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Using first-principles electronic structure calculations based on the Nth order muffin-tin orbital (NMTO)-
downfolding technique, we derived the low-energy spin model for CuTe,Os. Our study reveals that this
compound is a two-dimensional coupled spin-dimer system with the strongest Cu-Cu interaction mediated by
two O-Te-O bridges. We checked the validity of our model by computing the magnetic susceptibility with
quantum Monte Carlo technique and comparing it with available experimental data. We also present magne-
tization and specific-heat results which may be compared with future experimental investigations. Our derived
model provides an alternative scenario to a recently proposed model for this compound [Phys. Rev. B 74,
174421 (2006)]. The situation needs to be settled in terms of further experimental investigations.
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I. INTRODUCTION

Significant amount of effort both experimental and theo-
retical has been devoted in the past years to the investigation
of the behavior of low-dimensional quantum spin systems.!
A crucial piece of information needed in the process of un-
derstanding these systems is the connection between the un-
derlying chemical complexity of the compound and the spin
lattice. Often, this relation is not obvious from structural con-
siderations and one needs to rely on ab initio based calcula-
tions as we will show in the present work.

Recently, in an attempt to analyze the effect of lone-pair
cations such as Se** or Te** on the magnetic dimensionality
of Cu?*-based systems, the magnetic properties of CuTe,Os
were investigated.> CuTe,Os is structurally a Cu(II)-dimer
system separated by Te ions. Magnetic susceptibility mea-
surements show a maximum at 7,,,,=56.5 K with an expo-
nential drop at lower temperatures signaling the opening of a
spin gap. The behavior at high temperatures follows the Cu-
rie law with a Curie-Weiss temperature of =-41 K,! which
indicates that the dominant interactions in this system are
antiferromagnetic. Electron spin-resonance (ESR) studies
suggest though that the structural dimers of CuTe,O5 do not
coincide with the magnetic dimers.? Fitting the susceptibility
data to different models, such as a pure dimer model, the
alternating spin-chain model and the modified Bleaney-
Bowers model show equally good agreement with the ex-
perimental data.’> A detailed investigation of the magnetic
exchange paths using the extended Huckel tight-binding
(EHTB) method suggests that: (i) the strongest interaction is
between Cu ions which are sixth nearest neighbors (J4) and
is of antiferromagnetic supersuperexchange (SSE) type me-
diated by a O-Te-O bridge and (ii) that the next strongest
interaction is of antiferromagnetic superexchange (SE) type
within the structural dimer (J,), yielding a ratio J,/J4=0.59.?
Based on these findings, Deisenhofer et al.> proposed an al-
ternating spin-chain model as the simplest possible model for
CuTezos.

Given the existence of many possible Cu-Cu interaction
paths in this material whose relative importance may not be
necessarily captured in EHTB study, we performed ab initio
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density-functional theory (DFT) calculations and applied the
Nth order muffin-tin orbital (NMTO)-downfolding tech-
nique.® This technique has proven to be very successful in
deriving the underlying spin model of a large number of
low-dimensional quantum spin systems including cuprates,*>
vanadates,® and titanates.” Our calculations reveal that the
strongest Cu-Cu interaction in CuTe,O5 is the one between
fourth nearest neighbor mediated by two O-Te-O bridges (/,)
followed by the interaction mediated by a single O-Te-O
bridge (J). This is in contrast with the fact that J, was found
in Ref. 2 to be the strongest interaction. We also obtain that
the Cu-Cu interaction within the structural dimer unit (J,) is
rather weak as opposed to the findings of the EHTB study,
though both ours and the EHTB study find the structural
dimer interaction not to be the leading interaction. The un-
derlying spin model for CuTe,Os5 derived out of our calcu-
lations is therefore different from that suggested in Ref. 2.
We have also computed the magnetic susceptibility for the
proposed model by performing quantum Monte Carlo
(QMC) simulations (stochastic series expansion®'?). Our re-
sults show good agreement with the experimental observa-
tions. In view of the fact that the magnetic susceptibility is
often found to be an insensitive quantity to the details of the
magnetic structure, we have also calculated temperature and
magnetic-field dependent magnetization as well as the spe-
cific heat as a function of temperature. These results need to
be tested in terms of further experimental investigations to
resolve the underlying microscopic model for CuTe,O5 com-
pletely.

The paper is organized as follows: in Secs. II and III we
present, respectively, the crystal structure and the ab initio
DFT electronic structure of CuTe,Os. In Sec. IV we discuss
the effective model Hamiltonian obtained with the NMTO-
downfolding method. QMC results for magnetic susceptibil-
ity, magnetization, and specific heat are described in Sec. V
and finally in Sec. VI we present our conclusions.

II. CRYSTAL STRUCTURE

CuTe,05 crystallizes in the monoclinic space group
P21/c¢ (Ref. 11) with lattice parameters a=6.871 A,
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b=9.322 A, ¢=7.602 A, and $=109.08°. It is built out of
CuOy distorted octahedra [Fig. 1(a)], with six inequivalent
oxygens Ol, 02, O3, 04, OS5, and OS5’ surrounding each
Cu(Il) ion. Each CuOg4 octahedron is elongated along the
02-05’ axis, with distances dc, 0s:=2.303 A and dc,.0n
=2.779 A. The Cu-O distances in the CuO, plane range
from dey.0s=1.948 A to dcy.03=1.969 A. Two neighboring
CuOg octahedra share an edge to form a Cu,0,, structural
dimer [Fig. 1(b)]. The oxygen octahedra of two Cu(Il) ions
within a given structural dimer are rotated by 180° with re-
spect to each other.

The structural dimers form a chainlike structure running
almost parallel to the crystallographic ¢ axis. These chains
pile along the crystallographic b axis (Fig. 2). The Tel atoms
are situated between two successive Cu(Il)-structural dimer
chains, while the Te2 atoms are located in between two
Cu,0 structural dimers along a given chain. The local oxy-
gen environment of the Te atoms forms a TeO, tetrahedra
[Fig. 1(c)]. The layers containing these chains in the bc plane
are stacked approximately along the crystallographic a axis
with hardly any connection between the layers.

05
02

04

b

FIG. 2. (Color online) Crystal structure of CuTe,Os. The largest
balls represent Tel and Te2. Tel and Te2 are shown in gray and
black colors, respectively. Cu atoms are represented by medium
sized balls, situated at the center of the distorted octahedra. The
smallest balls denote the oxygen atoms.

PHYSICAL REVIEW B 77, 224437 (2008)

03

FIG. 1. (Color online) Building units of
01 CuTe,0s5. (a) CuOg-distorted octahedron. (b)
Cu,0¢-structural dimer unit. (c) TeOy-tet-

rahedra.

III. ELECTRONIC STRUCTURE

In order to analyze the electronic behavior of CuTe,O5 we
carried out DFT calculations within the local-density ap-
proximation (LDA) by employing both the WIEN2K code
based on the full-potential linearized augmented plane-wave
(LAPW) method'? and the Stuttgart TBLMTO-47 code based
on the linear muffin-tin orbital (LMTO) method.!? The cal-
culated band structures agree well with each other within the
allowed error bars of the various approximations involved in
these two methods. Figures 3 and 4 show the nonspin polar-
ized band structures and density of states (DOS), respec-
tively, of CuTe,Os. The orbital contributions to the valence
and conduction bands in the band structure and the DOS
were determined by defining the local reference frame with
the local z axis pointing along Cu-O2 bond and the local y
axis pointing almost parallel to the Cu-O5 bond.

The predominant feature of the band structure is the iso-
lated manifold of four bands crossing the Fermi level (Ep),
formed by Cud,2_,» orbitals corresponding to the four Cu
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FIG. 3. LDA band structure of CuTe,O5 plotted along various
symmetry directions of the monoclinic lattice. The zero of the en-
ergy has been set up at the LDA Fermi energy. The dominant orbital
contributions in various energy ranges are shown in boxes on the
right-hand side. The various Cu d characters are shown in the local
reference frame as described in the text.
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FIG. 4. (Color online) Partial density of states of Cu d (in black
full lines), O p (in red dashed lines), and Te p (in cyan or gray full
lines) orbitals for CuTe,Os. The inset shows the density of states
for O p and Te p in the energy range close to Ep, dominated by
Cu d,_,2 character.

atoms in the unit cell, admixed with O p states. These bands
are half filled and separated from the low lying O p and
non-d,2_» Cu valence bands by a gap of about 0.8 eV and
from the Te p-dominated high lying conduction bands by a
gap of about 2.2 eV, with the zero of energy set at the LDA
Fermi level. We note that in the low-energy scale, the LDA
results lead to a metallic state. Introduction of missing cor-
relation effects beyond LDA, for instance, with the LDA
+ U functional, is expected to drive the system insulating, as
our LDA+U calculations corroborated.

The valence band shows Cu dxy, dyz, d,, and d5_,> char-
acter dominated bands in the energy range between —2.2 and
—1.2 eV, while the O p-dominated bands are in the energy
range between —4 and —1.2 eV. The contribution of O2
character in the conduction bands crossing the Fermi level is
found to be small compared to other oxygens because of the
large Cu-O2 bond length. The Tel p and Te2 p states show a
non-negligible contribution to the bands crossing the Fermi
energy, as pictured in the inset of Fig. 4, and play an impor-
tant role in mediating the Cu-Cu exchange interaction as will
be demonstrated in what follows.

IV. LOW-ENERGY HAMILTONIAN-EFFECTIVE MODEL

A powerful technique to construct a low-energy, tight-
binding (TB) Hamiltonian starting from a LDA band struc-
ture is given by the NMTO-downfolding method.® This
method derives a low-energy Hamiltonian by an energy se-
lective, downfolding process that integrates out the high-
energy degrees of freedom. The low-energy Hamiltonian is
then defined on the basis of effective orbitals constructed via
the integration out process. This process takes into account
the proper renormalization effect from the orbitals that are
being downfolded. The accuracy of such process can be
tuned by the choice of the number of energy points (N), used
for the selection of downfolded bands. If the low-energy
bands form an isolated set of bands, as is the case under
discussion, the constructed effective orbitals, the NMTOs,
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FIG. 5. Bands obtained with downfolded Cu d,>_y2 basis (solid
lines) compared to full LDA band structure (dashed lines). Ey, E|,
and E, mark the energy points used in NMTO calculation.

span the Hilbert space of Wannier functions or, in other
words, the effective orbitals are the Wannier functions corre-
sponding to the low-energy bands. The real-space represen-
tation of the downfolded Hamiltonian H =Et,-j(cjcj+H.c.) in
the Wannier function basis gives the various hopping inte-
grals t;; between the effective orbitals.

For the present compound we have derived the low-
energy Hamiltonian defined in the basis of the effective
Cu d,>_,> orbitals by keeping only the d,2_,> orbital for each
Cu atom in the unit cell and integrating out all the rest. We
show the downfolded bands in Fig. 5 in comparison to the
full LDA band structure. With the choice of three energy
points E,, E|, and E,, downfolded bands are indistinguish-
able from the Cud,2_j» dominated bands of the full LDA
calculation.

The corresponding Wannier function is plotted in Fig. 6.
The central part has the 3d,2_,2> symmetry with the choice of
the local coordinate system as stated above, while the tails
are shaped according to O p,/p,. The Cu d2_,2 orbital forms

FIG. 6. (Color online) Effective Cu d,2_,» orbital with lobes of
opposite signs colored as black and white. The d,2_,2 orbital is
defined with the choice of local reference frame as described in the
text.
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strong pdo antibonds with the O p,/p, tails. O p,/p, tails
bend toward the Te2 atom, which indicates the importance of
hybridization effects from the Te cations and enhances the
Cu-Cu interaction placed at different structural dimers
Cu20 10-

Table I shows the various dominant effective hopping in-
tegrals #; with magnitude greater than 1 meV between the
Cu(Il) ions at sites i and j. The notation for the various
hoppings is shown in Fig. 7 where the subindex of 7, corre-
sponds to the nth Cu neighbors. The strongest hopping inte-
gral, 1, is found to be between those two Cu(IT) ions which
are placed at different structural dimers and the interaction is
mediated by two O-Te-O bridges. ¢, which denotes the hop-
ping integral between two Cu(Il) ions situated within the
same structural dimer unit, is found to be about 1/3 of the
strongest hopping integral (¢,). The second strongest hopping
term, f¢, mediated by one O-Te-O bridge is about 1/2 of ¢,.
Figure 7(b) shows the interaction paths in the ab plane,
which are weak in general and can be neglected. In particu-
lar, we mention as examples the hopping integrals #; and ¢,
which are approximately 1/10 and 1/25 of the strongest hop-
ping term (z,), respectively. In the following we discuss the
origin of the various dominant interaction paths.

TABLE 1. Cu-Cu hopping parameters corresponding to the
downfolded Cu d,>_,> Hamiltonian in NMTO-Wannier function ba-
sis. Only hopping integrals of strength larger than 1 meV are listed.

Hopping Cu-Cu distances Hopping parameters

(A) (meV)
1 3.18 38.7
13 532 11.0
14 5.58 112.9
ts 5.83 13.7
tg 6.20 59.9
t; 6.43 49
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FIG. 7. (Color online) Cu-Cu interaction
paths ¢,. The color convention is the same as
Fig. 2.

A. Strongest hopping term ¢,

The strongest hopping term, #,, mediated by two O-Te-O
bridges is associated to a Cu-O-Te-O-Cu SSE path generat-
ing the spin-spin coupling J,. The strength of a SSE interac-
tion through an exchange path of type Cu-O-L-O-Cu (e.g.,
L=Te) depends sensitively on how the O-L-O linkage orients
the two magnetic orbitals (i.e., the d,2_,2 orbitals) centered at
two Cu sites and also on how the tails of the magnetic orbit-
als, which have contributions of the orbitals of the ligand
atom L, are oriented with respect to the central part. In Fig. 8
we show the Wannier function plot corresponding to 74,

where the effective Cu d,2_,2>-like Wannier orbitals are at the

FIG. 8. (Color online) Effective orbital corresponding to the
downfolded NMTOs, placed at two Cu sites situated at two differ-
ent structural dimer units corresponding to the #, interaction. Lobes
of orbitals placed at different Cu sites are colored differently. Lobe
colored black (white) at one Cu site represents the same sign as that
colored magenta (cyan) at other Cu site.
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FIG. 9. (Color online) Effective orbital corresponding to the
downfolded NMTOs, placed at two Cu sites situated at two differ-
ent structural dimer units corresponding to the g hopping term.
Color convention is the same as in Fig. 8.

Cu sites between which we have found the strongest interac-
tion. The O p,/p, tails bend toward the Te atoms forming
O-Te-O ligand paths which are responsible for the strong
Cu-Cu bonding.

B. Second strongest hopping term ¢

The hopping integral #4 describes the next strong Cu-Cu
interaction path, which is mediated via one O-Te-O bridge
and responsible for the Cu-O-Te-O-Cu SSE interaction gen-
erating the spin-spin coupling Js. Figure 9 shows the Wan-
nier plots of the Cud,2_,» downfolded NMTOs. Here the
oxygen tails bend toward the interconnecting TeO, unit to
provide an interaction pathway between the two Cu sites as
in the #, path. However the strength of this interaction is
expected to be weaker than #, since there is only one, instead
of two, O-Te-O interaction path.

C. Structural intradimer hopping term #,

t, corresponds to the intradimer Cu-Cu interaction path
which is mediated by O5-O5" atoms. In Fig. 10 we show the
Wannier function plot, where the effective Cu d,_-like
Wannier orbitals are placed at the Cu sites of the same struc-
tural dimer unit. As we stated above, each structural dimer
unit is made of two edge sharing CuQOg distorted octahedra.
In the case of the first octahedron OS is situated on the basal
plane of the octahedron and OS5 p,/p, form pdo antibond
with the Cu dxz_yz orbital, whereas O5’ is situated at the
apical position for this octahedron. The reverse is true for the
second octahedron. Therefore Cu d,2_,2 orbitals of two Cu?*
sites placed at the same structural dimer unit are misaligned,
which is responsible for the weak Cu-Cu intradimer interac-
tion. We note that the internal parameters associated with
atomic positions of Cu, Os, and OS5’ are such that the Cu-
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FIG. 10. (Color online) Cu d,>_,> downfolded NMTOs, placed
at two Cu sites situated within the same structural dimer. The O2
sites with long Cu-O2 bond lengths have been removed for better
view. Color convention is the same as in Fig. 8.

05-Cu and Cu-O5’-Cu angles turn out to be close to 90°
(96.76°). The Cu-Cu interaction within the structural dimer,
which is weak in general, is therefore in the borderline where
a sign change in the exchange interaction from antiferromag-
netic to ferromagnetic may occur.'*

V. SUSCEPTIBILITY, MAGNETIZATION,
AND SPECIFIC HEAT

The description of the spin model for CuTe,O5 as ob-
tained from the NMTO-downfolding technique turns out to
be that of a system of coupled dimers in a two-dimensional
(2D) grid (see Fig. 11).1 In order to check the goodness of
our proposed model, we have calculated the magnetic sus-
ceptibility as well as magnetization and specific-heat proper-
ties by considering the following spin-1/2 Heisenberg model
on a Ny X N, lattice:

Ny—1 Ny/2-1 Ny—1 Ny/2-1
H=J,2 X (82:,82i41,) +J4 > X (S2i+1,82i42,)
Jj=0 =0 j=0 =0
Ny/2-1 Ny/2-1
+Js > X [(S2:2/82i2j41 + S2:2;82i42.2j+1)
j=0 =0
+ (SZi+1,2jS2i+1,2j—l + SZi+l,2jSZi+3,2j—l)]s (1)

where J;, J4, and Jg are the exchange integrals corresponding
to the hopping paths 7, 74, and #4, respectively. Interestingly,
this model reduces to the model grid that describes the mag-
netic behavior of CaCuGe,O when J;=0. In that case, the
two-dimensional model has (using the present notation) two
critical points at Jo=-0.9J, and Jo=0.55J,.*

The analysis of model [Eq. (1)] has been done by the
quantum Monte Carlo method (stochastic series expan-
sion31%) on a 20X 20 lattice. While the NMTO-downfolding
technique gives us an estimation for hopping parameters, it
does not provide directly values of exchange integrals. The
exchange coupling, J, can be expressed in general as a sum
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FIG. 11. (Color online) The 2D coupled dimer model shown on
a 8 X4 (32 site) lattice. Periodic boundary conditions have been
applied on both directions. The thick, thin, and dashed lines repre-
sent the strongest J4, the next strong Jg, and the weak structural
intradimer interaction Ji, respectively. The site index k is given by
k=N,(l+m), where m runs over number of rows in the square lat-
tice (m=0,1,...,N;) and [ runs over the number of columns in the
square lattice (I=0,1,...,N,).

of antiferromagnetic and ferromagnetic contributions J
=JAPM JFM 1n the limit of large correlation, typically valid
for Cu based system, the antiferromagnetic contribution,
JA™M g related to the hopping integral ¢ by the second-order
perturbation relation JAfM=4¢2/U, where U is the effective
on-site Coulomb repulsion. In absence of a satisfactory ap-
proach for computing J directly, in the following we consid-
ered the NMTO-downfolding inputs to built up the model
and starting point for relative estimates of various exchange
interactions. We define the parameters,

al_J4s a2_J4’ (2)
which measure the ratio of the interdimer Jg and structural
intradimer J; interactions with respect to the exchange inter-
action which was suggested from the downfolding calcula-
tions to be the strongest Jy.

The optimal values of «; and «, as well as the strength of
the primary interaction J, and the effective g factor are ob-
tained by fitting the QMC results for the susceptibility,

X" = (5= (59)%) 3)

with the experimental susceptibility [in (emu/mol)] at inter-
mediate to high temperatures via'® y=0.375(g%/J)x". To
simulate the low-temperature region of the susceptibility
data, we include the respective Curie contribution from im-
purities as x“=Cyy,/T. The calculated susceptibility in
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FIG. 12. Temperature dependence of magnetic susceptibility for
CuTe,0s. The circles correspond to experimental data (Ref. 2) and
the solid line corresponds to calculated susceptibility based on a
2D-coupled dimer model.

comparison to experimental data is shown in Fig. 12.

The best fit corresponds to the intradimer exchange inte-
gral J,=92.4 K, very close to the value proposed by Deisen-
hofer et al.*> for the strongest dimer coupling. The optimal
value of the g factor=2.17 was found to be slightly larger
than the spin only value of g=2, in agreement with ESR
measurements. The optimal values for the coupling ratios in
Eq. (2) are found to be a;=0.27 and a,=0.07, rather close to
the estimates, 0.28 and 0.11, respectively, obtained using the
second-order perturbation relationship between exchange in-
teraction (J) and the hopping integral (7) given by the
NMTO-downfolding study. The theoretically estimated ratio
of strongest interdimer and structural intradimer interaction,
given by a,, is found to be in good agreement with that
obtained from the analysis of recent electron-spin-resonance
measurements by Eremina et al.'” The weak J, interaction
turned out to be of antiferromagnetic nature giving rise to a
positive sign for a,. With the stochastic series-expansion
implementation of the quantum Monte Carlo method, it is

2

50 100 150 200
H(Tesla)

T
N
1
/
/

magnetization (103 emu/mol)

OO
Kooz,

50 100 150 200 250 300
T (K)

FIG. 13. Magnetization plotted as a function of temperature for
the 2D-coupled dimer model of CuTe,Os in an applied magnetic
field of strengths h/J=0.2,0.5,1.0 (bottom to top) which corre-
spond to H=12.7,31.7,63.4 T. The inset shows the magnetization
versus H upto the saturation magnetic field at 7=10 K.
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FIG. 14. (Color online) Magnetization plotted as a function of
temperature for the 2D-coupled dimer model of CuTe,O5 and the
alternating chain model of Ref. 2 for two values of the magnetic
field H=12.7 T and H=31.7 T.

possible to simulate quantum spin models in an external
field. In Fig. 13, we present the computed magnetization as a
function of temperature M(T) for various magnetic fields’
strengths and in Fig. 14 we show the comparison of M(T) for
the model proposed in this work and the alternating chain
model of Deisenhofer et al.? for H=12.7 T and H=31.7 T.
Two models show distinctly different behavior at moderate
to high magnetic fields. In the inset of Fig. 13 we show the
magnetization curve for CuTe,O5 as a function of applied
magnetic field up to the saturation field at 7=10 K. While it
would be admittedly difficult to reach the saturation field
experimentally, part of this data may be directly compared
with experiment.

We also calculated the specific heat C,(T) for both models
and the results are presented in Fig. 15. While the overall
qualitative shapes of the C,(T) versus temperature curves for
both models are similar, there are important quantitative dis-
tinctions which capture the different nature of the models.
Our above computed thermodynamic quantities provide a
useful framework to test the validity of our proposed model
in terms of further experimental measurements.

VI. CONCLUSION

The analysis of the electronic structure of CuTe,O5 by
first-principles NMTO-downfolding calculations as well as

PHYSICAL REVIEW B 77, 224437 (2008)
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FIG. 15. Specific heat plotted as a function of temperature for
CuTe,05 for the 2D-coupled dimer model (solid line) and the
model of Ref. 2 (dashed line).

the calculation and examination of susceptibility data by the
QMC method leads to a unique description of this system as
a 2D coupled dimer model. The strongest Cu-Cu interaction
is between Cu pairs belonging to different structural dimer
units and connected by two O-Te-O bridges. Two additional
in-plane interactions of about 1/3 and 1/10 of the strongest
interaction have been found; the latter one being the struc-
tural intradimer interaction. This leads to a somewhat differ-
ent model compared to recent theoretical considerations in
Ref. 2, which suggest an alternating spin-chain system with
strong interdimer and intradimer couplings as the simplest
possible model for the CuTe,0Os. Based on our proposed
model, we have also calculated the magnetization and spe-
cific heat which may be compared with new experimental
measurements. We hope that our work will stimulate further
experimental studies.
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