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We present an experimental and theoretical study of the magnetically frustrated spin system in pure and
substitutionally disordered compounds from the Cu2Te2O5X2 family of quantum magnets. Experimental mag-
netic susceptibilities and specific heats were analyzed simultaneously using models of �i� isolated tetrahedra of
four antiferromagnetically coupled Cu2+ spins and �ii� coupled tetrahedra within one-dimensional chains, in
both cases involving mean-field coupling to other chains. The results show that Cu2Te2O5X2 compounds are
true three-dimensional systems of coupled spins. Susceptibility results are consistent with the existence of a
singlet-triplet gap, whereas specific heat analysis shows that the singlet-triplet gap is filled with dense singlet-
like excitations that contribute to finite specific heat at temperatures far below the singlet-triplet gap, but do not
contribute to a magnetic response of the system. Furthermore, measured specific heat data show excessive
entropy when compared to the numerical results based on a pure spin system, which we attribute to the
presence of phonons. Though Cu2+ spins are arranged in a geometrically frustrated tetrahedral antiferromag-
netic configuration and spin correlation length � extends beyond the single tetrahedral cluster dimension,
Cu2Te2O5X2 compounds do not exhibit ergodicity breaking at low temperatures, in contrast to the related
geometrically frustrated kagomé and pyrochlore antiferromagnets.
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I. INTRODUCTION

In a magnetically frustrated system, the interaction be-
tween spins is such that no configuration can simultaneously
satisfy all the bonds and minimize the energy at the same
time.1 Classical examples are canonical spin glasses �SGs�
�dilute magnetic alloys of a noble metal host �Cu, Ag, Au�
and a magnetic impurity �Fe, Mn��, where the interaction
between spins is the conduction-electron-mediated Ruder-
man-Kittel-Kasuya-Yosida �RKKY� exchange interaction.
This interaction oscillates in space and can be either ferro-
magnetic �FM� or antiferromagnetic �AFM�, depending on
the distance between spins. Combined with randomness �the
spins must be positioned randomly in the sample�, the
RKKY interaction results in frustration. The free-energy
landscape of a frustrated spin system is highly degenerate
with a distribution of barriers between different metastable
states, resulting in broken ergodicity below a spin freezing
temperature Tf �i.e., the spin system cannot reach a thermo-
dynamic equilibrium state on any accessible experimental
time scale�. Typical broken-ergodicity phenomena are: �i� a
large difference between field-cooled �fc� and zero-field-
cooled �zfc� magnetic susceptibilities below Tf in small mag-
netic fields, �ii� the zfc susceptibility exhibits a frequency-
dependent cusp associated with a frequency-dependent
freezing temperature Tf���, �iii� there exists an ergodicity-
breaking line in the magnetic field-temperature �H-T� phase
diagram �the de Almeida–Thouless line�, �iv� the third-order
nonlinear susceptibility �3 shows a sharp anomaly in the vi-
cinity of Tf, and �v� there exist slow relaxation �aging� ef-
fects in the dc thermoremanent magnetization with time con-
stants longer than any experimentally accessible time scale.

At Tf, the spin correlation length � becomes very large ��3 is
the volume within which the spins develop correlations�, so
that all the spins in principle participate in the collective SG
state. The spin systems involving frustration and randomness
are known as “site-disordered” SGs.

It was discovered later that magnetically frustrated phases
with similar broken-ergodicity properties also develop in
pure �i.e., site-ordered� systems2–6 without quenched disor-
der. These are geometrically frustrated antiferromagnets with
kagomé and pyrochlore lattices, where triangular or tetrahe-
dral distribution of nearest-neighbor AFM-coupled spins
frustrates an ordered periodic system. The important differ-
ence to the site-disordered SGs is the short correlation length
� usually encountered in geometrically frustrated AFMs,
where � is already nonzero at relatively high temperatures
�compared to Tf� and does not increase significantly with
decreasing temperature. In the geometrically frustrated
kagomé AFM �H3O�Fe3�SO4�2�OH�6, short AFM correla-
tions with ��1.9 nm were reported,6 and a similar � value
was determined also in the pyrochlore system2 Tb2Mo2O7.
Even shorter ��1 nm was reported for another kind of geo-
metrically frustrated pure systems, the icosahedral Ho-
Mg-Zn and Tb-Mg-Cd quasicrystals,7,8 where rare-earth
spins are placed on an ordered quasiperiodic lattice. The
short � values of the order 1 nm demonstrate that only near-
neighbor spins or small cluster entities develop magnetic cor-
relations. What really changes upon cooling is the character-
istic time scale of the fluctuating moments, which slow down
and exhibit a dramatic freezing below Tf, so that broken
ergodicity remains a distinctive property of geometrically
frustrated spin systems.

Recently, much experimental and theoretical effort has
been put into the investigation of low-dimensional quantum
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spin systems,9 where reduced dimensionality in combination
with frustration is considered to lead to unconventional
ground states, interesting magnetic phase diagrams, and spin
dynamics. The reduced dimensionality and frustration in-
crease quantum fluctuations and the conventional picture of a
long-range ordered Néel ground state breaks down. Unlike
classical spin systems, characterized by some kind of low-
temperature magnetic long-range order, quantum systems
may reveal just a short-range magnetically ordered ground
state, known as the spin-liquid state.10 This spin-liquid state
is characterized by finite �usually short� zero-temperature
correlation length � and by the opening of a spin gap in the
excitation spectrum.10,11 Prominent examples are the frus-
trated and dimerized spin-1 /2 chain, represented by the low-
temperature phase of CuGeO3, and the two-dimensional �2D�
Shastry-Sutherland lattice with orthogonally arranged spin
dimers and a frustrating interdimer coupling, realized12 in
SrCu2�BO3�2. The spin-1 /2 pyrochlore lattice deserves spe-
cial attention, as it is believed to have very short correlation
length and a singlet-triplet gap, eventually filled with low-
lying singlet states.13 It was suggested that a one-
dimensional �1D� array of coupled tetrahedra with spins in
an AFM configuration can be regarded as a 1D analog of the
pyrochlore lattice.13 The physical realization of such a sys-
tem was reported to occur in the copper tellurates
Cu2Te2O5X2 �X=Cl,Br�,14,15 where Cu2+ �S-1 /2� spin tetra-
hedra form chains along the c-axis direction, making these
systems convenient to study the interplay between the
built-in frustration within the tetrahedra and magnetic cou-
pling between them in a low-D quantum spin system. While
there exist several experimental studies of magnetic ordering
in the Cu2Te2O5X2 by measuring magnetic suscepti-
bility,14–16 specific heat,15 Raman,17 and infrared18 spectra,
neutron diffraction,19 and thermal conductivity,16 we are not
aware of any systematic study of the interplay between frus-
tration and ergodicity in low-D quantum spin systems that
would allow comparison to the related geometrically frus-
trated AFMs and site-disordered SGs. Here we present a the-
oretical and experimental study of these effects in the
Cu2Te2O5X2 family of quantum magnets, both pure and sub-
stitutionally disordered.

II. STRUCTURAL DETAILS AND FRUSTRATION

Pure Cu2Te2O5Cl2 and Cu2Te2O5Br2 possess intrinsic
frustration of geometrical origin due to AFM-coupled Cu2+

spins within tetrahedra, which makes these systems resem-
bling geometrically frustrated pure AFMs of a kagomé and
pyrochlore type. As randomness is expected to amplify the
frustration effect, we included in the study also substitu-
tionally disordered Cu2Te2O5ClBr, Cu2Te2O5Cl1.5Br0.5,
Cu2�Te1.8Sb0.2�O5Cl2, and �Cu1.99Co0.01�Te2O5Cl2 that con-
tain certain degree of random topological disorder.

Frustration in the Cu2Te2O5X2 system should be inti-
mately related to its structural details. Each copper atom is
coordinated to three oxygen atoms and one chlorine or bro-
mine atom creating a somewhat distorted square-planar
CuO3X coordination.14 Four square planes are arranged in a
way that Cu atoms form a distorted tetrahedron with two

longer and four shorter Cu-Cu bonds. According to this, one
expects two different exchange integrals, J1 and J2, between
the Cu2+ spins of a given tetrahedral cluster. The Cu2+ tetra-
hedra align to tubes or chains along the c direction, which
are separated along the a and b directions by different Te-O
coordinations. The tellurium lone pairs point into large voids
in the structure where they interact with the chlorine or bro-
mine atoms. Coupling between the Cu2+ tetrahedral clusters
is of crucial importance for the nature of the magnetic
ground state. In the original work14 it was reported that mag-
netic susceptibility of the Cu2Te2O5Cl2 and Cu2Te2O5Br2 is
well reproduced by assuming that the systems are a collec-
tion of independent Cu2+ tetrahedra. In that case, frustration
should be due to intratetrahedral AFM couplings of spins,
hence of purely geometrical origin. It was reported later that
significant intertetrahedral coupling Jc, comparable to the in-
tratetrahedral J1 and J2, should be present in order to explain
unusual magnetic ordering and longitudinal magnon17 ob-
served by Raman spectra, and incommensurate AFM order19

observed by neutron diffraction in the Cu2Te2O5X2 com-
pounds. The intertetrahedral couplings increase the range of
spin interactions and make these systems more similar to the
geometrically frustrated kagomé and pyrochlore AFMs.

Substitution of elements in the Cu2Te2O5X2 structure
should add further to the frustration effect. The a and c lat-
tice parameters of the Cl-compound are reduced by 3 and
1%, respectively, with respect to the Br-compound, so that
the unit cell volume is reduced by 7%. Consqeuently, ran-
dom Cl→Br substitution should lead to random variation of
the interatomic distances, so that the exchange integrals may
become distributed. A similar effect is expected to occur
from substitution at other sites, e.g., Cu→Co and Te→Sb.
The Cu→Co substitution of coppers within the Cu2+ tetra-
hedra �the atoms that actually carry the spin� is in fact ex-
pected to yield the largest effect.

III. THEORETICAL MODEL AND METHOD

To get a theoretical insight into the magnetic ordering of
Cu2Te2O5X2, we consider a model system built up from in-
teracting tetrahedral clusters of S=1/2 spins forming a 1D
chain along the z direction, with additional couplings to the
neighboring chains treated within the mean-field approxima-
tion �MFA�.17,20 The Hamiltonian can be divided into

H = Hchain + HMFA, �1�

where the first term represents the interaction of spins within
the chain

Hchain = J1�
j

�S j,1 · S j,3 + S j,2 · S j,4�

+ J2�
j

�S j,1 · S j,2 + S j,2 · S j,3 + S j,3 · S j,4 + S j,4 · S j,1�

+ J3�
j

�S j,2 · S j+1,3 + S j,4 · S j+1,1�

+ J4�
j

�S j,2 · S j+1,1 + S j,4 · S j+1,3� . �2�
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We label each tetrahedron by Latin indices j and assume
periodic boundary conditions �PBC� along the chain. A sche-
matic representation of different coupling constants is de-
picted in Fig. 1. J1 and J2 represent the intratetrahedral cou-
plings, whereas J3 and J4 are the intertetrahedral couplings
within the chain.

The coupling between neighboring chains is given in
mean field as

HMFA = − 2JcMz�T��
j

�Sj,1
z − Sj,2

z + Sj,3
z − Sj,4

z � + NJcMz
2�T� ,

�3�

where Mz�T� is the order parameter �the staggered magneti-
zation�

Mz�T� =
1

N��
j

Sj,1
z − Sj,2

z + Sj,3
z − Sj,4

z � , �4�

and N is the total number of spins. Mz enforces an ordered
state, where the spins within pairs 1–3 and 2–4 are parallel,
however spin alignment between pairs is antiparallel. This
ordering takes full advantage of the J1 interaction at the ex-
pense of J2. For large enough Jc, the system orders at tem-
peratures below the Néel temperature, T�TN.

Our model Hamiltonian of Eqs. �1�–�4� is different from
that used in previous works17,20 from the point of view that it
distinguishes between intratetrahedral couplings �J1 and J2�,
intertetrahedral couplings within a 1D chain �J3 and J4� and
interchain coupling Jc, whereas earlier works have treated in
mean field all the neighboring tetrahedra �those on the same
chain and those on the neighboring chains�. We are thus dis-
tinguishing between the “zero-D” case of isolated tetrahedra
�J3=J4=Jc=0�, a 1D case of isolated chains �Jc=0�, and a
full 3D case with all couplings different from zero. Compli-
cated already enough, our model does not include substitu-
tional effects.

In the following we present numerical results for N=4
�isolated tetrahedra on the chain with no PBC� and N=16 �a
chain of four tetrahedra with PBC�, including in both cases
mean-field coupling to the neighboring chains. We calculate

the temperature dependence of the magnetic susceptibility, �,
and the specific-heat contribution from spin degrees of free-
dom, c, according to

� =
1

N

	Stot
z 2

T

�5�

and

c = T
�s

�T
=

1

N

�	H

�T

, �6�

where Stot
z denotes the z component of the total spin and s is

the magnetic entropy per spin. In Eqs. �5� and �6� all the
fundamental physical constants are set to unity. Thermody-
namic averages 	¯
 for the N=16 case were calculated using
the finite-temperature Lanczos method �FTLM�,21,22 whereas
for N=4, a standard exact-diagonalization �ED� approach
was found to be more appropriate. The calculation of the
thermodynamic quantities � and c is done self-consistently.
In the first step, a rather arbitrary initial distribution Mz,0�T�
is used to fix the parameters in HMFA and then using FTLM
�or ED�, the first approximation Mz,1�T� is calculated based
on the Hamiltonian Eqs. �1�–�4� along with � and c from
Eqs. �5� and �6�. Proceeding this way, the result of the ith
step, Mz,i�T�, is used as the initial distribution for the next
iteration. After p such steps, when Mz,p�T� has converged
within a given accuracy �, the procedure is stopped by set-
ting Mz�T��Mz,p�T�. In practice, the number of iterations p
strongly depends on temperature, having a maximum value
of the order 30 at T�TN for �=0.01 and N=16. The iteration
process may be shortened if the shape of Mz�T� is roughly
known and preset in the initial distribution Mz,0�T�.

IV. COMPARISON TO EXPERIMENT

All the investigated samples were monocrystals grown
by chemical vapor transport technique, using TeCl4 and
TeBr4 as transport agents, and the details of preparation
are described elsewhere.14,16 The study included
four Cu2Te2O5�ClxBr1−x�2 compounds �x=0, 0.5, 0.75, and
1� and substituted Cu2�Te1.8Sb0.2�O5Cl2 and
�Cu1.99Co0.01�Te2O5Cl2, where the Sb and Co concentrations
are nominal.

The temperature-dependent magnetic susceptibility ��T�
was measured between 300 and 2 K in a field H=100 Oe,
where the magnetization M is linear with H �actually we
found that a linear M�H� relation holds up to the highest
measuring field of 5 T�, so that we discuss �=M /H in the
following. A quantum design SQUID magnetometer was
used. All samples were oriented with the c axis parallel to H.
The experimental ��T� curves are displayed in Fig. 2�a�,
whereas the low-temperature portions below 50 K are dis-
played on an expanded temperature scale in Fig. 2�b�. All
susceptibilities exhibit a maximum somewhere between 20
and 30 K. For the pure Cu2Te2O5Cl2 and Cu2Te2O5Br2 com-
pounds, the maxima occur at Tmax=23 and 30 K, respec-
tively, in agreement with the literature data,14–16 whereas the
��T� maxima of the four substitutionally disordered samples

FIG. 1. Schematic representation of the coupling constants J1

and J2 within a single tetrahedron �top� and chain of tetrahedra
�bottom�, depicting the coupling constants J3 and J4 as well.
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occur between 21 and 25 K. Another significant difference is
the magnitude of the low-temperature saturation plateau
��T→0�. This plateau is the lowest for the two pure com-
pounds and increases for the substitutionally disordered
samples. This can be understood by considering the AFM
configuration of spins in the ground state. In the substituted
compounds, substitutional disorder acts to destroy local sym-
metry, resulting in reduced antiparallel spin compensation
and higher residual ��0� values as compared to the pure
compounds. From this point of view, the substitution of mag-
netic coppers within the Cu2+ tetrahedra is expected to yield
the largest effect. In Fig. 2�b� it is observed that this is indeed
the case; the �Cu1.99Co0.01�Te2O5Cl2 sample exhibits the
largest residual susceptibility.

The significant nonzero residual susceptibility prevents us
from getting reliable information on the existence of a spin
gap � in the excitation spectrum from the low-temperature
analysis, so that fitting of the high-temperature portion of �
only makes sense. The susceptibility fits alone are, however,
not very sensitive to the choice of the fit parameters, as sev-
eral combinations of the exchange integrals give comparable
fits. For that reason we conducted additional measurements
of the specific heat c by the standard calorimetric method
and performed simultaneous fitting of both � and c /T, using
the same set of parameters. Specific heats of the investigated
samples exhibit a well-pronounced mean-field-like anomaly
at the temperature TN, where magnetic ordering sets in, so
that the mean-field coupling constant Jc can be reliably de-

termined from the shape and position of the anomaly. More-
over, the model parameters were extracted from the fits using
absolute units of the experiment �taking into account funda-
mental physical constants, we obtain relations ��emu/
mol�=0.7503�emu K/mol�g2	Stot

z2

 /NT�K� and c�J /mol K�

=16.63�J /mol K�N−1��	H
 /�T�, where g is the Landé factor
and the fact that there are two coppers in the Cu2Te2O5X2
formula unit has been taken into account�.

The predictions of the microscopic model were compared
to the measured data of the four Cu2Te2O5�ClxBr1−x�2 com-
pounds. In Figs. 3–6 the comparison of the experimental
susceptibilities � and the specific heats c /T with the numeri-
cal results for the isolated-tetrahedra �N=4� system are dis-
played. Since calculations for the chain of tetrahedra repre-
sent a much greater numerical effort, we present additional
N=16 results only for the two pure �x=0 and 1� compounds.
For the susceptibility �, the agreement between the theory
and experiment in the temperature range T�TN seems rather
good, independent of the compound. Even g factors that have
been varied in order to obtain optimal fits fall within the
physically relevant regime �e.g., for the pure Cl compound
we obtain g4=2.03 and g16=2.08, whereas g=2.08 was re-
ported in Ref. 14. For the Br compound we get g4=2.07 and
g16=2.15, as compared to g=2.15 of Ref. 14�. Disagreement
with the experimental data below the transition to the or-

FIG. 2. �a� Magnetic susceptibilities of pure and substitutionally
disordered single-crystalline samples from the Cu2Te2O5X2 family
between 300 and 2 K in a field H=100 Oe. �b� The data below
50 K are shown on an expanded temperature scale.

FIG. 3. �a� Magnetic susceptibility � and �b� specific heat c /T of
the Cu2Te2O5Cl2 compound. The N=16 �solid line� and N=4 �long-
dashed line� numerical fits were made in absolute units of the ex-
periment �see the text�. The fit of the specific heat is a sum of
magnetic and phononic contributions, c /T= �c /T�mag+ �c /T�ph,
where the phononic contribution is shown by a short-dashed line.
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dered state, T�TN, is attributed in part to the crystalline
imperfections �finite quality of the samples� and in part to the
substitution-induced incomplete antiparallel spin compensa-
tion that both yield nonzero residual susceptibility ��0�. We
should also stress that we have computed only the longitudi-
nal susceptibility �zz. Below the transition to the ordered
state, the spin rotation invariance within MFA is broken, so
that one expects �zz��xx. Combining longitudinal and trans-
verse part of the susceptibility tensor might lead to better
agreement with the experiment for T�TN.

Comparing the experimental and theoretical specific heat
c /T data in absolute units we find, in contrast to the results of
�, that numerical c /T due to spin degrees of freedom �in the
following referred to as �c /T�mag� deviates significantly from
the experimental data even at T�TN for all four substances.
Numerical data systematically fall below the experimental
data, suggesting that in the real material there is excessive
entropy generated by other degrees of freedom, not taken
into account by a pure spin model of Eq. �6�. Adding a
phononlike term, �c /T�ph=	T2, brings our numerical results
much closer to the experimental data. The presence of
phonons in the Cu2Te2O5X2 is supported by the thermal con-
ductivity 
�T� measurements,16 where a maximum in 
�T� at
low temperature, typical of phonon thermal transport, was
observed.

In Fig. 3�a� we present the experimental susceptibility �
of the pure Cu2Te2O5Cl2 with the numerical N=4 �long-

dash� and N=16 �solid line� fits. The resulting fit parameters
are listed in Table I. We observe that the addition of the
intertetrahedral couplings within the chain, J3 and J4, slightly
improves the fit around the transition to the ordered state,
i.e., in the range T�TN. Consequently, the optimal values of
J1, J2, Jc, and g have also changed. In the N=4 case, the
couplings J1=37.0 K, J2=45.0 K, and Jc=31.2 K are of
comparable size, whereas in the N=16 case, the intratetrahe-
dron couplings J1=38.3 K and J2=42.5 K are significantly
larger than the intertetrahedron �J3=8.5 K and J4=17.0 K�
and the MFA �Jc=22.1 K� couplings. The experimental c /T
data and the c /T= �c /T�mag+ �c /T�ph fits are displayed in Fig.
3�b�. The anomaly in c /T at the transition to the ordered state
is observed at TN=18 K, in agreement with the literature
data.15 The c /T fits of the N=4 �long-dash� and N=16 �solid
line� cases are reasonable, exhibiting only an insignificant
difference, predominantly due to small numerical errors gen-
erated by the FTLM method. Most importantly, calculation
on a larger system does not raise the magnitude of �c /T�mag

that remains well below the experimental data. The phonon
contribution �c /T�ph=	T2 is shown as a short-dashed line,
where the same value of the fit parameter 	4=	16
=16 mJ/K4 mol was used in both fits.

The same analysis was performed for the other pure com-
pound, Cu2Te2O5Br2, and the results are displayed in Fig. 4.
The anomaly in c /T is observed here at TN=11.6 K. The N

FIG. 4. �a� Magnetic susceptibility � and �b� specific heat c /T of
the Cu2Te2O5Br2 compound with the N=16 �solid line� and N=4
�long-dashed line� numerical fits. The phononic contribution to the
specific heat for the N=4 case is shown by a short-dashed line,
whereas for the N=16 case it given by the dash-dotted line.

FIG. 5. �a� Magnetic susceptibility � and �b� specific heat c /T of
the Cu2Te2O5ClBr compound with the N=4 �solid line� fits. The
phononic contribution to the specific heat, �c /T�ph, is shown by a
short-dashed line, whereas the magnetic contribution, �c /T�mag, is
shown by a dash-dotted line.
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=16 fit �solid line in Fig. 4�a�� again reproduces the suscep-
tibility � to a somewhat lower temperature than the N=4 fit
�long-dashed line� and the exchange integrals �Table I� are of
the same magnitude and relative proportion �J1 and J2 are
significantly larger than J3, J4, and Jc� as for the Cl com-
pound. The specific heat is displayed in Fig. 4�b�. Apart from
a lack of a sharp transition peak in c /T at T=TN on a N
=16 system, the agreement with the experimental data is
better than in the Cl case. We should note that in order to
obtain a good fit, a different 	16=25 mJ/K4 mol value was
used than in the N=4 case �where 	4=19 mJ/K4 mol�.

The N=4 analyses of the substitutionally disordered
Cu2Te2O5ClBr and Cu2Te2O5Cl1.5Br0.5 are displayed in Figs.

5 and 6, respectively. For the Cu2Te2O5ClBr, the c /T
anomaly is observed at TN=16.5 K �Fig. 5�b��, whereas it
occurs at about the same temperature, TN=16.8 K, in the
Cu2Te2O5Cl1.5Br0.5 �Fig. 6�b��. The c /T fits, showing sepa-
rately the magnetic and phononic contributions, are reason-
able. The same applies to the � fits and the fit parameters are
collected in Table I. We observe that J1 and Jc couplings are
practically the same, whereas J2 is significantly larger.

The above simultaneous analysis of the experimental �
and c /T data yields the following conclusions. On the one
hand, the maximum in the susceptibility and the significant
decrease of � below are consistent with a finite gap between
a singlet ground state and the lowest excited triplet state.
This behavior is also characteristic of spin liquids. On the
other hand, specific heat shows temperature dependence that
is similar to ordered AFMs and is not compatible with an
exponentially thermally activated behavior expected for a
system with a gap. The chain of the coupled tetrahedra
model �N=16 case� gives a better description than the iso-
lated tetrahedra on the chain �N=4�. The intratetrahedral
couplings J1 and J2 are about a factor two larger than the
intertetrahedral J3, J4, and the mean-field Jc couplings, so
that the intratetrahedral interactions are dominant. Under the
conditions J1�J2 and J2 /2�J1 �that are met in all investi-
gated compounds�, the ground state and the first excited state
of isolated tetrahedra are spin singlets, so that one would
expect a finite gap in the excitation spectrum for negligible
J3, J4, and Jc, as compared to J1 and J2. However, our nu-
merical calculations show that moderate intertetrahedral cou-
plings create a band of low-lying singlets, which fill the
singlet-triplet gap and contribute to finite specific heat at
temperatures far below the singlet-triplet gap, whereas they
do not contribute to the magnetic response of the system.
Low-lying dense singletlike excitations are thus the reason
for the apparent discrepancy between the susceptibility that
is typical of a spin-gap system and the specific heat that does
not show activated behavior characteristic of a spin gap at
low temperature, but resembles regular AFMs. The investi-
gated Cu2Te2O5�ClxBr1−x�2 quantum magnets thus appear to
be true 3D systems of coupled spins, where the intercluster
interactions are strong enough to suppress the intracluster
singlet formation. Consequently, the spin correlation length �
extends significantly beyond the single Cu2+ tetrahedral clus-
ter dimension.

FIG. 6. �a� Magnetic susceptibility � and �b� specific heat c /T of
the Cu2Te2O5Cl1.5Br0.5 compound with the N=4 �solid line� fits.
The phononic contribution to the specific heat, �c /T�ph, is shown by
a short-dashed line, whereas the magnetic contribution, �c /T�mag, is
shown by a dash-dotted line.

TABLE I. Fit parameters �see text� obtained from simultaneous analysis of the magnetic susceptibility �
and specific heat c /T.

N
J1

�K�
J2

�K�
J3

�K�
J4

�K�
Jc

�K� g
	

�mJ/K4 mol�

Cu2Te2O5Cl2 4 37.0 45.0 31.2 2.03 16

16 38.3 42.5 8.5 17.0 22.1 2.08 16

Cu2Te2O5Br2 4 31.5 46.0 20.2 2.07 19

16 27.3 45.4 9.08 18.2 8.6 2.15 25

Cu2Te2O5ClBr 4 26.0 37.0 25.6 2.07 17

Cu2Te2O5Cl1.5Br0.5 4 22.0 37.0 23.9 2.01 16
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V. ERGODICITY

Having demonstrated that Cu2Te2O5X2 compounds are
3D frustrated spin systems, it is interesting to consider ergod-
icity breaking in such a system, in comparison to the related
geometrically frustrated AFMs and site-disordered SGs. As
discussed above, one of the commonly observed phenomena
in magnetically frustrated systems is the zfc-fc magnetization
splitting below the freezing temperature Tf, indicating the
temperature below which the ergodicity of the spin system is
broken on a given experimental time scale. Our zfc-fc ex-
periments were performed in a low dc magnetic field of H
=1 Oe only, in order that the external field has negligible
influence on the spontaneous magnetic ordering in the
samples. One complete zfc-fc cycle involved cooling the
sample in zero field to 2 K, switching on the field and slowly
heating to 50 K followed by a slow cooling in the field back
to 2 K. The zfc-fc susceptibilities of all samples are dis-
played in Fig. 7. The results are rather astonishing—no
zfc-fc splitting is observed down to 2 K for any of the six
samples. Here it is important to stress that the temperature
2 K is already far below the magnetic ordering temperatures
of the investigated samples. As no zfc-fc splitting occurs
down to the lowest measured temperature, the ergodicity of
the spin system is not broken down to 2 K in any of the

investigated pure and substitutionally disordered systems.
Another check of the ergodicity breaking is the measure-

ment of the ac susceptibility �� in the fields of different
frequency. We applied ac fields with logarithmically spaced
frequency of 1, 10, 100, and 1000 Hz in the same tempera-
ture interval �50 to 2 K�. The results are displayed in Fig. 8.
We again observe consistently for all samples that there is no
frequency dependence of �� down to 2 K. This is another
proof that the ergodicity of the investigated crystals is not
broken in the investigated temperature interval.

Slow relaxation of the thermoremanent magnetization
�TRM� is considered as another prominent manifestation of
broken ergodicity.23–26 In a TRM experiment, the sample is
cooled in a low magnetic field from a temperature high
above Tf to a “measuring” temperature Tm�Tf, where the
cooling is stopped for a “waiting time” tw, so that the spin
system is let to approach an equilibrium state in the field H.
After tw, the field is suddenly cut off to zero, which results in
an almost instantaneous decay of the reversible part of the
magnetization, followed by a slow decay of the irreversible
part �TRM� of the magnetization �that can amount up to 10%
of the total magnetization24–26�. The slow TRM decay is a
consequence of high barriers in the free energy landscape of
a frustrated system, which should be surmounted in order

FIG. 7. zfc and fc susceptibilities between 50 and 2 K in a dc
field H=1 Oe.

FIG. 8. ac magnetic susceptibilities �� between 50 and 2 K
measured in an ac field of amplitude Hac=6.5 Oe and frequencies
between 1 and 1000 Hz.
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that the spin system can approach the equilibrium state in
zero field from the initial H�0 state. Our TRM experiments
were performed by cooling to various Tm’s starting at 50 K
and letting the system equilibrate for tw=60 min before the
field cutoff. Two symmetric field-cooled experiments in H
= ±8 Oe were performed each time. The TRM experiment
for the Cu2Te2O5Cl2 sample performed at Tm=12 K is dis-
played in Fig. 9, where it is observed that no TRM exists
after the field cutoff. The same result was obtained for all
other samples, choosing any Tm down to 2 K. In view of the
fact that the dc susceptibilities displayed in Fig. 7 show no
zfc-fc splitting �the TRM is just the difference between the fc
and zfc susceptibilities� down to 2 K, this result is not sur-
prising and the TRM decay curves of other samples are not
shown.

VI. CONCLUSIONS

Experiments and theoretical analysis of the magnetic sus-
ceptibility � and specific heat c /T demonstrate that
Cu2Te2O5X2 compounds are true 3D systems of coupled
spins. Susceptibility results are consistent with the existence
of a singlet-triplet gap. Specific heat data show that the
singlet-triplet gap is filled with dense singletlike excitations
that contribute to finite specific heat at temperatures far be-
low the singlet-triplet gap, whereas they do not contribute to
the magnetic response of the system. Consequently, the tem-
perature dependence of specific heat is similar to that of or-
dered AFMs. Furthermore, measured specific heat data show
excessive entropy when compared to the numerical results
based on a pure spin system, which we attribute to the pres-
ence of phonons. Since Cu2+ spins are arranged in a geo-
metrically frustrated tetrahedral AFM configuration and spin
correlation length � extends beyond the single tetrahedral
cluster dimension, Cu2Te2O5X2 resemble geometrically frus-
trated kagomé and pyrochlore AFMs. However, the observed
absence of the zfc-fc magnetization splitting, the frequency-
independent ac susceptibility, and zero TRM demonstrate
that ergodicity of the investigated pure and substitutionally
disordered Cu2Te2O5X2 compounds is not broken down to
the lowest measuring temperature of 2 K, which is much
below the reported temperatures of magnetic ordering in
these systems. The macroscopic manifestation of frustration
in the Cu2Te2O5X2 quantum magnets does not occur in the
same way as in the frustrated SGs and AFMs, where it leads
to freezing of the spin dynamics and ergodicity breaking at
low temperatures.
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