the tetragonal parent phases of electron-doped
superconductors R,CuQO4 (R = Nd, Pr, Sm). Here, the Cu
magnetic moments in adjacent layers are oriented perpen-
dicular to each other due to the anisotropic superexchange
interaction.'® For this class of materials, various sources of
anisotropic contributions to the superexchange were investi-
gated theoretically, including biquadratic superexchange'' and
pseudodipolar interactions.'?

The magnitude and the sign of the magnetic interactions
in edge-sharing and corner-sharing geometries in cuprates are
quite different.'* The leading isotropic superexchange of a
180° bond between two copper ions is strongly antiferro-
magnetic, while the leading order of a 90° superexchange
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is ferromagnetic and much weaker. In Ba3;Cu3InsO),, the
peculiar topology of the magnetic subsystem does not allow
ascribing it to either of the above mentioned major classes.
Similar to corner-sharing chains the CuO,4 units share only
one vertex, but the Cu-O-Cu angle is close to 90° like in
edge-sharing chains. According to our knowledge, neither any
experimental study of the magnetic behavior nor calculations
of magnetic exchange parameters in Ba;Cu3InsO;, have been
undertaken so far.

Ba3CuzIng Oy, crystallizes in the tetragonal I4/mcm space
group with lattice parametersa = 12.121(3) A, c =8.511(4) A,
V =1250(2) A®, Z = 4, and c/la= 0.70.'* The structure can
be considered to be made of a perovskite-type network of
InOg octahedra connected via vertices in three dimensions.
Channels exist between these polyhedra that run parallel to
the ¢ axis containing either columns of Ba atoms or chains
of vertex-sharing CuQOy, square planes. Within a column, there
are two inequivalent crystallographic positions for copper (Cu!
and Cu) in a 1:2 proportion. Each Cu-O chain is rotated
by 90° in the ab plane relative to its predecessor and the
overall arrangement of the Cu-O chains is that of a square
lattice, as shown in Fig. 1 (left panel). The Cu-O sublattice
of BazCuzIngOy; consists of highly unusual chains of square
planar units seen for the cuprates in this structure type only. The
members of this family are Ba;Cu3IngOy,,'* BasCusScsO1p, "0
and their solid solutions.'>!¢ In terms of coordination polyhe-
dra, buckled Cu'Oy square units form vertex-sharing chains
in which each square shares four vertices. The chains are
constructed such that each buckled Cu'Oy4 square is bridged
by two Cu''O4 concave squares linked via opposite oxygen
corners of the Cu'Oy4 square. Each successive pair of concave
Cu"O squares is rotated by 90° with respect to its predecessor
along the ¢ direction. This open linked chain, shown in Fig. 1
(right panel), could be described as a paper-chain motif.
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FIG. 1. (Color online) The Ba;CusInsO,, structure projected
along the ¢ axis. Large and medium isolated spheres represent the
Ba?* and the In®* ions. Small spheres are the O>~ ions. The CuQOy4
units are shown in polyhedral representation. The J; and J," arcs mark
Cu'-Cu' and Cu"-Cu" interchain exchange interactions, respectively
(left panel). The paper-chain column consists of vertex-sharing
buckled Cu'O, (horizontal) and concave Cu'lO, (vertical) units. The
J arc marks nearest-neighbor Cu'-Cu"! exchange interaction. The
J/ and J; arcs mark Cu'-Cu' and Cu"-Cu"! next-nearest-neighbor
intrachain exchange interactions, respectively (right panel).

II. EXPERIMENT

Polycrystalline Ba;CusInsO;, was synthesized by means
of a high-temperature solid state reaction of stoichiometric
amounts of BaCO3, CuO, and In,O5. These chemicals were
ground, pelleted, and eventually fired in alumina crucibles
at 850-950 °C in air for 72 h with regrinding every 24 h.
Subsequently, the samples were quench cooled in air to room
temperature. The phase purity of the sample obtained was
confirmed by powder x-ray diffraction data collected using
a “Radian-2” diffractometer with Cu K, radiation over a 20
range of 20°-60°. The field and temperature dependencies
of the magnetization in BazCusInsO, were measured in the
temperature range 2—-300 K and in magnetic fields up to 7 T by
means of a “SQUID-VSM” magnetometer (Quantum Design).
Specific heat data were obtained by a relaxation technique in a
physical properties measurements system (PPMS, Quantum
Design) in the temperature range 2-300 K on a sample
with a mass of 12.7 mg. Electron spin resonance (ESR)
experiments at high magnetic fields have been performed
with a home-made frequency tunable ESR spectrometer on
the basis of the Millimeterwave Vector Network Analyser
from AB Millimetre.'” The advantage of using sub-THz
frequencies and correspondingly strong magnetic fields is the
enhancement of the spectral resolution of an ESR experiment
compared to conventional ESR spectroscopy usually confined
to frequencies below 100 GHz.

III. RESULTS

The temperature dependence of the magnetic susceptibility
x = M/B in BazCu3In4O;, taken at B = 0.1T is shown in
Fig. 2 (left panel). At low temperatures, the sharp peak implies
the formation of long-range antiferromagnetic order at Ty =
12.7 K. In the magnetically ordered state, the susceptibility
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FIG. 2. (Color online) Magnetic susceptibility x(T) of
Ba;CuzIn, Oy, taken at B = 0.1 T. The inset shows the temperature
dependence of x~'. The solid lines represent the Curie-Weiss fit
of the high-temperature data (left panel). The field dependencies
of magnetization in Ba;CuzInsOy;. The fitting of M vs B curves by
modified Brillouin function By ; as described in the text gives number
N of ferromagnetically correlated spins in paramagnetic state as 97
at 100 K, 151 at 50 K, and 208 at 20 K (right panel).

drops by ~1/3 of its peak value, which is typical for poly-
crystalline easy-axis antiferromagnets. At high temperatures,
the susceptibility follows a Curie-Weiss behavior and the data
can be approximated by the sum of a temperature independent
term xo = —2.7 x 10~* emu/mol and the Curie-Weiss term
xcw = C/(T — ®). Fitting the data yields ® = 52 K and
C = Nag*u%S(S+1)/3kp = 1.36  emu K/mol, where
N4, up, and kg are the Avogadro, Bohr, and Boltzmann
numbers, respectively. The value of the Curie constant gives
a g factor g = 2.2. The obtained value of x( is somewhat
lower than the summation of Pascal’s constants for the ions
constituting BazCuzIngO1,: 3.3 x 107* emu/mol,'® which
is probably due to an additional temperature-independent
van Vleck contribution of the Cu®>* ions. The positive value
of the Weiss temperature ® indicates the predominance of
ferromagnetic coupling at high temperatures. However, there
are significant deviations between the Curie-Weiss fit and the
experimental data well above the actual long-range ordering
temperature Ty as well as of the Weiss temperature ® [see
inset of Fig. 2 (left panel)]. These deviations indicate the
increasing relevance of antiferromagnetic correlations upon
cooling, which eventually yield the evolution of long-range
antiferromagnetic order at Ty.

The field dependences of the magnetization M taken at se-
lected temperatures in both the paramagnetic and the magneti-
cally ordered state of Ba;CuzInsOy;, are shown in Fig. 2 (right
panel). At T = 100 K, the magnetization depends practically
linearly on the magnetic field up to 7 T. Upon lowering the
temperature, however, these curves significantly deviate from
linearity showing pronounced right-bending thereby qualita-
tively indicating a ferromagnetic-type behavior. In order to get
further insight into the evolution of the spin correlations above
Ty, we have analyzed the M(B) curves using a modified Bril-
louin function M (B) = Mgtanh (NMgB/kgN4T)."° Here,
Mg is the saturation moment of the nonlinear contribution
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to M(B) which is described by the By, Brillouin function, N
is the number of ferromagnetically correlated spins at a given
temperature 7. Fitting the data with M independent on the
temperature and N(T) being the variable parameter provides
a good description of the experimental data. At lowering
temperature, the number N of correlated spins increases twice
from 100 to 20 K, but it does not diverge approaching Ty . The
increasing number of correlated spins upon cooling implies
larger ferromagnetic correlation lengths at low temperature.
Considering, on the other hand, the vicinity of long-range
antiferromagnetic ordering at Ty, the data indicate either
one- or two-dimensional ferromagnetic fluctuations emerging
upon cooling while additional antiferromagnetic coupling
yield long-range magnetic order below Ty. At the transition
into the magnetically ordered state the M(B) curves acquire
qualitatively new features at moderate magnetic fields. At
lowest temperature, T = 2 K, the magnetization M reaches
saturation of about 3.0 pp/fu. (cf. with expected Mg =
3.3 up/f.u. for g factor g = 2.2) in a modest magnetic field
of about 5.2 T and does not change at further increase of a
magnetic field.

The transition to the magnetically ordered state of
BasCusIng Oy, yields a quite pronounced anomaly in specific
heat measurements, as shown in Fig. 3 (left panel). The
main feature observed in C,(T) at B = 0 is the A-type
anomaly at Ty indicating a second-order phase transition.
At Ty, the experimentally observed specific heat changes
by AC, =5.15]J/molK. Although fluctuations affect the
anomaly thereby increasing the anomaly size as compared
to mean-field-like anomalies, this value is by far, i.e.,
~7.3 times, smaller than the expected jump size ACpagn =
5nRS(S + 1)/[(S + 1)> + §?] = 37.4]/mol K in the mean-
field model, with the number of magnetically active ions per
formula unit n = 3, and the gas constant R = 8.314 J/mol K.
In magnetic fields, the A-type anomaly progressively smears
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FIG. 3. (Color online) Temperature dependencies of the specific
heat C,, in Ba3Cu3In,O;, taken under various magnetic fields. Inset:
C,(T) measured up to room temperature. The deviations from a
“smooth” behavior at elevated temperatures are due to the well-known
influence of the Apiezon-N grease used to fix the sample in the
specific heat puck of the PPMS device (left panel). The specific
heat data in Ba3Cu3InyOy, in C,/T vs T? representation (open
symbols). The normalized Fisher’s specific heat (solid symbols) is
calculated from the experimental y (T) data. The dotted and solid lines
represent the phonon and magnon contributions at low temperatures,
correspondingly. Inset: extra contribution to the specific heat at low
temperatures of Schottky type (right panel).

PHYSICAL REVIEW B 85, 104420 (2012)

out and shifts to lower temperatures, so that no singularity
at the phase transition can be identified for 7 > 2 K and
B>5T.

The inset to Fig. 3 (left panel) presents specific heat data
measured up to room temperature. For BazCu3InsOy,, the
Dulong-Petit value reaches 3Rz = 549 J/mol K, with the
number of atoms per formula unit z = 22. In the Debye model,
about 0.95 of this value is reached at the Debye temperature
®p. In Ba;CuzIngOy;, this temperature amounts to ~280 K.
This allows approximating the phonon contribution to the
heat capacity at low temperatures Cy, = b7 function with
b =1.9 x 1073J/mol K*.

The total entropy released at T < Ty comprises various
contributions and amounts to ASi = 6.65J/mol K. The
phonon part in this temperature range is ASp, = 1.35J/mol K
in accordance with the estimation of the Debye temperature.
To separate the magnon contribution one has to calculate the
Fisher’s specific heat d(x,,7)/0T, where x,, is the longi-
tudinal magnetic susceptibility.?’ In polycrystalline easy-axis
antiferromagnets, the magnetic susceptibility amounts to y =
X)1/3 + 2x1/3, where the transverse magnetic susceptibility
x1 is temperature independent at 7 < Ty. This behavior
allows extracting the longitudinal susceptibility x; from the
experimental data x(T) in BazCusInsO1, and, therefore, cal-
culating the magnon contribution in the magnetically ordered
state. The Fisher’s specific heat d(x,,7)/0T normalized to
the experimental data of C,, at Ty = 12.7 K with account of
phonon’s contribution is shown in Fig. 3 (right panel).

Evidently, the magnon contribution, as expected for a
3D antiferromagnet, is ~ aT? with ¢ = 3.98 x 1073 J/mol
K.* Thus we arrive at ASpagn = 2.67J/mol K. This value is
~0.154 of the one estimated within the mean-field model
nRIn(2S 4 1) = 17.29 J/mol K and is in good agreement
with the value of the jump size (~0.137) in the specific
heat at Ty. The extraction of both phonon A Sy, and magnon
ASmaen contributions from the total entropy ASq indicates
that there is an extra contribution to the entropy ASse =
2.63 J/mol K. The specific heat corresponding to this extra
contribution ACge, is shown in the inset of Fig. 3 (right
panel). Basically, this nonmonotonous contribution is of a
Schottky type, but a fit to the experimental data using Cscn ~
R(A/T)*exp(A/T)/[1 +exp(A/T)]* with A ~ 10 K is
rather poor due to numerous approximations needed to extract
this term. Nevertheless, it can’t be attributed to impurities since
no indications for that are seen in the magnetic susceptibility
data.

Typical ESR spectra of a powder sample of BazCuzIns O,
at several selected temperatures that have been measured at an
excitation frequency v = 350 GHz are shown in Fig. 4 (top
panel). At a high temperature of 80 K, an asymmetric spectral
shape is characteristic of the powder average of the anisotropic
Cu?* ESR signal.?! This anisotropy is due to the g-factor
tensor, which enters the resonance conditions Av = g g Bies.
Here, Bi is the resonance field of the signal and / is the Planck
constant. In a square planar ligand coordination of Cu®" ions,
which is the case for the Ba;Cu3InsO;; structure, one expects
the g-factor value for the direction parallel to the normal to
the CuOy4 square unit g to be larger than in the perpendicular
direction, g ,** i.e., g > g1 > 2. Since the uniaxial symmetry
axes of three CuQ,4 square units in the unit cell are mutually
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FIG. 4. (Color online) ESR spectra of a powder sample of
Ba;Cu;In Oy, at v = 350 GHz for three selected temperatures 80,
20, and 2 K (top panel). Solid lines are experimental data, dashed
lines are model spectra (see the text); temperature dependence of the
resonance field corresponding to the peaks associated with the g, and
g1 components of the g tensor. Dashed lines show the resonance field
values Byes = hv/gug which correspond to gy =2.15and g, = 2.08
(bottom panel).

orthogonal, the corresponding g tensors should be mutually
orthogonal as well. With this assumption the high-temperature
powder averaged ESR spectrum of Ba;Cu3In O, can be well
modeled yielding the principle values of the g-factor tensor
g = 2.15 and g, = 2.08, as shown in Fig. 4 (top panel).
In fact, the resonance field Bs = hv/gup of the maximum
absorption and the position of the shoulder on the left side of
the ESR peak correspond closely to g, and g, respectively,
as indicated by arrows on Fig. 4 (top panel).

With lowering the temperature the ESR spectrum experi-
ences a remarkable transformation. Its characteristic features
associated with g, and g progressively split apart and get
better resolved. The T dependence of corresponding resonance
fields is shown in Fig. 4 (bottom panel). These features can
be still reasonably well modeled assuming that the Cu spin at
each mutually orthogonal Cu site is affected by an additional
temperature-dependent anisotropic internal field [dashed lines
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FIG. 5. (Color online) Frequency- magnetic field diagram of the
ESR modes of a powder sample of Ba;Cu3InsOy, at 7 = 2 K. Open
squares and circles correspond to the position of the peaks associated
with the g, and g, components of the g tensor. Exemplary ESR
spectra at 315 and 91 GHz are shown for comparison. Dashed line
models the gapped resonance branch v?> = A2 4 (g Bre)?, Which
intersects the frequency axis at A = 63 GHz (see the text). Inset
shows the structured features that arise in the ESR spectrum at low
fields at frequencies above ~250 GHz. The position of these features
at several excitation frequencies is shown in the main panel by solid
squares, circles, and triangles (see the text).

in Fig. 4 (top panel)]. As can be seen in Fig. 4 (bottom
panel) the resonance at the lowest measured temperature of
2 K is shifted by + 0.4 and -0.8 T for g, and g peaks,
respectively. Remarkably, the growth of this internal field
takes place in the temperature range where the development
of antiferromagnetic (AFM) correlations becomes apparent
in the static susceptibility data. Likely, the time scale of
such correlations is longer than the time scale of the ESR
experiment. Therefore the AFM correlations give rise to
quasistatic internal fields from the viewpoint of ESR even
in paramagnetic regime below ~70 K.

Apart from these peaks, additional broad absorption bands
appear at the left and the right side of the low-temperature
ESR spectrum shown in Fig. 4 (top panel). Their occurrence
is probably associated with some distribution of internal fields
and is prominent in the high-field regime only. In contrast,
a well-defined double-peak structure of the ESR spectrum is
robust with respect to the applied field and can be followed
down to low fields. This is illustrated by the frequency versus
magnetic field diagram obtained at 7 = 2 K, which is shown
in Fig. 5. Here, the position of the peaks at various values
of the excitation frequency v is depicted by open squares
and circles. The distance between the peaks is practically
independent of the frequency and the field strength. These
ESR excitations are obviously gapped. A modeling of the
v versus B.s dependence with a phenomenological relation
v =A%+ (gus Bres)? shown by the dashed line agrees well
with the experiment yielding the gap value A = 63 GHz. Here
the average g factor g = (1/3)g; + (2/3)g. has been used.
Therefore, the model curve runs approximately in the middle

104420-4



ORTHOGONAL SPIN ARRANGEMENT AS POSSIBLE . ..

PHYSICAL REVIEW B 85, 104420 (2012)

TABLE 1. Basic parameters of the magnetic subsystem in selected quasi-one-dimensional compounds.

Compound Ty, K J,K Ji, K J, K B, T Comment
LiCuVO, 2.3 -18 49 9 46.2 helix chain (Ref. 28)
Li,CuO, 94 -228 76 9 554 ferromagnetic chain (Ref. 25)
Ba;CuzIngs Oy, 12.7 -84 8 2 5.2 paper chain (present work)

between the data points corresponding to the two peaks. In
fact, this relation holds for a “hard” direction of a uniaxial
antiferromagnet.

IV. DISCUSSION

At first glance, BazCusIngsOj, hardly seems anything but
a three-dimensional easy-axis antiferromagnet. The predom-
inance of ferromagnetic coupling at elevated temperatures in
the paramagnetic state is in accordance with the assumption of
the leading role of a ~90° bond Cu'-O-Cu' nearest-neighbor
superexchange interaction J < O (cf. Fig. 1). However,
strong deviation from the “ferromagnetic” Curie-Weiss law
seen in this compound at low temperatures can be expected
taking into account well-established frustrating influence of
the next-nearest-neighbor superexchange interaction J; > 0
through Cu''-0-0-Cu"! bonds.”* Depending on the frustration
ratio « = J{'/J, the combined action of (J, J{') interactions
may result in the formation of either helix structures with
various pitch angles at @ > 0.25 or ferromagnetic chains at

< 0.25.2* Moreover, the ferromagnetic chain arrangement
may also survive at o > 0.25 if it is stabilized by interchain
interactions J;'.%

The naive scenario for the long-range magnetic order in
BazCusIng Oy, is, therefore, that of ferromagnetic “paper-
chain” columns, which are coupled antiferromagnetically. In
this simplified model, J{ = J{" = J; and J; = J, = J,. Then,
in accordance with the mean-field formula, gugBs = 2zJ,S
for a spin § = 1/2, a g factor g = 2.2 and the number
of interchain nearest-neighbors z = 4, the value of the
determined saturation field Bs = 5.2 T ( ~ 3.5 K) defines the
interchain exchange interaction parameter J, ~ 2 K. Through
the simple expression Ty = (|J]| X J»)'/? one can estimate the
nearest-neighbor intrachain exchange interaction parameter
J = -84 K. In the mean-field theory, the summation of
exchange interaction parameters J; is presumed for the Weiss
temperature ® = ¥;z; S (S + 1) |J;| /3. Taking the intrachain
nearest-neighbors number z = 2 and the intrachain next-
nearest-neighbors number z = 4 one can get the value of the
next-nearest-neighbor exchange interaction parameter within
the chains J; = 8 K. This, in turn, gives the frustration ratio
a = Jy/J ~ 0.lin accordance with the postulated scenario.
Of course, significantly elaborated formula can be used to
estimate the exchange interaction parameters J, Ji, and J, in
quasi-one-dimensional systems within a modified mean-field
theory.?®?” For given values of the saturation field Bs ~ 5.2 T
and the Neel temperature Ty = 12.7 K, all of them result in
even smaller values of J;/J and J,/J ratios.

However, the apparent triumph of the mean-field theory
for the case of antiferromagnetically coupled ferromagnetic
chains is quite doubtful, if to compare BazCu3InsO;, with

any other quasi-one-dimensional compound and consider the
minute details of the available data. Taking as representative
the helix chain compound LiCuVO,?® and the ferromagnetic
chain compound Li,CuO,,” one may notice the striking
disparity with Ba;CusIngO,, regarding interrelations of the
magnetic ordering temperature Ty, the saturation field Bs,
and the exchange interaction parameters J;, as given in
Table 1. Evidently, the magnetic field Bs necessary to saturate
the magnetization in both helix and ferromagnetic chain
compounds is by an order of magnitude larger than in paper-
chain compound despite the relatively high magnetic ordering
temperature 7y in the latter.

The low value of the saturation field in BazCu3InsOy; is
not only a special feature of the magnetization curves in this
compound, sharp additional singularities are seen at several
critical fields for T < Ty. As shown in Fig. 6 (left panel),
the derivatives dM/dB of the magnetization curves taken
at T < Ty highlight these features, i.e., peaks at B; and
B, a sharp change of slope at B; and full saturation at Bj.
The magnetization curves taken at low temperatures can be
modeled quantitatively if one presumes the magnetic moments
of Cu' and Cu'" ions forming separate magnetic subsystems and
experiencing the spin-flop and spin-flip transitions indepen-
dently. The satisfactory fit of the experimental data is obtained
ascribing By and By to spin-flop and spin-flip transitions in
the Cu! subsystem and B, and Bj to spin-flop and spin-flip
transitions in the Cu' subsystem, correspondingly. In the mean-
field approximation Bpo, = (2B Br — B3)"/? and By, = Bk,
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FIG. 6. (Color online) The derivatives of the magnetization
dM/dB of Ba;Cu3InsO,,. The subsequent dM/dB curves are shifted
with respect to each other. Solid lines are guides to the eye to
follow the subsequent spin-flop and spin-flip transitions. The inset
represents the enlarged region of spin-flop transitions (left panel).
The B-T magnetic phase diagram in Ba;CuzIn, Oy, as compiled from
the specific heat C, and magnetization M data (right panel).
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where Bp is the anisotropy and Bg is the exchange fields.
Using our experimental values for the critical fields, we arrive
at BY =0.8T, B, =3.15Tand B} ~ 03T, B} ~5.2T.

Overall, this points to a possible decoupling in the magnetic
subsystem of Ba3;Cu3InsO;,. At increasing temperatures, the
M(B) curves smooth out reaching the standard Brillouin func-
tion, but the progressively smeared anomalies at the spin-flop-
like and spin-flip-like transitions persist. This is summarized
in the magnetic phase diagram, which is constructed from the
magnetization M and specific heat C,, data, as shown in Fig. 6
(right panel). The B; and B; lines in this diagram correspond
to spin-flop transitions in Cu'' and Cu' subsystems [note, the
~2:1 ratio in magnitude of subsequent singularities, as shown
in the inset to Fig. 4 (left panel)], while the B3 and B, lines
denote spin-flip transitions in Cu' and Cu'! subsystems.

Additional evidence for the presence of multiple phase
boundaries in BazCuzInsOy, can be derived from the ESR
measurements. The excitation gap A = 63 GHz, which
arises in the AFM ordered state due to magnetic anisotropy
enables an estimate of the corresponding spin flop field
Bpop = hA/gup ~ 2.15T. This value is somewhat larger than
the spin flop field B; and is close to the spin flop field B;, both
determined in the static magnetization measurements. This
correspondence gives additional evidence that both the static
and dynamic magnetic response originate from the same spin
system. Approximately, in the same field range where magne-
tization measurements reveal a sequence of spin reorientations
at fields B;, B, and B3, a peculiar structure comprising
a peak with two shoulders is visible in the ESR spectrum
(see inset in Fig. 5). In fact, these features are most likely
of a nonresonance nature since their position is practically
independent of the excitation frequency (see solid squares,
circles, and triangles in the v-B diagram in Fig. 5). However,
they are only seen above a certain threshold frequency of
about ~250 GHz, suggesting a dynamic origin of this effect.
Tentatively, it might be associated with some changes of the
nonresonant microwave absorption in the sample upon spin
reorientation.

The decoupling in the magnetic subsystem in
Ba3CusIngO, is only possible for an orthogonal spin
arrangement of the copper ions. Such highly unusual
magnetic structure can be formed to avoid heavy frustration
of exchange interactions in Ba3Cu3InsO;,. The frustration
of ferromagnetic nearest-neighbor Cu!-O-Cu!! interactions
by antiferromagnetic next-nearest-neighbor Cu’-O-O-Cu!'
interactions is not the only factor influencing the formation
of three-dimensional long-range order in Ba3;CusIngOq;.
The intrachain Cu-Cu"' interaction within the columns
is intrinsically frustrated itself due to the tetrahedral
arrangement of Cu jons. Moreover, the interchain interaction
within the Cu'' subsystem is frustrated, too. As shown
in Fig. 7, the presumably decoupled copper subsystem in
Ba;CusIngOy, consists of a three-dimensional rectangular
Cu' network (left panel) embedded between mutually
orthogonal Cu"' two-dimensional Shastry-Sutherland layers
(right panel), resulting in a three-dimensional heavily
frustrated Shastry-Sutherland system.?’ In generalized
Shastry-Sutherland model the dimers on neighboring layers
have no direct coupling, but couple to an intermediate spin
between them.*"
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FIG. 7. (Color online) The structure of Cu' layers (left panel)
and Cu" layers (right panel) in the ab plane in Ba;Cu3InsO,. The
Cu”* ions are interconnected by solid lines. The large, medium,
and small size isolated spheres represent Ba’*, In3*, and O*"
ions, respectively. Note that the adjacent Cu' layers are rotated by
90° with respect to each other along the ¢ axis. The orthogonal
spin arrangement of copper magnetic moments as possible ground
state of generalized three-dimensional Shastry-Sutherland network
in Ba;Cu3Ins Oy, (bottom panel).

For the Shastry-Sutherland model, it is clear that the
system will exhibit long-range Neel order at predominance
of interdimer interaction, and will be in the short-range
dimer state at prevalence of intradimer interaction. Recent
studies suggest that there exists an intermediate phase be-
tween the Neel phase and the dimer phase.’! While the
nature of a possible intermediate state in three-dimensional
Shastry-Suthertland model remains an open question, one
possible candidate could be an orthogonal antiferromagnetic
network.>

V. CONCLUSION

In our view, the ground state in Ba3Cu3InsO1; is comprised
of three virtually independent orthogonal subsystems, as
shown in Fig. 7 (bottom panel). No frustration is present
in this arrangement. The weakness of relevant exchange
interactions results in rather low value of Bg, while the absence
of frustration in the orthogonal spin arrangement leads to
a relatively high Ty. In this structure, favored by magne-
tocrystalline anisotropy, pseudodipolar, and Dzyaloshinskii-
Moriya interactions, quantum fluctuations provide the cou-
pling between mutually orthogonal magnetic subsystems
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resulting in an impressive “order-by-disorder” effect. The
Schottky-type anomaly in the specific heat may define the
energy of stabilization of the quantum ground state in this
system. The low magnetic field necessary to saturate the mag-
netization in BazCu3Ins Oy, tentatively indicates the proximity
of this system to a quantum critical point separating orthogonal
and collinear phases.

While the neutron scattering experiment on Ba;CusInsOy;
is hampered by high absorption cross section of indium, the
recently performed neutron diffraction study on isostructural
compound Ba3;Cu3Scs0, has revealed complex magnetic
order at low temperatures, which is greatly influenced by
external magnetic field.>> The analysis of available data
on Ba3;Cu3ScsOj, allows excluding ferromagnetic “paper-
chain” model for this compound. There are no magnetic
reflections corresponding to this arrangement, while the
magnetic reflection with propagation vector k = [010] is
compatible with orthogonal antiferromagnetic network. It
does not allow, however, to distinguish between collinear
and orthogonal antiferromagnetic structures. Our measure-
ments of thermodynamic properties of Baz;Cu3ScsO (T
= 16 K) show its full similarity to Ba;Cu3InsO,, making,
therefore, these compounds a new family of noncollinear
antiferromagnets.

PHYSICAL REVIEW B 85, 104420 (2012)

Concluding, the magnetic subsystem in BazCusIngOi,
seems to be frustrated in every sector regarding intrachain
and interchain interactions. The formation of an orthogonal
spin structure lifts all these multiple frustrations. In accordance
with the orthogonal arrangement of copper magnetic moments,
the Cu! and Cu! subsystems are to be decoupled and the
Cu'! subsystem decouples into two equivalent sub-sub-systems
itself. This is in agreement with the observation of two distinct
spin-flop-like and two distinct spin-flip-like transitions of
different magnitudes. In case of exclusion of the isotropic
superexchange interaction in our consideration, other weak,
basically anisotropic interactions masked in helix and collinear
antiferromagnets manifest themselves, making BazCuzInsO1,
a new and excellent playground to study the physics of
low-dimensional and frustrated quantum spin systems.
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