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First principles calculations of the ground-state properties and structural phase transformation
in CdO

Roberto J. Guerrero-Moreno and Noboru Takeuchi
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We have studied the structural properties of CdO in the rock-salt~sodium chloride!, cinnabar, orthorhombic
cmcm, cesium chloride, nickel arsenide, zinc blende, and wurtzite structures using first-principles total energy
calculations. Rock-salt is the calculated ground state structure witha54.77 Å, B05130 GPa. The experimen-
tal lattice constant isa54.704 Å. There is an additional local minimum in the wurtzite structure. Within the
precision of the calculations, its total enrgy is the same as the energy of the rock-salt structure. At high pressure
(;89 Gpa), our calculations predict a phase transformation from the NaCl to a CsCl structure.
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I. INTRODUCTION

Group IIB–group VIA semiconductors have been exte
sively studied1–10 because they are considered importa
technological materials. Similar to the case of group IIIA
group VA semiconductors,12–18 they crystallize in either the
zinc blende or the wurtzite structure. The difference in to
energy between these two phases is very small and so
times both of them can be obtained experimentally. Wurtz
and zincblende are structurally similar@they differ only by
the stacking in the~111! direction, and atomic coordinatio
in either zinc blende or wurtzite is exactly the same throu
the second neighbor#. These tetrahedrally coordinated mat
rials present several high pressure structures. Recent ex
ments and first principles calculations have shown that
transition sequence for CdTe is zinc blende→cinnabar
→rocksalt→orthorhombiccmcm phase.4–6 In the case of
CdSe, the cinnabar phase transforms directly in to thecmcm
phase, skipping the rock-salt structure. For ZnTe the cinna
structure is not obtained, and the experimentally obser
transition sequence is zinc blende→cinnabar→cmcm.7 For
ZnSe, calculations found a sequence similar to the one
CdTe,6 but experiments have not observed neither the cin
bar structure, nor thecmcmphase.

Less is known about the high pressure behavior of gr
IIB oxides. First principles calculations have shown that Z
also presents several high pressure structures: from the
blende structure it transforms to the rock salt and then to
eightfold-coordinated CsCl structure.10 To our knowledge,
there are no studies of the high pressure behavior of CdO
ambient pressure CdO differs from the other II-VI semico
ductors: its ground state structure is neither wurtzite nor z
blende, but it crystallizes in the rock salt~NaCl! phase.9 We
have performed first principles total energy calculations
study the properties of CdO. In particular we wanted to se
some of the high pressure phases obtained in CdTe an
CdSe were possible for CdO. We were also interested
checking the stability of CdO in rock salt with respect to t
zinc blende and wurtzite structures. It was found that ro
salt is indeed the ground state structure of CdO. There is
additional local minimum in the wurtzite configuration wit
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almost the same total energy. The existence of a metast
wurtzite phase is important in the fabrication of ternary co
pounds with Cd, O, and S, since the ground state config
tion of CdS is wurtzite, and in the fabrication of multilaye
of CdO and CdS. Very recently the formation of a CdO lay
on CdS has been achieved experimentally. However in
case, the overlayer of CdO seems to have rock-
structure.11 At ;89 GPa, our calculations predict a hig
pressure phase transformation to a CsCl structure, simila
the predicted transition in ZnO. We have also found that
cinnabar structure is not stable for CdO, and thecmcmphase
is less stable than the NaCl phase in the pressure regio
interest.

II. METHOD

The calculations were performed in the framework
density functional theory. We have employed the full pote
tial linearized augmented plane wave~FP-LAPW! method as
implemented in theWIEN97 code.21 The exchange and corre
lation effects were treated using the generalized gradient
proximation~GGA!.22,23 It should be noted that some of th
calculated phases can be metallic. Therefore, a large num
of integrating points over the irreducible Brillouin zone~BZ!
was used: 72k points for the rock salt, 84 for the CsC
structure, 76 for the NiAs phase, 70 for the wurtzite, 73
the zinc blende, 67 for the cinnabar, and 84 for the ort
rhombic cmcmphase. We have used muffin-tin radii ofRO
51.5 andRCd51.75 a.u. for the O and Cd atoms, respe
tively, angular momenta inside the muffin-tin sphere up tl
510, and RKMAX59. All these values were carefully
tested as shown in Fig. 1, where we plot the energy as fu
tion of RKMAX,24 number ofk points, and number of angu
lar momenta components inside the muffin-tin sphere. D
ferences in energy cannot be observed for the differ
ranges ofk-point sampling and maximum number of angul
momenta. With the choice of RKMAX59, the relative sta-
bility of the different phases does not change. To comp
the total energy of the NaCl and orthorhombiccmcmphase,
we have used the same orthorhombic cell with the sa
k-point sampling for both calculations.
©2002 The American Physical Society05-1
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III. STRUCTURAL PROPERTIES

Total energy versus volume data for the rock-salt, cin
bar, CsCl, NiAs, zinc blende, and wurtzite phases of CdO
shown in Fig. 2. Energies and volumes are per single C
formula unit: there are two in a wurtzite and NiAs cell, thr
in the cinnabar cell and one in all the other cases. We h
taken as the zero the sum of the energies of isolated ne

FIG. 1. Test of convergency of the total energy for the differe
phases.~a! RKMAX, ~b! k-point sampling,~c! maximuml value for
partial waves used inside atomic spheres.

FIG. 2. Total energy~in eV per formula unit! versus the atomic
volume ~in Å3) for several structures of CdO.
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Cd and O atoms. Therefore, the absolute value of the en
at the minimum of each curve gives the cohesive energy
the corresponding CdO phase. The data is fitted to the M
naghan equation of state for each phase. In this way, we
obtain the equilibrium lattice constant, the bulk modulus a
other structural parameters~see Table I!. In all cases, the fit is
very good. To determine the most stable structure at fin
pressure and temperature, the free energyG5E1pV2TS
should be used. Since the phase transformations reporte
CdTe and CdSe do not depend on the temperature, we
glect the last term and work with the enthalpyH5E1pV.
We employ seven crystal structures, and we cannot exc
the possible existence of other stable or metastable st
tures.

The rock salt is the calculated ground state witha
54.77 Å, B05130 GPa, and cohesive energyE0;5.3 eV.
The experimental lattice constant isa54.704 Å, indicating a
good agreement between theory and experiment. This re
shows the usual trend of GGA: with respect to LDA, it ove
corrects the lattice constant.

There is an additional local minimum in the wurtzi
structure with almost the same total energy. The existenc
a metastable wurtzite phase is important in the fabrication
ternary compounds with Cd, O, and S, since the ground s
configuration of CdS is wurtzite, and in the fabrication
multilayers of CdO and CdS. This is similar to the case
MnTe: its ground state has a NiAs structure, but a metasta
zinc blende structure can be stabilized during growth.25

From Table I, we can observe that there is a large str
ture dependent variation of the bulk modulus from 82 up
130 GPa. Bulk moduli of zinc blende and wurtzite phases
similar. As mentioned in the introduction, both phases
structurally similar, with individual atoms tetrahedrally coo
dinated, and very similar equilibrium volume. The bu
modulus in the rock-salt structure is larger than in the wur
ite and zinc blende phases, indicating a harder materia
this phase, atoms are six-fold coordinated and also the bo
ing is more ionic. A larger bulk modulus in the rock-sa
phase than in wurtzite and zinc blende structures have b
experimentally obtained and theoretically predicted in ma
semiconductors such as GaN,26,27AlN,28 InN, ScN,29 ZnO,10

MgSe,30 MgTe,30 and others. Bulk modulus in the CsC
structure is smaller than in the NaCl phase. Although in

t

TABLE I. Calculated structural properties of CdO in the roc
salt, cesium chloride, nickel arsenide, zinc blende, and wurt
structures.

Structure NaCl CsCl NiAs zinc blende wurtzite

a ~Å! 4.77 2.94 3.34 5.15 3.66
c/a 1.7 1.6
u 0.35
V (Å3) 27.15 25.41 27.46 34.07 34.10
B0 (Gpa) 130 114 116 82 86
B08 4.13 4.66 4.30 3.0 4.52
E0 (eV) 25.30 24.47 25.13 25.18 25.30
5-2



ed
h

th
g
sC
s

tw

ate
ted

alpy
ion

ict

tion,
.3

ve
y in

nd
en
ago-
nd

e-
try
ent.
s
hat
-
for

The
bar
and

e is
ery
uc-

tion
ll.
of

are
he
bic

s,

ula-
se
the
.

the

.
e-

e.

are

y

(

FIRST-PRINCIPLES CALCULATIONS OF THE . . . PHYSICAL REVIEW B 66, 205205 ~2002!
CsCl phase individual atoms are eight-fold coordinat
there is a reduction in the nearest neighbor distance. T
kind of behavior, has also been obtained in ZnO,10 ScN,29

MgSe,30 MgTe,30 and other semiconductors.
In Fig. 3 we can see that the curve corresponding to

NaCl crosses the curve of the CsCl structure, indicatin
high pressure phase transition from the NaCl to the C
structure. The common tangent between the NaCl and C
curves determines the transition path between the

FIG. 3. Total density of states for CdO in~a! the rock-salt struc-
ture at p50, ~b! the rock-salt structure before the transitionp
,PT), ~c! the cesium chloride phase after the transition (p.PT),
and ~d! the wurtzite structure atp50.
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structures. Because it is difficult to calculate accur
slopes from the common-tangent line, we have calcula
p(V)52dE/dV to obtain the entalphyH5E1pV for each
phase. The transition pressure is obtained from the enth
curve crossings. We have then inverted the express
p(V)
52dE/dV to obtain the respective volumes. We can pred
the transition pressure to be;89 GPa.31 At this pressure the
enthalpies of both structures are equal. Across the transi
there is a volume reduction of about 6% from 19.5 to 18
Å3. Similar transitions, from NaCl to CsCl structures ha
been observed experimentally and predicted theoreticall
other compounds.10,19,20

We have also checked the stability of the cinnabar a
orthorhombiccmcmstructures, two phases that have be
recently observed in CdTe. The cinnabar phase is a hex
nal lattice composed of two concentric helices of cations a
anions running along thec axis. Two internal parametersu
and v determine the helix radii for cations and anions, r
spectively. Though hexagonal rather than cubic in symme
it can be considered as a distortion of the NaCl arrangem
For u5v52/3 andc/a5A6, the cinnabar phase coincide
with the rock-salt structure. From Fig. 1 we can observe t
for volumes larger than;32 Å3, the cinnabar phase is in
deed more stable than the rock-salt structure. However,
these volumes, the wurtzite structure has lower energy.
ground state of CdTe and CdSe is wurtzite and the cinna
structure is an intermediate phase between the wurtzite
the NaCl phase. In the case of CdO, the ground stat
rock-salt and the total energy of the wurtzite structure is v
similar. Therefore, it is not surprising that the cinnabar str
ture is not energetically favorable for CdO.

The cmcmphase can also be considered as a deforma
of the rock-salt structure in to an orthorhombic unit ce
Atomic positions are also displaced with respect to those
the rock-salt structure. For a given~001! plane of atoms, the
cations and anions are shifted along the same~010! direction
but by a different amount. Atoms in the adjacent planes
shifted in opposite direction. We have also optimized t
atomic positions and the lattice parameters of orthorhom
cmcmstructures for volumes 17, 19, and 20.7 Å3. The unit
cell of the orthorhombiccmcmstructure has five parameter
a, b, c, and two internal parametersy(Cd) andy(O) describ-
ing the displacements of cations and anions. In our calc
tions the total energy is minimized with respect to all the
parameters for a given volume. We have started with
experimental values of ZnTe,7 rescaled for the case of CdO
We first optimized thec/b ratio, keepinga fixed. Once the
c/b ratio was optimized, we have proceeded to optimized
a/b ratio, keeping thec/b ratio fixed. After that we again
check thec/b ratio to confirm that we are at the minimum
For each calculation in the optimization, we have fully r
laxed they(Cd) andy(O) atomic positions. For volumesV
519 andV520.7 Å3, we ended up in the rock-salt structur
For V517 Å3 we found that thecmcmstructure is;0.06 eV
more stable than the rocksalt. Structural parameters
slightly different from those of the rock-salt phase:b/a
51.016, c/a50.984, y(Cd)50.692, andy(O)50.190. Al-
though at this volume thecmcmstructure has a lower energ
5-3
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FIG. 4. Band structure for CdO in~a! the rock-salt structure atp50, ~b! the rock-salt structure before the transition (p,PT), ~c! the
cesium chloride phase after the transition (p.PT), and~d! the wurtzite structure atp50.
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than the rock salt, thecmcmphase is not stable, since at th
pressure the transformation to the CsCl phase has alr
occurred. The transition pressure from NaCl to orthogo
cmcmphase has been predicted to be 12.0 GPa for CdTe
36.5 GPa for CdSe.6 Therefore, it is understandable that th
transition pressure is higher for the case of CdO.
20520
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IV. ELECTRONIC PROPERTIES

The knowledge of the electronic properties is crucial
the understanding of the stability of the different structures
different volumes. Two different factors determine the r
sponse of CdO to pressure:~a! changes in nearest-neighbo
5-4
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distances and~b! changes in symmetry. At the phase tran
tion from NaCl to CsCl phases, although the transition
curs to a structure of higher coordination, the neare
neighbor distance lengthen even though the density
increased. These two factors are related to the band struc
the changes in nearest-neighbor bond lengths affect the o
laps and bandwidths of the bands, while the changes in s
metry affect thep-d hybridization and band repulsion. To se
how these two factors affect the electronic properties,
present in Fig. 3 the total density of states~DOS! and in Fig.
4 the band structure for CdO at four different structures
densities:~a! the rock-salt phase at zero pressure,~b! the
rock-salt structure just before the phase transition (PT), ~c!
the CsCl phase after the transition, and~d! the wurtzite phase
at zero pressure. Figure 3~a! shows the total DOS of CdO in
the rock-salt structure at zero pressure. We can clearly
serve the peaks corresponding to the O 2s, O 2p, and Cd 4d
bands. Upon compression of the rock-salt phase of CdO@Fig.
3~b!#, the upper valence bands broaden greatly, there is
increase in the splitting of the Cd 4d peak, and the O 2s
band moves down in energy and broadens too. There is
some mixing of the Cd 4d and O 2p states. With the rock
salt→CsCl transition, a peak corresponding to the Op
states appear near the valence band maximum. The stru
of the Cd 4d states heavily hybridized with O 2p states and
the O 2s states broaden further and shift up in energy. In F
3~d!, we show the total DOS of the wurtzite phase at ze
pressure. As in the rock-salt structure at zero pressure, th
2s, O 2p, and Cd 4d peak are clearly resolved, but they a
narrower and shifted up in energy.

The band structures provide more information of the el
tronic properties. Figure 4~a! shows the band structure o
CdO in the rock-salt structure at zero pressure. There
small overlap between the conduction and valence band
;0.5 eV, and a direct bandgap of;0.7 eV atG. Experi-
mentally, it has been reported indirect bandgaps at 0.8
1.09 eV~Ref. 32! and a direct bandgap of;2.3 eV. These
values indicate that our conduction band minimum is too l
by ;1.5 eV. Our calculations were performed using t
density functional theory~DFT! and it is well known that
calculations done with DFT give excited states too low
energy. Figure 4~b! shows the band structure of CdO in th
rock-salt structure before the phase transition. As in the t
DOS, there is a broadening of the upper Cd 4d and O 2p
bands, with some intermixing between them. The conduc
band minimum~CBM! is shifted up in energy, resulting in a
almost zero indirect bandgap. Considering that at zero p
sure, the CBM is;1.5 eV too low in energy, and using th
same shift for the high pressure structure, we expect an
direct bandgap of;1.5 eV. With the rock-salt→CsCl
phase transition, the bandgap remains almost unchanged@see
Fig. 4~c!# but the Cd 4d and O 2p states are completel
hybridized and can not be disentangled. With increas
pressure~not shown!, the band gap increases even more. F
ure 4~d! shows the band structure of CdO in the wurtz
structure at zero pressure. We observe a zero bandgap
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this time the valence band maximum~VBM ! and the CBM
are both at theG point, indicating a direct band gap. Assum
ing that the correction of the CBM is approximately indepe
dent of structure we estimate the gap to be;1.5 eV. In the
wurtzite structure, we observe that the valence band is v
wide at theG point. In the rock-salt structure, the valenc
band is very narrow at theG point. As mentioned before, th
response of the CdO band structure to compression
changed atomic coordination depends on the change
nearest-neighbor distances and changes in symmetry. As
neighboring atoms get closer together due to the comp
sion, the wave functions overlap more strongly, producing
increase in the dispersion of the bands ink space and there
fore an increased in the bandwidths along the energy a
When there is a phase transition to a structure with hig
coordination, the nearest-neighbor distance is increased
though there is an increase in density. The behavior of
bandwidths of the rock salt and CsCl phase reflects th
considerations. Differences in the bandwidths of rock s
and wurtzite structures at theG point can be understood b
band repulsion between Cd 4d and O 2p states. When the
symmetry permits hybridization of the Cd 4d and O 2p
bands, there is a repulsion between them, which pushes
anion 2p states upwards. In the tetrahedrally coordina
wurtzite phase this repulsion is present throughout the B
louin zone, but in the cubic rock-salt structure it is suppre
near theG point as a result of the inversion symmetry. As
consequence, the O 2p bands are repealed upwards near
zone boundaries but not at the zone center. This is also
reason why in the rock-salt and CsCl phases, the VBM
curs at the zone boundary

V. SUMMARY

In summary, we have performed first principles total e
ergy calculations of CdO in the rock-salt, cesium chlorid
nickel arsenide, zinc-blende, orthorhombiccmcm, cinnabar,
and wurtzite structures. The rock salt is the ground st
configuration, but a second local minimum in a wurz
structure is found. Within the precision of our calculation
both structures have the same total energy. The calcul
lattice constant is in very good agreement with experimen
results. Different form CdTe and CdSe, our calculations
not support the existence of stable orthorhombiccmcmor
cinnabar structures. Instead, they show the possibility o
phase transformation to a cesium chloride structure
;89 GPa. Although the predicted transition pressure is h
we hope this calculations stimulate experimental work
CdO at high pressures.

ACKNOWLEDGMENTS

We acknowledge support from DGAPA Project N
IN111600, CONACYT Project No. 33587 E. We also tha
Carlos Gonzalez and Juan Peralta for technical support.
5-5



s

,

,

. B

,

m

Re

,

ta

ff,

J.

stal

is

ci.

f

ell

ROBERTO J. GUERRERO-MORENO AND NOBORU TAKEUCHI PHYSICAL REVIEW B66, 205205 ~2002!
1A. N. Mariano and E. P. Warekois, Science142, 672 ~1963!.
2N. B. Owen, P. L. Smith, J. E. Martin, and A. J. Wright, J. Phy

Chem. Solids24, 1519~1996!.
3P. L. Smith and J. E. Martin, Phys. Lett.19, 541 ~1965!.
4R. J. Nelmes, M. I. McMahon, N. G. Wright, and D. R. Allan

Phys. Rev. B48, 1314~1993!.
5R. J. Nelmes, M. I. McMahon, N. G. Wright, and D. R. Allan

Phys. Rev. B51, 15 723~1995!.
6M. Cote, O. Zakharov, A. Rubio, and M. L. Cohen, Phys. Rev

55, 13 025~1997!.
7R. J. Nelmes, M. I. McMahon, N. G. Wright, and D. R. Allan

Phys. Rev. Lett.73, 1805~1994!.
8R. G. Greene, H. Luo, and A. L. Ruoff, J. Phys. Chem. Solids56,

521 ~1995!.
9J. E. Jaffe, R. Pandey, and A. B. Kunz, Phys. Rev. B43, 14 030

~1991!.
10J. E. Jaffe, J. A. Snyder, Z. Lin, and A. C. Hess, Phys. Rev. B62,

1660 ~2000!.
11R. K. Nair, O. Gomez Daza, A. Arias-Carbajal redigos, J. Ca

pos, and M. T. S. Nair, Semicond. Sci. Technol.16, 651 ~2001!.
12C.-Y. Yeh, Z. W. Lu, S. Froyen, and A. Zunger, Phys. Rev. B46,

10 086~1992!.
13W. M. Yim and R. J. Paff, J. Appl. Phys.45, 1456~1974!.
14P. E. Van Camp, V. E. Van Doren, and J. T. Devreese, Phys.

B 44, 9056~1991!.
15V. A. Tyagi, A. M. Evstigneev, A. N. Krasiko, A. F. Malakhov

and V. Ya, Sov. Phys. Solid State11, 1257~1977!.
16P. E. Van Camp, V. E. Van Doren, and J. T. Devreese, Solid S

Commun.81, 23 ~1992!.
17A. Munoz and K. Kunc, Phys. Rev. B44, 10 372~1991!.
20520
.

-

v.

te

18B. J. Min, C. T. Chan, and K. M. Ho, Phys. Rev. B45, 1159
~1992!.

19H. Luo, R. G. Greene, K. Ohandehari, T. Li, and A. L. Ruo
Phys. Rev. B50, 16 232~1994!.

20T. Li, H. Luo, R. G. Greene, A. L. Ruoff, S. S. Trail, and F.
DiSalvo, Phys. Rev. Lett.74, 5232~1995!.

21P. Blaha, K. Schwarz, and J. Luitz,WIEN97, A Full Potential Lin-
earized Augmened Plane Wave Package for Calculating Cry
Properties~Karlheinz Schwarz, Techn. Universita¨t Wien, Aus-
tria, 1999!.

22J. P. Perdew and Y. Wang, Phys. Rev. B45, 13 244~1992!.
23J. P. Perdew, S. Burke, and M. Ernzerhof, Phys. Rev. Lett.77,

3865 ~1996!.
24RKMAX determines the number of basis functions, and it

equal toRmt3Kmax, where (Kmax)
2 is the energy plane wave

cutoff, andRmt is the smallest of all atomic sphere radii.
25S. H. Wei and A. Zunger, Phys. Rev. Lett.56, 2391~1986!.
26H. Xia, Q. Xia, and A. L. Ruoff, Phys. Rev. B47, 12 925~1993!.
27S. Limpijmnong and W. R. L. Lambrecht, Phys. Rev. B63,

104103~2001!.
28P. E. Van Camp, V. E. Van Doren, and J. T. Devreese, Appl. S

Res., Sect. B44, 9056~1991!.
29N. Takeuchi, Phys. Rev. B65, 045204~2002!.
30P. E. Van Cam, V. E. Van Doren, J. L. Martins, Phys. Rev. B55,

775 ~1997!.
31Using the smaller RKMAX58, we obtain a transition pressure o

91 Gpa and a volume reduction of;6% from 19.6 to 18.4 Å3

showing again that the value of the transition pressure is w
converged.

32F. P. Koffyberg, Phys. Rev. B13, 4470~1976!.
5-6


