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High-pressure band structure and structural stability of EuTe
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Band-structure calculations were carried out to study the pressure-induced structural transitions and struc-
tural stability of the magnetic compound, EuTe. The first-principle tight-binding linear muffin-tin orbital
method within the local-density approximation~LDA ! was used to obtain the electronic structure and total
energies both at ambient as well as at high pressures. The magnetic phase stability was determined from the
total-energy calculations within the atomic-sphere approximation for both nonmagnetic and magnetic phases. It
is found that the magnetic phase is more stable than the nonmagnetic phase. The pure theoretical calculations
further indicate that there is a phase transition from NaCl (B1) type to CsCl (B2) type structure at around 9.89
GPa, which is comparable to the experimentally observed value of 11.0 GPa. Furthermore, the bulk modulus
and magnetic moments were also estimated, which were found to be in agreement with earlier experimental
results.
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I. INTRODUCTION

The high-pressure behavior of the rare-earth~RE!
monochalcognides have been investigated experimen
because of their interesting optical, magnetic, and electr
properties.1–4 Out of these numerous RE compounds, e
ropium monochalogenides, represented by EuX (X
5O, S, Se, Te) have received a renewed attention due to
technological importance.3–6 X-ray diffraction ~XRD! and
neutron-scattering studies on these EuX systems show tha
under normal conditions these compounds crystallize in
NaCl-type structure and the lattice parametera decreases
whenX varies from Te to O.5,6 Interestingly, these EuX com-
pounds are semiconducting if the Eu ion is in the dival
state (21), while metallic if the Eu ion is in the trivalen
state (31).1,2 It is further reported that in some of thes
compounds, this valence transformation is activated un
pressure,5,6 which can be attributed to the promotion of th
4 f electron into the 5d conduction-band states in the Eu io
This pressure-induced change in valence and the subseq
semiconducting to metal transition has been ascribed as
manifestation of the valence fluctuation.5,6 Furthermore, the
pressure-volume diagram studies of EuX compounds through
the systematic high-pressure XRD studies reveal that mo
these compounds undergo a pressure-induced struc
phase transition fromB1 ~NaCl! to B2 ~CsCl! at a certain
characteristic pressure. It is realized that both these inte
ing phenomena, namely, the valence fluctuations
pressure-induced structural phase transitions, can be un
stood only when we know precisely the ground-state prop
ties and the nature of these electronic states in the band
mation at various pressures in these systems.6,7 The
motivation of the present work is to estimate these electro
states under high pressures systematically for a system
EuTe.

It may be recalled here that EuTe, like most of the oth
EuX systems, undergoes a phase transformation fromB1 to
B2 structure at 11.061.0 GPa at room temperature.6 Further-
0163-1829/2001/64~11!/115110~6!/$20.00 64 1151
lly
al
-

eir

e

t

er

ent
he

of
ral

st-
d
er-
r-
or-

ic
ke

r

more, the qualitative optical observations up to 15 G
showed that there was no abrupt change in the reflectivity
to 11 GPa.6 These authors concluded that thisB1 to B2
transition at 11 GPa was not accompanied by a vale
change in the Eu ion, similar to the observations of EuS a
also of EuSe.6 In contrast, Rooymans4 had earlier reported
from the high-pressure phase-equilibrium study of EuTe
XRD, that the electronic transition due to this valen
change from divalent (21) to trivalent (31) state was found
to occur in the pressure range 1.0–2.5 GPa. Several o
studies have been reported about this material in
literature.8–11 But to the best of our knowledge, there is n
theoretical study on the structural transition and structu
stability of this system under high pressures. Since we h
earlier carried out band-structure calculations on the syste
such as Se,12 Te,13 EuSe,14 and very recently, EuS,15 it is
tempting to take up this compound and try to complete t
series purely from the theoretical point of view.

In this brief report, we present the detailed theoreti
band-structure calculations of EuTe in both the phases u
the tight-binding ~TB! linear muffin-tin orbital ~LMTO!
atomic-sphere approximation~ASA! method16–19 within the
local-density approximation~LDA !.20 The compressibility
behavior of this compound is discussed in light of t
changes occurring in the electronic structure to study
structural stability. Both spin- and non-spin-polarized ele
tronic band-structure calculations at ambient as well as
high pressure are performed to check nonmagnetic to m
netic or magnetic to nonmagnetic transitions in this co
pound. We further report the density of states~DOS!, Fermi
energy (EF), lattice parameters, bulk modulus, and magne
moment at different pressures for both the phases. The o
nization of the paper is as follows: Sec. II gives the meth
of calculations; Sec. III deals with the results and discuss
in which total-energy calculations, phase transition, b
modulus, magnetic moment, electronic structure, and ph
stability are discussed; finally in Sec. IV, we have summ
rized the results.
©2001 The American Physical Society10-1
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II. METHOD OF CALCULATION

In our previous papers,14,15 we have mentioned the elec
tronic structure, total-energy, and structure stability calcu
tions for bothB1 andB2 phases by the spin-polarized TB
LMTO method. The exchange-correlation potential with
the LDA was calculated using the parametrization schem
von Barth and Hedin.21 The DOS was calculated by the te
rahedron method.22 Eu and Te atoms occupy the positions~0,
0, 0! and ~0.5, 0.5, 0.5!. The valence configurations for E
and Te are 6s 6p 5d 4 f and 5s 5p 4d, respectively. They are
chosen to represent the basis set for our calculation. As
ready mentioned,12–15 the TB-LMTO method works ex-
tremely well for close-packed structures; however, sin
EuTe in the NaCl (B1) phase is not a close-packed syste
two equivalent empty spheres are introduced at positi
~0.25, 0.25, 0.25! and ~0.75, 0.75, 0.75! in such a way that
they do not break the crystal symmetry.23,24This assumption
is found to be important for total-energy calculations whe
the structural energy difference is only hundredths of a r
berg~Ry!. Second, it is to be mentioned here that the Ma
lung correction, which one may neglect for the close
packed crystal structure, is quite important for the op
crystal structure. In fact, the details of the expression of
Madelung correction to the ASA have already been discus
by Skriver.25 It is shown there that in the ASA, the Madelun
expression for the electrostatic energy per ion of a lattice
point ions may be approximated by the energy of an
embedded in a single neutralizing atom sphere. The cor
tion term is shown to be proportional to (1.82aM)/S, where
aM is the lattice Madelung constant,S is the atomic Wigner-
Seitz radius, and for a closed-packed crystal structureaM is
taken as 1.8 Ry. Usually, one expresses this correction t
with reference to the fcc phase, and therefore it is rep
sented as@(1.82aM) i2(1.82aM) fcc#. Skriver25 had earlier
calculated this correction term for the bcc and hcp structu
relative to the fcc structure, and it is shown to be in the ran
0.05–0.5 mRy whenqs /S lies in the range from 0.5 to 5 a.u

As far as the self-consistent band calculations are c
cerned, they have been carried out for 512k points for both
phases in the entire Brillouin zone. To optimize these cal
lations, sphere radii for both cases are chosen in such a
that the difference in potentials at the sphere boundarie
minimum. Combined correction terms are also includ
which account for the nonspherical shape of the atomic c
and the truncation of higher partial waves (l .3) inside the
spheres, so that the error in the LMTO method is minimiz
All relativistic corrections except those due to spin-orbit co
pling are used. It is to be mentioned here that the sc
relativistic wave equation is solved in which the most imp
tant relativistic corrections, namely, Darwin’s correction
mass-velocity terms, and higher-order corrections, are
cluded, while the spin-orbit coupling term is neglected.
other words, the radial parts of the basis function inside
muffin-tin sphere are calculated from a relativistic wa
equations and the potential inside the sphere are estimate
including Darwin’s corrections, mass-velocity, and high
order correction terms. TheE and K convergence are
checked subsequently. The eigenvalues converge up
11511
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1025 Ry. To find the equilibrium lattice constant, the tot
energies are computed by changing the volume from 1.0V0
to 0.65V0 , where V0 is the equilibrium cell volume. The
pressure is obtained by taking the volume derivative of
total energy and bulk modulus is calculated from thep-v
diagram.

III. RESULTS AND DISCUSSIONS

In order to obtain the ground-state properties, we ha
carried out self-consistent calculations for the values of to
energies in magnetic and nonmagnetic states of theB1 phase
by changing the volume as mentioned above~that is, from
1.05V0 to 0.65V0!. In fact, both spin- and non-spin-polarize
electronic band-structure calculations are performed for n
magnetic and magnetic states. Figure 1 shows the varia
of total energy with cell volume for both nonmagnetic a
magnetic states of theB1 phase. It is clearly seen that the
is no magnetic to nonmagnetic transition, and the magn
state is more stable than the nonmagnetic state at amb
pressure. Similar calculations are also carried at high p
sures up to 9.89 GPa; it turns out that the magnetic stat
stable at all pressures in theB1 phase as has been shown
Fig. 1. This figure further indicates that the equilibrium c
volume in the magnetic state at ambient pressure is estim
to be 443.84 a.u.3 Therefore, in this phase the calculate
equilibrium lattice parametera is 6.405 Å, which can be
compared to the experimentally obtained value of 6.596

This little difference between the calculated and experim
tal value ofa at ambient pressure will be explained in a lat
section.

Figure 2 shows the variation of total energy with ce
volume for both theB1 andB2 phases in the magnetic stat
The calculated total energies are fitted to the Birch equa
of state in order to obtain the pressure-volume (p-v) rela-
tionship (p5dE/dv),26 which is shown in the first inset o

FIG. 1. Calculated total energy with cell volume for both no
magnetic and magnetic states of theB1 phase.
0-2
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HIGH-PRESSURE BAND STRUCTURE AND STRUCTURAL . . . PHYSICAL REVIEW B 64 115110
Fig. 2 for both the phases. It can be clearly seen from th
two figures that EuTe undergoes a phase transition from
B1 to B2 phase at about 9.89 GPa, which can be compa
to the experimentally obtained value of 11.0 GPa. Furth
more, it may be mentioned here that in theB1 phase, the
calculated volume reduces from 443.84 to 375.86 a.u.3 with
an increase in pressure from ambient to 9.89 GPa. The v
tion of lattice parametera, at the phase transition point, du
to this change in volume is estimated to be from 6.405
6.06 Å. This can be compared with the experimentally o
served values from 6.59 to 6.22 Å.6 Whereas in theB2
phase, the calculated volume just after transition is 344
a.u.,3 which corresponds to ana value of 3.71 Å and this
agrees comparatively well with the experimentally obtain
value 3.73 Å.6 We have further estimated the volume co
lapse during this phase transition, which turns out to
8.23%, while the experimentally obtained value is 11.60
and this small difference will be discussed later. Furth
more, the bulk modulus at zero pressure~B! is calculated

FIG. 2. The variation of total energy with cell volume for bo
the phases. The first inset shows the pressure-volume curve for
B1 andB2 phases. The second inset shows the variation of ent
pies with pressure in both theB1 andB2 phases.
11511
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using the relationB52V0(dP/dV) from the p-v diagram
and compared with available results in the literature. T
theoretically calculated equilibrium bulk modulus for bo
B1 and B2 phases are found to be 42.1 and 101.7 G
respectively. On the other hand, the experimental value
the bulk modulus of theB1 phase is reported to be 4
65 GPa,6 but the bulk modulus for phaseB2 has not been
reported and hence comparison is not possible.

Figure 3 shows the electron dispersion curves along
high-symmetry directions in the Brillouin zone for theB1
~NaCl! phase just before the structural transition with a sp
down configuration. Although both spins~spin down and
spin up! are estimated, only one case is depicted in Fig. 3
reference. As mentioned, the band-structure calculation
EuTe has not been reported in literature; however, the ove
profiles are found to be similar to the band structure of Eu
~Ref. 14! or EuS~Ref. 15!. The Fermi energy (EF) is shown
by the dotted line. It is clear from the figure that in th
valence-band region just belowEF , the lowest-lying bands
arise from 5s states of Te, and subsequent bands are foun
be predominantly due to 5p states of Te. However, nearEF ,
an Eu 4f state is seen. The conduction band aboveEF , on
the other hand, is mainly due to 5d and 6p states of Eu, and
also empty states of 4f of Eu, etc. Figure 3 also shows th
total density of states of theB1 phase just before structura
transition, whereas the partial DOS for both spins are ca
lated but not shown here. As has been observed in the b
structure, total DOS also shows that the lowest-energy reg
is mainly dominated with the 5s electrons of Te, and the 5p
states are also seen in the next higher-energy region.
peak nearEF is due to 4f states of Eu. Similarly, the con
duction band aboveEF is mainly dominated by 5d states of
Eu. Other peaks in the upper part of energy region are du
6p, 5d states and also empty states of 4f of Eu with 4d
states of Te. Although partial DOS curves are not sho
here, a different contribution of 4f electrons of Eu, 5d states
of Eu, and 5p states of Te in thisB1 phase may be clearly
seen, as has been observed in the total DOS.

Figure 4 shows the electron dispersion curve along
high-symmetry directions in the Brillouin zone for theB2
~CsCl! phase just after transition pressure for spin-up ca
Although both spins~spin down and spin up! are estimated,

oth
l-
s
l-
FIG. 3. Spin-down electron dispersion curve
along the high-symmetry directions in the Bri
louin zone with the total DOS for theB1 phase
before the structural transition.
0-3



the

DHRAMBIR SINGH et al. PHYSICAL REVIEW B 64 115110
FIG. 4. Spin-down electron dispersion curves along the high-symmetry directions in the Brillouin zone with the total DOS forB2
phase just after the structural transition.
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for convenience, we have shown the spin-up case only.
mentioned, the lowest-lying bands arise from 5s states of Te,
accompanied by 5p orbitals of Te that mainly contribute th
next higher-energy states. Similarly, the total density
states of theB2 phase just after the structural transition
plotted in Fig. 4. It is clear that the peaks present in
lowest-energy region are mainly due to the 5s electrons of
Te and also the 5p states. Here also the strong DOS pe
near the Fermi energy is due to 4f states of Eu. The band
structures and DOS for both phases are interpreted in a
section.

It may be mentioned here that the structural phase sta
ity is determined by calculation of Gibb’s free energy27 ~G!
for the two phases, which is given byG5Etot1PV2TS.
Since these theoretical calculations are performed aT
50 K, Gibb’s free energy became equal to the enthalpyH
5Etot1PV. For a given pressure, a stable structure is one
which enthalpy has its lowest value. We have estimated
enthalpy for both theB1 andB2 phases and shown in th
second inset of Fig. 2. It turns out that theB1 phase is the
stable ground phase of EuTe, which is in agreement with
experimental result, and it will remain stable until the pre
sure reaches a value about 9.89 GPa~transition pressure!. At
the transition pressure, the enthalpies for the two structu
are equal. But after the transition pressure, the enthalp
the B2 phase becomes lower, and hence this phase beco
the stable one. The total energy versus atomic volume~Fig.
2! also confirms the phase stability of these two phases.

In order to interpret these observations, it is imperative
mention here that these total-energy calculations are b
on the density-functional theory, which allows one to der
free energies, and in that way determine the atomic posi
in a solid such that the structure is most stable one.
chemistry of formation of the stable state of EuTe is eme
ing from the fact that there is charge compensation betw
Eu and Te atoms. In fact, Eu atom donates two electron
the Te atom in such a way that thep bands of Te are filled.
11511
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This is reflected in our band-structure calculation~indicated
in Fig. 3! where the 5s band of Te is shown as the lowe
filled band and the 5p bands of Te are shown as the ne
higher-filled bands belowEF . It is appropriate here to un
derstand the contribution of the 4f state in the band forma
tion of EuTe. The 4f state lies between the valence ba
~derived from the 5p states of Te! and the conduction band
~derived from 5d states of Eu!. We have calculated two
cases:~1! before the phase transition~B1 phase! and~2! after
the transition~B2 phase!. We shall first discuss theB1
phase. As shown in the band structure as well as in the D
curve ~Fig. 3!, this 4f state is represented by a sharp pe
nearEF ~.1100 states/Ry cell!. It is quite natural that such a
sharp DOS peak is an indication that the 4f state is a local-
ized state. The degree of localization of this 4f state may be
understood from the magnetic, optical, and electrical tra
port properties. As far as the magnetic properties are c
cerned, as shown in Fig. 1, one may infer that the locali
tion of this 4f state is so strong that it prevents any transiti
from the magnetic state to the nonmagnetic state. Simila
it is established experimentally6 that 4f state heavily influ-
ences the electrical transport and optical properties of th
systems under pressure. We shall now examine the case
the transition, that is, theB2 phase. As shown in Fig. 4~DOS
curve!, this 4f state is represented here also by a sharp pe
However, in theB2 phase the number of 4f states reduces
from 1100 to 600 states/Ry cell. This sharp decrease ma
due to a fractional change in the valence state of Eu du
the pressure-induced structural transition. It may be m
tioned here that this fractional valence change involve
decrease in energy separation (dEg) between the 4f states
and the conduction-band edge with an increase in press
Critically the fractional delocalization of the 4f states is pos-
sible due to the decrease indEg with pressure. This is indeed
observed in the experiment, where the semiconductor-m
transition has been reported under pressure.6 Furthermore,
0-4
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the volume change during transition in EuTe is significan
higher than that of EuS and EuSe,6,14,15 which may also be
possible due to the fractional valence change of the Eu
during the structural transition. We may mention here t
the Fermi level is shifting gradually to higher energies w
an increase in pressure. This may also be explained from
fact as the fractional delocalization of the 4f state is taking
place under pressure, there is an increase in the electron
centration. This is also reflected by the conduction ba
width ~which is the difference in energy between Fermi lev
and lowest eigenvalue corresponding toG point! also becom-
ing broader with an increase in pressure. The magnetic
ments for both the phases at differentV/V0 are indicated in
Table I. It is clear that the magnetic moments decrease w
an increase in pressure, which is quite natural in this kind
magnetic material.27

We may now concentrate our discussion on the press
induced structural phase transition. We might have noti
that under pressure the system proceeds from a lower c
dinated NaCl~sixfold coordination! to a higher coordinated
system CsCl~eightfold coordination! so as to obtain more
stable state. It is also observed that the structure of any p
is determined by the competition between the energy ga
by the formation of bonds and the gain in Madelung ene
due to a larger coordination number~as in case of theB2
phase at high pressure!. It is, therefore, appropriate to chec
the change in Madelung energy under pressure. As m
tioned, in the ASA the Madelung expression is approxima
by the energy of an ion embedded in a single neutraliz
atomic sphere. Based on this consideration and to deal
the problem of open structure, we have introduced the Ma
lung correction term@(1.82aM) i2(1.82aM) fcc# in our pro-
gram as discussed by Skriver.25 The calculated correction
term is shown in Table I for both the phases at allV/V0
values. It is clear that this correction term is positive for t
B1 phase but it is considerably low with negative sign in t
B2 phase. The positive and negative sign is not unusual
to the fact that it is a relative term with reference to the
phase.25 However, interestingly, in both phases, the corre
tion term increases with an increase in theV/V0 value or
with pressure. It may be mentioned here that as the pres

TABLE I. Variation of the magnetic moments~in units of mB!
and the Madelung correction term~in Ry! as a function ofV/V0 for
both phasesB1 andB2.

V/V0

Magnetic moments
~units of mB!

Madelung correction term
@(1.82aM) i2(1.82aM) fcc#

~Ry!

B1 phase B2 phase B1 phase B2 phase

1.00 6.9992 6.9999 0.013 952 20.000 441
0.95 6.9932 6.9995 0.018 708 20.000 401
0.90 6.9794 6.9982 0.024 682 20.000 358
0.80 6.9331 6.9788 0.041 723 20.000 281
0.75 6.8964 6.9575 0.053 730 20.000 208
0.70 6.8478 6.9253 0.068 938 20.000 152
0.65 6.7936 6.8957 0.088 631 20.000 097
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increases, electrostatic energy increases as the atom~and
therefore their nuclei! come closer. It is possible that th
systematic increase of the Madelung correction term w
V/V0 or pressure may be the manifestation of this increas
electrostatic energy with pressure. As a result, theB1 phase
is unstable at a certain pressure and undergoes a struc
phase transition to theB2 phase above that pressure.

Finally, we shall briefly explain the disagreement of t
observed values with the experimental values. For exam
the calculated lattice parametera, transition pressure, etc
are found to be slightly less than the experimental values
is very difficult at this stage to pinpoint the exact quantitati
explanation of this disagreement. However, intuitively, o
may argue for several reasons, which may be categorize
follows:

~1! These theoretical calculations are done at 0
whereas the experimental results are obtained at room
perature.

~2! These differences may also be due to the well-kno
LDA contraction ~i.e., the systematic overestimation of th
chemical bond in a LDA treatment!.

~3! These differences may be due to the uncertainties
the sphere radii chosen.

~4! These differences may be due to the introduction
the empty spheres.

As far as the thermal expansion effect is concerned,
may mention here the same analogy,P5(G2Etot1TS)/V,
and since the calculations are carried out atT50 K, there-
fore, the theoretically obtainedP is always lower than that o
the value obtained at room temperature. Regarding the L
contraction, it is often found that the LDA leads to som
overbinding that yields lattice parameters that are somew
smaller when compared with experiment. However, fu
potential ~FP! calculations with LDA may yield a smalle
equilibrium volume, which leads to better overall agreem
with experiment. Regarding uncertainties in the sphere r
chosen for both cases, we have already mentioned
sphere radii are chosen in such a way that the differenc
potentials at the sphere boundaries is a minimum, which m
be one of the limitations. Finally, we have introduced emp
spheres, which although selected in such a way that th
should not be any appreciable effect on the estimation
total energy, it might still contribute, which is once again o
of the limitations of this TB-LMTO method. From the
above-mentioned reasons, thermal expansion and LDA c
traction play a major role in the estimation. However,
would be worthwhile to extend the full-potential metho
studies with LDA for further improvement in the results.

IV. SUMMARY OF RESULTS AND CONCLUSIONS

The scalar-relativistic electronic band-structure calcu
tions are obtained for both theB1 andB2 phases of EuTe
using the TB LMTO method. The phase stability has be
studied using the total-energy calculations for which the
genvalues are converged up to 1025 Ry. Our results show
that EuTe is a stable magnetic state and there is no nonm
netic to magnetic or magnetic to nonmagnetic transiti
From the energy-volume relation we find that EuTe is sta
in theB1 phase at ambient pressure and it undergoes a p
0-5
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transition from theB1 to B2 phases at around 9.89 GPa. T
calculated lattice parameters, transition pressure, and vol
collapse are compared with experimentally observed res
The bulk modulus and magnetic moments are found to b
agreement with earlier experimental results.
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