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Phase diagram of the two-dimensional antiferromagnet Ni5�TeO3�4Br2 with triangular arrangement of Ni2+

�S=1� magnetic moments within the �Ni5O17Br2� subunits has been investigated by temperature and magnetic
field dependent heat-capacity, magnetization, and magnetic-torque measurements down to 1.5 K and up to 23
T. A nonzero magnetic contribution to the heat capacity observed up to 2.3TN is consistent with short-range
magnetic ordering and the two-dimensional nature of the system. Below the Néel temperature TN=29 K
several antiferromagnetic phases were identified. The zero-field phase is characterized by a planar antiferro-
magnetic arrangement of the two in-layer neighboring �Ni5O17Br2� magnetic clusters within the magnetic unit
cell. When the magnetic field is applied along the a� crystal axis, a spin-flop-like transition to a phase with a
complex out-of-plane arrangement of Ni2+ �S=1� magnetic moments occurs at �10 T. Using a molecular-field
approach we predict that this transition will shift to higher fields with increasing temperature and that a
magnetic phase with ferromagnetic ordering of �Ni5O17Br2� magnetic clusters will occur above 24 T. We
ascribe the richness of the magnetic phases to strongly exchange-coupled clusters, being the basic building
blocks of the investigated layered system.

DOI: 10.1103/PhysRevB.79.064407 PACS number�s�: 75.50.Ee, 81.30.Bx

I. INTRODUCTION

Two-dimensional �2D� antiferromagnetic �AFM� systems
represent a fertile playground for experimental and theoreti-
cal investigations of phase transitions and critical phenom-
ena. In recent years, they were intensively studied in relation
to high-temperature superconductivity in cuprates,1 colossal
magnetoresistance in manganites,2 and various exotic phases
in geometrically frustrated lattices, with a kagome lattice as
an archetype.3 Phase diagrams of these systems are very rich
and sensitively depend on a particular spin arrangement,
magnetic anisotropy, and external perturbations, such as ap-
plied magnetic field or pressure.

Lately, 2D AFM systems that are built of strongly
exchange-coupled magnetic clusters instead of individual
magnetic moments have become accessible. Their phase
diagrams, influenced by the competition between intracluster
and intercluster interactions, are expected to be even more
complex. The recently discovered compound,4

Ni5�TeO3�4Br2, can be regarded as a novel representative of
such systems. Here, five magnetic Ni2+ �S=1� moments con-
stitute the �Ni5O17Br2� basic building block in which they are

arranged into two Ni2+ triangles connected with a common
central Ni site.5 �Ni5O17Br2� entities are linked via eight cor-
ners to four nearest neighbors, which then form a layered
structure. The triangle-based structure of the �Ni5O17Br2�
unit suggests a geometrical frustration if AFM interactions
between nearest-neighbor Ni2+ moments are assumed. These
moments are situated in three different severely distorted oc-
tahedral surroundings, implying strong magnetic anisotropy.6

The dominant magnetic interactions between the Ni2+ are
indeed antiferromagnetic, as indicated by high-temperature
susceptibility data, implying a negative Curie temperature
��−50 K. The system exhibits a long-range Néel ordered
state below TN=29 K.4–8 Consequently, the empirical frus-
tration parameter, ��� /TN=1.7, is rather small. Neutron mag-
netic diffraction and unusual temperature dependence of the
antiferromagnetic resonance �AFMR� frequency,6,9 however,
suggest a very complicated temperature dependence of the
Ni2+ sublattice magnetizations in the ordered phase. This re-
flects the importance of competition between various mag-
netic terms, possibly leading to intriguing magnetic struc-
tures as a function of temperature and external magnetic
field.
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In order to be able to understand the low-temperature be-
havior and field dependence of the magnetic ordering in the
Ni5�TeO3�4Br2 system, we performed a systematic study, in-
cluding heat-capacity, magnetization, and magnetic-torque
measurements. This allowed us to determine a magnetic
phase diagram of this compound in the temperature range
between 300 and 1.7 K and in magnetic fields from 0 up to
23 T. Below TN, several different AFM phases were identi-
fied and successfully explained with a molecular-field ap-
proach, developed in our previous AFMR report.6 We stress
that the observed richness of the phase diagram is a direct
consequence of the competition between intracluster and in-
tercluster exchange couplings on the one hand and single-ion
magnetic anisotropy on the other hand.

II. EXPERIMENTAL DETAILS

Samples were synthesized by chemical vapor transport
reaction, according to the procedure described in Ref. 6. Af-
ter a four-week treatment in a two-zone gradient furnace,
between 750 and 550 °C, orange-colored single-crystal
plates with typical size of 10�8�0.2 mm3 were grown.

Heat-capacity measurements were performed on Quantum
Design physical properties measurement system �PPMS� be-
tween 1.5 and 120 K in the applied magnetic fields of 0, 4, 6,
and 9 T.

The magnetization response to the external magnetic field
was recorded using two different techniques. First, the mag-
netization parallel to the applied magnetic field was mea-
sured with the Oxford instruments MagLab vibrating-sample
magnetometer �VSM� from 0 to 12 T in the temperature
range between 1.5 and 10 K. In order to detect magnetization
perpendicular to the applied field, the magnetic-torque mea-
surements were performed as a function of an applied field
up to 23 T at several selected temperatures in the range be-
tween 1.7 and 40 K at the Grenoble High Magnetic Field
Laboratory. A relative magnetic torque was determined from
the capacity between a metallic cantilever holding the
sample and a fixed metallic plate.10 The accuracy of the crys-
tal orientation was approximately 5°.

III. THEORY

Our approach to describe magnetic behavior of the
Ni5�TeO3�4Br2 system at different temperatures and in differ-
ent magnetic fields extends the molecular-field model, which
we developed in Ref. 6. The dominant terms of the spin
Hamiltonian were determined by taking into account the
crystal structure4 and magnetic structure below TN=29 K.6

Considering distances between the magnetic Ni2+ �S=1� mo-

ments and the absence of efficient exchange pathways, the
interactions between the two subsequent NiTeO layers were
neglected and only the exchange between the neighboring
ions lying in the same layer was considered. The structure of
the individual NiTeO layer suggests six different exchange
coupling constants J� ij between three distinct Ni sites. These
reduce to four parameters �see Table I� since for each pair of
Ni sites coupled by both the intracluster and the intercluster
exchange couplings J� ij, the two couplings constitute a single
independent parameter within our molecular-field model.6

Additional magnetic anisotropy terms are sizable. These in-
clude single-ion anisotropies D� j for each of the three Ni sites
due to severe distortions of the �NiO6� octahedra and three
different Dzyaloshinsky-Moriya antisymmetric exchange in-

teractions d� ij, which are allowed due to the lack of symmetry
restrictions.

Low-temperature magnetic structure of the system in the
absence of the external magnetic field is known from
neutron-diffraction and AFMR studies and can be satisfacto-
rily described with ten sublattice magnetizations in the
molecular-field formalism.6 The spin Hamiltonian is rewrit-
ten into magnetic free energy6 with symmetric exchange in-
teraction between the nearest neighbors, single-ion aniso-
tropy, Dzyaloshinsky-Moriya antisymmetric exchange
interaction, and Zeeman term, respectively,

F = �
i�j

M� i · A� ij · M� j + �
j

M� j · K� j · M� j + �
i�j

B� ij · �M� i � M� j�

−
�0

g0
�

j

M� j · g� j · H� 0. �1�

Here M� j =−Nsubg�B	S� j
 stands for jth sublattice magnetiza-
tion, where Nsub is the number of Ni2+ magnetic ions on each
sublattice, g� j is the g-factor tensor, g0=2.0023 is the g factor

of the free electron, �0 is the vacuum permeability, H� 0 is the
applied magnetic field, and 	¯
 indicates the thermal aver-
age. The molecular-field constants are related to the micro-
scopic parameters through

A� ij =
J� ij

N�g�B�2 ,

K� j =
D� j

N�g�B�2 ,

TABLE I. Summary of parameters for Ni5�TeO3�4Br2 used in the calculation of magnetic free energy �Eq.
�1��. All units are in kelvin.

J1+J5 J2 J3+J4 J6 D1 D2 D3 d1,2 d2,3

x −0.8 34.7 56.4 10.7 −0.8 −0.6 6.1 0 0

y −19.6 18.4 49.6 2.0 −10.8 −2.4 4.0 −5.2 0.1

z −1.2 5.8 12.6 25.4 11.6 3.0 −10.0 0 0
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B� ij =
d� ij

N�g�B�2 , �2�

where �B represents the Bohr magneton. The parameters for
the above free energy are summarized in Table I.6

The equilibrium orientations of the sublattice magnetiza-
tions can be calculated by minimization of the free energy
�Eq. �1�� under the assumption that their magnitudes remain
constant. To account for the temperature dependence of the
magnetic structure we introduce the temperature dependent
sublattice magnetizations,11

Mi�T� = Mi�0�BS��BHeff
�i� /kBT� , �3�

where Heff
�i� is the effective magnetic field acting on a given

sublattice, BS�x� is the Brillouin function, and Mi�0� is the
sublattice magnetization at zero temperature. Based on these
values we were able to calculate the expected magnetic
structure in different applied magnetic fields and follow the
rearrangement of the magnetic moments as a function of the
magnetic field and temperature, as explained in Sec. V.

IV. RESULTS

A. Heat-capacity measurements

Heat-capacity measurements were performed in the tem-
perature range between 3 and 120 K in zero field �inset of
Fig. 1�a�� and in applied magnetic fields H of 4, 6, and 9 T.
In zero field a sharp peak is detected at Néel temperature
TN=29 K, where also the magnetic-susceptibility data indi-
cate long-range AFM ordering.5,6 We stress that the transition
temperature seems to be almost independent of the magnetic
field—it only marginally decreases from 28.8�2� K at H
=0 T to 28.0�2� K at H=9 T.

Temperature dependence of the heat capacity can be gen-
erally described as a sum of three contributions: Cp=Clatt
+Cshort+Clong.

12 Here Clatt=9NkB�T /�D�3�0
T/�Dx4ex / �ex

−1�2dx stands for a phonon contribution to the heat
capacity13 and is calculated in the Debye approximation with
the Debye temperature �D as a free parameter, N is the num-
ber of atoms in the crystal, and kB is the Boltzmann constant.
Further, Cshort�T−2 corresponds to a high-temperature series
expansion of exchange-coupled spin contribution to the
entropy12,14 and describes the increase in the heat capacity
due to short-range magnetic correlations far above TN. Fi-
nally, Clong=BSWTd/n�F�� ,g ,H ,T�dx is the long-range
magnetic-ordering part, contributing below TN. Here the
usual Td/n term for the spin-wave contribution is modified by
the integral �F�� ,g ,H ,T�dx=���+g�BH�/kBT

� ��x2ex / �ex−1�2��x
− ��+g�BH� /kBT�1/2dx,15 which accounts for the field de-
pendence of the spin-wave gap �. Parameter d denotes the
magnetic lattice dimensionality, n=1 �n=2� stands for anti-
ferromagnetic �ferromagnetic� systems,12 and constant BSW
depends on the spin-wave stiffness and molar volume of the
compound.

In order to determine the temperature dependence of the
magnetic heat capacity, i.e., Cmag=Clong+Cshort, Clatt has to
be estimated first. Since no diamagnetic isostructural com-
pound is available, we simulated the raw heat-capacity data

with Clatt well above TN �T�3����, where the contribution of
Cshort is expected to be marginal. Unconstrained fit to the
above expression for Clatt yielded N=3.6�1��1019 and �D
=240�5� K �see solid line in the inset of Fig. 1�a��, At this
point we stress that N is consistent with the number of atoms
in the studied crystal and that the Debye temperature is com-
parable to those found in different Ni alloys.16,17 We sub-
tracted the lattice contribution from the raw heat-capacity
data to obtain the magnetic contribution to the heat capacity
Cmag �Fig. 1�a��. The expected peak in Cmag at TN is clearly
visible. Further, the magnetic contribution to the heat capac-
ity extends up to T�70 K, i.e., well above TN. This under-
lines the importance of the magnetic short-range ordering
effects and confirms the low dimensionality of
Ni5�TeO3�4Br2.

The zero-field data below 7 K can be fitted with the ex-
pression for Clong �solid line in Fig. 2�. In order to reduce the
number of free parameters, we assume n=1 �valid for AFM
compounds� and d=2 �layered structure�. Additionally, we
take into account the spin-wave gap obtained from the
AFMR measurements, �=21.6 K.6 Hence, BSW remains as
the only free parameter and the data simulation leads to
BSW=0.0842�1� J / �K3 mol�. The attempt to fit the low-
temperature data with d=3 �three-dimensional magnetic
structure� failed to satisfactorily describe Cmag. We therefore
conclude that the intralayer magnetic interactions are domi-
nant in Ni5�TeO3�4Br2 and thus justify our starting assump-
tion of negligible interlayer coupling.6

To properly account for the heat-capacity curves in ap-
plied magnetic field one should consider increasing popula-
tion of lower energy states,18 which is beyond the scope of

FIG. 1. �a� Temperature dependence of the magnetic heat capac-
ity measured in zero field obtained after subtraction of the phonon
contribution from the raw data. Inset: temperature dependence of
the heat-capacity raw data �scattered symbols� and the fitted lattice
contribution �solid line� with �D=240�5� K and N=3.6�1��1019.
�b� Integrated magnetic entropy contribution of the zero-field data.
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the proposed model. We highlight here the appearance of a
very broad anomalous bump at T�10 K in H=0 T data,
which shifts to lower T with increasing magnetic field. We
tentatively ascribe it to a different temperature evolution of
the magnetic moments at different Ni sites, as implied by the
temperature evolution of the magnetic peaks in the neutron-
diffraction experiment.6

The magnetic transition entropy �Smag is obtained directly
from Cmag after calculating the integral,

�Smag = �
0

T

Cmagd�ln T� . �4�

The experimentally obtained total entropy value
52�5� J / �K mol� �Fig. 1�b�� matches with the value
5R ln�2S+1�=45.7 J / �K mol� expected for the ordering of
full magnetic Ni2+ �S=1� moments. We stress that a consid-
erable part ��30%� of the magnetic entropy develops at T
�TN, implying the importance of short-range ordering ef-
fects well above the magnetic transition temperature.

B. Magnetization and magnetic-torque measurements

Adopting two different measuring techniques—direct
magnetization and magnetic-torque measurements—we were
able to follow the complete response of the magnetization M
along the three orthogonal axes M �a��Ma��, M �b�Mb�, and
M �c�Mc�, with the external magnetic field applied along the
a� crystal axis. The magnetization parallel to the magnetic
field, Ma�, was determined from magnetization measure-
ments, which were performed up to 12 T between 1.5 and 10
K �inset of Fig. 3�. A well-pronounced inflection point in the
M�H� curve can be noticed and is clearly seen as a peak in
the derivative dM /dH curves in Fig. 3. The observed maxi-
mum of dM /dH is a result of a “spin-flop-like” transition at
�11 T, matching the estimation obtained from the AFMR
measurements.6,8 We notice that the spin-flop-like field shifts
with increasing temperature to lower fields and that at the
same time the maximum in dM /dH dramatically broadens
�Fig. 3�. Similar broadening with temperature was observed
in the AFMR spectra.6,9

To determine the response of the perpendicular magneti-

zation �Mb and Mc� with respect to the applied field, H� �a�,
magnetic-torque measurements were performed �Figs. 4�a�
and 4�b��. Due to experimental limitations, the magnetic field
was applied only perpendicular to the cantilever surface, i.e.,
parallel to the crystal a� axis. Hence, the magnetic torque �

=�0M� �H� was measured only in b and c directions, which
revealed qualitative responses of Mc and Mb, respectively.

The measurements of the magnetic torque parallel to b,
indicating the response of the component of the magnetiza-
tion along the crystal c direction, Mc, show a pronounced
change below 29 K, which can be associated with the Néel

FIG. 2. �Color online� Low-temperature dependences of mag-
netic contribution to the heat capacity for different magnetic fields:
squares for H=0 T, circles for H=6 T, and triangles for H=9 T.
Solid line represents the fit for H=0 T based on the expression for
Clong, as described in the text.

FIG. 3. Derivative of the magnetization curves, dM /dH, mea-
sured at different temperatures. Inset: field dependence of the mag-
netization M�H� �raw data�.

FIG. 4. �a� Field and temperature dependencies of the capacity
yielding the magnetic torque in the b direction �indicating the
changes in Mc�. The arrows reveal the inflection points. Inset �I�
shows C�T� at 15 T; straight lines are a guide for the eyes and help
indicate the change in C�T� slope. Inset �II� shows the derivative
dC /dH curves for typical torque measurements. �b� Field and tem-
perature dependencies of the capacity yielding the magnetic torque
in the c direction, indicating the changes in Mb.
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transition and is almost field independent up to 23 T. The
transition is clearly seen in inset I of Fig. 4�a�, where we plot
C�T� at 15 T. At lower temperatures �below 10 K�, an inflec-
tion point is observable in the capacitance curves C�H�. This
feature is manifested as a peak in the derivative dC /dH
curves in inset II of Fig. 4�a�. The field corresponding to the
peak in these curves is in the range of the spin-flop-like
transition6 and strongly depends on temperature as it shifts
from 11.3 T at 3.7 K up to 16 T at 9.8 K. However, below 3.7
K, this peak in dC /dH curve splits and at 2.7 K we observe
two well-defined peaks at 9.7 and 11.6 T.

In contrast to the field and temperature dependencies of
Mc �Fig. 4�a��, the component of the magnetization along the
crystal b axis, Mb, �indicated by the magnetic torque in the c
direction� does not exhibit any observable feature when go-
ing through the transition from paramagnetic �PM� to AFM
states. This observation is consistent with our previous con-
clusions that in zero field the Ni2+ moments order in the a�-c
crystal plane.6 Below 13 K, we start to observe an exception-
ally sharp anomaly superimposed on the otherwise smooth
capacity curves �Fig. 4�b��. The magnetic field, correspond-
ing to this feature, is strongly temperature dependent and
monotonically decreases from 14 T at 10.3 K to 7.8 T at 1.8
K.

V. DISCUSSION

The two-dimensional layered structure of Ni5�TeO3�4Br2
would normally emerge as a candidate for geometrically
frustrated systems due to the triangular-based geometry of
the �Ni5O17Br2� basic unit and the competition between the
intracluster and intercluster exchange interactions.4 The pre-
vious AFMR, magnetic-susceptibility, and neutron-
diffraction measurements6,8,10 however provided comple-
mentary evidences that the presence of a strong magnetic
anisotropy suppresses the frustration effects and stabilizes
the Néel ground state. Our magnetic heat-capacity data �Fig.
1� indicate the development of short-range magnetic correla-
tions already at temperatures as high as T�70 K, i.e.,
at �2.3 TN, comparable to the Curie-Weiss temperature
�=−50 K and the strongest exchange interactions J
�56 K.6 We believe that the experimental observation of
the short-range spin correlations to relatively high tempera-
ture with respect to TN is not related to geometrical frustra-
tion but is rather a signature of the two-dimensional nature of
the magnetic lattice.

The magnetic heat-capacity measurements, comple-
mented with the magnetization and magnetic-torque mea-
surements in case of the magnetic field applied in the a�

direction, imply, first, a rather complicated noncollinear mag-
netic structure and, second, an intriguing temperature evolu-
tion of individual sublattice magnetizations. In particular, the
transition from the PM to the AFM state �hereafter labeled as
AFM1 phase� at TN=29 K is seen as a sharp peak in Cmag
�Fig. 1�a�� and a pronounced change in Mc �inset I of Fig.
4�a��. This transition is almost independent of the applied
magnetic field up to 23 T. Moreover, the heat capacity indi-
cates a very broad bump at T�10 K, which rapidly shifts to
lower temperatures with increasing field. Further, in agree-

ment with the published AFMR data,6,8 a spin-flop-like tran-
sition is observed as an abrupt change in Mb around 10 T
�Fig. 4�b�� as well as in Ma� �Fig. 3� and Mc �Fig. 4�a��,
where the corresponding changes are less sharp. The
maxima, given by the peaks in the derivatives dMa� /dH and
both dC /dH �indicating the changes in Mb and Mc�, seem to
occur at slightly different fields.

We believe that, at low temperatures, increasing the ap-
plied magnetic field along a� axis above 10 T changes the
arrangement of the magnetic moments and causes a transi-
tion from the in-plane AFM1 ordering to a more complex
high-field AFM1� ordering, with the magnetic moments
canted out of the a�-c plane. In Fig. 5 we show the corre-
sponding H-T phase diagram of Ni5�TeO3�4Br2 based on our
heat-capacity and magnetization measurements. The
AFM1-AFM1� transition is reminiscent of a spin-flop transi-
tion for a simple two-sublattice model. It is thus not surpris-
ing that it is seen as softening of the lowest AFMR mode. It
becomes progressively more hindered with increasing tem-
perature and is not observable any more above 15 K. We
note that AFMR signal disappears at the same temperature.6

In order to understand how the applied magnetic field
affects the spin order at low temperatures, we utilize the
molecular-field model presented in Sec. III. Using the param-
eters �Eq. �2�� given in Table I and minimizing the magnetic

free energy �Eq. �1�� for H� �a�, the field dependence of the
magnetization was calculated. The spin-flop-like transition
was determined from the inflection points in the simulated
M�H� curves. In the zero-temperature limit the AFM1 to
AFM1� transition is predicted at �10 T �Fig. 5�. We stress
that the transition field and the broadness of the dM�H� /dH
curves were found to be extremely sensitive to the applied
magnetic field direction, i.e., deviation of the applied field

FIG. 5. �Color online� Phase diagram of the Ni5�TeO3�4Br2

compound. Empty circles and triangles stand for the maxima in
dC /dH �torque measurements� corresponding to the changes in Mc

�circles� and Mb �triangles�, solid stars correspond to the peak in
dMa� /dH obtained from magnetization measurements, solid black
rhombs represent peaks in the temperature dependence of the heat
capacity, and black empty squares represent the sudden change in
the C�T� slope obtained from the torque measurements, correspond-
ing to changes in Mc. The solid lines show the transitions predicted
by our molecular-field model, while the dashed lines represent the
transition-field boundaries obtained when tilting the applied field
from the a� by 5°, which corresponds to the experimental uncer-
tainty of the crystal orientation.
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for less than 5° causes the transition field to change for more
than 1 T. We believe that such enhanced response directly
reflects the complexity of the studied system. Thus, we sus-
pect that the shift toward lower fields and the sharpness of
the peak in Fig. 4�b� are likely to be of experimental origin.
The second peak at 11.6 T in the dC /dH curve at 2.7 K in
Fig. 4�a� is beyond the scope of our model and might reflect
another transition due to higher order terms in the spin
Hamiltonian.

In order to describe the magnetic response of
Ni5�TeO3�4Br2 at finite temperatures, we assume the tem-
perature dependence of the sublattice magnetizations Mi, as
described in Eq. �3�. In the first approximation, we further
assume that the exchange interactions and anisotropy con-
stants are temperature independent. As a result, our model
correctly predicts that the spin-flop-like field should increase
with increasing temperature, matching well with the ob-
served behavior �Fig. 5�. We stress that the agreement be-
tween the theory and our measurements is particularly decent
since all the parameter are fixed based on previous antiferro-
magnetic resonance and neutron-diffraction studies.

Experimentally, different transition fields were observed
for different magnetization components. Taking into account
the experimental uncertainty of the crystal orientation �5°�,
all the measured transition fields up to �10 K are still
within the field region given by our model �dashed lines in
Fig. 5, which correspond to the tilt of the applied field from
the a� direction by 5°�. Considering that our molecular-field
model is valid at low temperatures and that at higher tem-
peratures deviations from the average sublattice magnetiza-
tion values are increased, discrepancy between the theoreti-
cal and experimental results above 10 K, i.e., above �0.5TN,
is inevitable. The predicted Néel temperature is 40 K. The
model could possibly be improved by introducing
temperature-dependent exchange interactions and anisotropy
constants—as done similarly in Ref. 11—which would en-
able a more accurate estimation of the Néel temperature as
well as potentially reproduce the observed strong tempera-
ture dependence of the spin-flop-like field at higher tempera-
tures.

Lastly, in Fig. 6 we show the calculated zero-temperature
magnetic structures for H=0, 19, and 30 T. The AFM1
phase, identified by AFMR and neutron-diffraction
experiments,6 consists of antiferromagnetically arranged
�Ni5O17Br2� clusters �Fig. 6�c��. In agreement with the mag-
netization measurements, our simulations suggest that the
magnetic structure is almost field independent up to 10 T.
Here the Ni2+ moments start to bend toward the crystalline b
axis, marking the spin-flop-like transition to the AFM1�
phase �Fig. 6�b��. During this rearrangement, the magnetiza-
tion component Mb starts to grow. The moments continue
their reorientation up to the field of �24 T, where the mag-
netic structure again drastically changes. Above this field
Ni5�TeO3�4Br2 can be described with another type of mag-
netic ordering �labeled as AFM2 phase and shown in Fig.
6�a��. In this phase the arrangement is again almost planar;
however, it differs significantly from the AFM1 phase—the
intercluster ordering becomes ferromagnetic, with central
Ni2+ moment inside each cluster still being antiparallel to the
other four. Such transition is a clear demonstration of the

competition between intracluster and intercluster interac-
tions. For H�24 T the external magnetic field suppresses
the intercluster AFM interactions but is still weaker than the
leading intracluster AFM interactions. The existence of the
AFM2 phase, predicted by our simulations for H�24 T,
requires experimental verification by magnetic measure-
ments in higher fields.

VI. CONCLUSION

In summary, our systematic temperature and magnetic
field dependent heat-capacity, magnetization, and magnetic-
torque measurements allowed us to draw the H-T phase dia-
gram of the two-dimensional Ni5�TeO3�4Br2 compound. The
contribution to the magnetic heat capacity observed at tem-
peratures as high as 2.3TN suggests a development of short-
range magnetic correlations at rather high temperatures. Ad-
ditionally, the short-range correlations are enhanced by the
quasi-two-dimensional nature of the investigated spin sys-
tem. Below TN=29 K, the H-T phase diagram is very rich. It
consists of a number of low-temperature AFM phases gov-
erned by the presence of strong magnetic anisotropies and
the competition between the intracluster and intercluster ex-
change interactions. The zero-field �AFM1� phase is charac-
terized by a planar AFM arrangement of the two in-layer
neighboring �Ni5O17Br2� magnetic clusters within a magnetic
unit cell. When the magnetic field is applied in the a� crystal
direction, the spin-flop-like transition to the AFM1� phase
occurs at approximately 10 T. Here, the magnetic field does
not affect all the �Ni5O17Br2� clusters in equal manner. The
magnetic structure of clusters with the majority of the mag-
netic moments aligned close to the field direction stays al-
most intact, whereas the orientations of the Ni2+ magnetic
moments in the other half of the clusters change from planar
to a more complex out-of-plane arrangement. This transition

FIG. 6. �Color online� Calculated orientations of all ten sublat-
tice magnetizations in the a-c plane for the magnetic field H applied
in the a� direction �the b axis is pointing out of the paper� for �a�
H=30 T, �b� H=19 T, and �c� H=0 T. Red, green, and blue ar-
rows correspond to three nonequivalent sites: Ni1, Ni2, and Ni3,
respectively.
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is shifted to higher fields with increasing temperature, as
indicated by our calculations. Finally, a stable AFM phase is
predicted above 24 T, where �Ni5O17Br2� clusters are ordered
ferromagnetically while the intracluster ordering of the cen-
tral and the four surrounding moments remains antiferromag-
netic. To conclude, both our measurements and our modeling
show that building of layered systems from strongly coupled
clusters might result in an intriguing sequence of AFM struc-
tures driven by the applied magnetic field.
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