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We have studied the structural properties of CdO in the rockésadtium chloridg 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 structureawith77 A, Bo=130 GPa. The experimen-
tal lattice constant is=4.704 A. 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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[. INTRODUCTION almost the same total energy. The existence of a metastable
wurtzite phase is important in the fabrication of ternary com-
Group IIB—group VIA semiconductors have been exten-pounds with Cd, O, and S, since the ground state configura-
sively studied™° because they are considered importanttion of CdS is wurtzite, and in the fabrication of multilayers
technological materials. Similar to the case of group IlIA—of CdO and CdS. Very recently the formation of a CdO layer
group VA semiconductor 8they crystallize in either the on CdS has been achieved experimentally. However in this
zinc blende or the wurtzite structure. The difference in totalcase, the overlayer of CdO seems to have rock-salt
energy between these two phases is very small and sométructure™™ At ~89 GPa, our calculations predict a high
times both of them can be obtained experimentally. WurtzitéPressure phase transformation to a CsCI structure, similar to
and zincblende are structurally similithey differ only by the predicted trans.ition in ZnO. We have also found that the
the stacking in thé111) direction, and atomic coordination Cinnabar structure is not stable for CdO, and¢hemphase

in either zinc blende or wurtzite is exactly the same througHS €SS stable than the NaCl phase in the pressure region of
the second neighbprThese tetrahedrally coordinated mate- Mterest

rials present several high pressure structures. Recent experi-
ments and first principles calculations have shown that the
transition sequence for CdTe is zinc blerdeinnabar

— rocksalt— orthorhombiccmem phase!™® In the case of  The calculations were performed in the framework of
CdSe, the cinnabar phase transforms directly in tocthem  density functional theory. We have employed the full poten-
phase, skipping the rock-salt structure. For ZnTe the cinnabafal linearized augmented plane waifeP-LAPW) method as
structure is not obtained, and the experimentally observefinplemented in theviENg7 code?! The exchange and corre-
transition sequence is zinc blendecinnabar~cmcm’ For  lation effects were treated using the generalized gradient ap-
ZnSe, calculations found a sequence similar to the one foproximation(GGA).?>231t should be noted that some of the
CdTe® but experiments have not observed neither the cinnacalculated phases can be metallic. Therefore, a large number
bar structure, nor themcmphase. of integrating points over the irreducible Brillouin zo(®&Z)

Less is known about the high pressure behavior of groupvas used: 7 points for the rock salt, 84 for the CsCl
[IB oxides. First principles calculations have shown that ZnOstructure, 76 for the NiAs phase, 70 for the wurtzite, 73 for
also presents several high pressure structures: from the ziilee zinc blende, 67 for the cinnabar, and 84 for the ortho-
blende structure it transforms to the rock salt and then to arhombic cmcmphase. We have used muffin-tin radii Bf
eightfold-coordinated CsCl structut®.To our knowledge, =1.5 andR¢q=1.75 a.u. for the O and Cd atoms, respec-
there are no studies of the high pressure behavior of CdO. Aively, angular momenta inside the muffin-tin sphere up to
ambient pressure CdO differs from the other 1I-VI semicon-=10, and RKMAX=9. All these values were carefully
ductors: its ground state structure is neither wurtzite nor zin¢ested as shown in Fig. 1, where we plot the energy as func-
blende, but it crystallizes in the rock séMaCl) phase€’ We  tion of RKMAX,?* number ofk points, and number of angu-
have performed first principles total energy calculations tdar momenta components inside the muffin-tin sphere. Dif-
study the properties of CdO. In particular we wanted to see iferences in energy cannot be observed for the different
some of the high pressure phases obtained in CdTe and/eanges ok-point sampling and maximum number of angular
CdSe were possible for CdO. We were also interested imomenta. With the choice of RKMAX9, the relative sta-
checking the stability of CdO in rock salt with respect to thebility of the different phases does not change. To compare
zinc blende and wurtzite structures. It was found that rockhe total energy of the NaCl and orthorhomimcmphase,
salt is indeed the ground state structure of CdO. There is awe have used the same orthorhombic cell with the same
additional local minimum in the wurtzite configuration with k-point sampling for both calculations.

Il. METHOD

0163-1829/2002/6@0)/20520%6)/$20.00 66 205205-1 ©2002 The American Physical Society



ROBERTO J. GUERRERO-MORENO AND NOBORU TAKEUCHI PHYSICAL REVIEW &6, 205205 (2002

-3.5[ ! ] TABLE I. Calculated structural properties of CdO in the rock-
- NaCl 1 salt, cesium chloride, nickel arsenide, zinc blende, and wurtzite

[ ]
i » CsCl | structures.
_4.0F A NiAs ]
L + ]
X

ZB Structure NacCl CsCl NiAs  zinc blende  wurtzite

Wurtzite

. a (R 477 294  3.34 5.15 3.66

] cla 1.7 1.6

i u 0.35

1 V(AY 2715 2541  27.46 34.07 34.10

i B, (Gpa) 130 114 116 82 86

_55[ . { B 413 466  4.30 3.0 452
8 10 E,(eV)  —-530 —447 -513  —5.18 -5.30

-4.5F

-5.0F

—4.0 ' ' ' ' ' ' ' ) Cd and O atoms. Therefore, the absolute value of the energy
(b) (c) at the minimum of each curve gives the cohesive energy of
the corresponding CdO phase. The data is fitted to the Mur-
naghan equation of state for each phase. In this way, we can
obtain the equilibrium lattice constant, the bulk modulus and
other structural parametefsee Table)l In all cases, the fitis
very good. To determine the most stable structure at finite
5.0t 1t R ] pressure and temperature, the free endegyE+pV—TS

dommrm e e + Fomimimimm omimimimns -+ should be used. Since the phase transformations reported for
% - —o——0 * % - CdTe and CdSe do not depend on the temperature, we ne-
—-5.5 , . . , . , . , glect the last term and work with the enthalp=E+pV.

40 60 80 8 9 10 11 12 We employ seven crystal structures, and we cannot exclude
the possible existence of other stable or metastable struc-
tures.

The rock salt is the calculated ground state wih
=4.77 A, B,=130 GPa, and cohesive ener§y~5.3 eV.

The experimental lattice constantais=4.704 A, indicating a
good agreement between theory and experiment. This result
Total energy versus volume data for the rock-salt, cinnashows the usual trend of GGA: with respect to LDA, it over-

bar, CsCl, NiAs, zinc blende, and wurtzite phases of CdO argorrects the lattice constant.
shown in Fig. 2. Energies and volumes are per single CdO There is an additional local minimum in the wurtzite
formula unit: there are two in a wurtzite and NiAs cell, three gy cture with almost the same total energy. The existence of
in the cinnabar cell and one in all the other cases. We havg metastable wurtzite phase is important in the fabrication of
taken as the zero the sum of the energies of isolated neutrfgmary compounds with Cd, O, and S, since the ground state
configuration of CdS is wurtzite, and in the fabrication of
ok ' o wat multilayers of CdO and CdS. This is similar to the case of
: > CsCl MnTe: its ground state has a NiAs structure, but a metastable
: A Nids zinc blende structure can be stabilized during grofwth.
Y + 7B From Table I, we can observe that there is a large struc-
; < ture dependent variation of the bulk modulus from 82 up to
o 130 GPa. Bulk moduli of zinc blende and wurtzite phases are
similar. As mentioned in the introduction, both phases are
structurally similar, with individual atoms tetrahedrally coor-
dinated, and very similar equilibrium volume. The bulk
modulus in the rock-salt structure is larger than in the wurtz-
ite and zinc blende phases, indicating a harder material. In
this phase, atoms are six-fold coordinated and also the bond-
ing is more ionic. A larger bulk modulus in the rock-salt
phase than in wurtzite and zinc blende structures have been
experimentally obtained and theoretically predicted in many
semiconductors such as GARE’AIN, %8 InN, ScNZ° ZnO 1°
FIG. 2. Total energyin eV per formula unit versus the atomic MgSe° MgTe® and others. Bulk modulus in the CsCl
volume (in A3) for several structures of CdO. structure is smaller than in the NaCl phase. Although in the

Y
v
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FIG. 1. Test of convergency of the total energy for the different
phases(a) RKMAX, (b) k-point sampling{c) maximuml value for
partial waves used inside atomic spheres.

Ill. STRUCTURAL PROPERTIES
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= . structures. Because it is difficult to calculate accurate
g 18 (a) NaCl slopes from the common-tangent line, we have calculated
= 15F P=0 | p(V)=—dE/dV to obtain the entalph{i =E+ pV for each
Z1Rf 1 phase. The transition pressure is obtained from the enthalpy
= ol Cd 4d ] curve crossings. We have then inverted the expression
7 6l ] p(V) _ _ _
= 0 28 0 2p =—dE/dV to obtain the respective volumes. We can predict
= 3r r*l" the transition pressure to be89 GPa>! At this pressure the
g 0 . . . s enthalpies of both structures are equal. Across the transition,
2 -R0 -15 -10 =5 0 5 10 there is a volume reduction of about 6% from 19.5 to 18.3
Energy(eV) A3. Similar transitions, from NaCl to CsCl structures have
= been observed experimentally and predicted theoretically in
S8 T T (b) Nacl| other compound¥?1°2°
z or P<P_] We have also checked the stability of the cinnabar and
S 56F| 444 . orthorhombiccmem structures, two phases that have been
= 0 2p recently observed in CdTe. The cinnabar phase is a hexago-
v 4.2f 1
? o8 nal lattice composed of two concentric helices of cations and
< 28rfo s 1 anions running along the axis. Two internal parameters
B 14f fh andv determine the helix radii for cations and anions, re-
g 0.0 — spectively. Though hexagonal rather than cubic in symmetry
A -20 -15 -10 -5 0 5 10

Energy(eV)

O N W RO O
L)

DOS(states/eV/unit cell)

20

5t | o 2s 0 2p

0
-20 -15 -10 -5 0 5 10
Energy(eV)

DOS(states/eV/unit cell)

it can be considered as a distortion of the NaCl arrangement.
with the rock-salt structure. From Fig. 1 we can observe that
for volumes larger than-32 A3, the cinnabar phase is in-
- Cddd o op  pop1 these volumes, the wurtzite structure has lower energy. The
" ground state of CdTe and CdSe is wurtzite and the cinnabar
_O zs the NaCl phase. In the case of CdO, the ground state is
| rock-salt and the total energy of the wurtzite structure is very
_ } J similar. Therefore, it is not surprising that the cinnabar struc-
5 0 5
Energy(eV) The cmcmphase can also be considered as a deformation
of the rock-salt structure in to an orthorhombic unit cell.
the rock-salt structure. For a givéd01) plane of atoms, the
5k (d) Wurtzite ] cations and anions are shifted along the s&i€) direction
ok cd 4d ] shifted in opposite direction. We have also optimized the
atomic positions and the lattice parameters of orthorhombic
A cell of the orthorhombicmcmstructure has five parameters,
a, b, ¢, and two internal parametey$Cd) andy(O) describ-
tions the total energy is minimized with respect to all these
FIG. 3. Total density of states for CdO {a) the rock-salt struc- parameters for a given volume. We have started with the
<P7), (0) the cesium chloride phase after the transitipn-P;),  We first optimized thec/b ratio, keepinga fixed. Once the
and (d) the wurtzite structure ga=0. c¢/b ratio was optimized, we have proceeded to optimized the
CsCl phase individual atoms are eight-fold coordinatedcheck thec/b ratio to confirm that we are at the minimum.
there is a reduction in the nearest neighbor distance. Thior each calculation in the optimization, we have fully re-
MgSe° MgTe and other semiconductors. =19 andvV=20.7 A%, we ended up in the rock-salt structure.
In Fig. 3 we can see that the curve corresponding to théorV=17 A3 we found that themcmstructure is~0.06 eV
high pressure phase transition from the NaCl to the CsCslightly different from those of the rock-salt phaseta
structure. The common tangent between the NaCl and CsG+1.016, c/a=0.984, y(Cd)=0.692, andy(O)=0.190. Al-

For u=v=2/3 andc/a= /6, the cinnabar phase coincides
i (c) CsC1] deed more stable than the rock-salt structure. However, for
J structure is an intermediate phase between the wurtzite and
Z90 —15 —10 - 1-0 ture is not energetically favorable for CdO.
Atomic positions are also displaced with respect to those of
P=0 but by a different amount. Atoms in the adjacent planes are
cmemstructures for volumes 17, 19, and 20.7. A'he unit
ing the displacements of cations and anions. In our calcula-
ture atp=0, (b) the rock-salt structure before the transitiop ( €xperimental values of ZnTerescaled for the case of CdO.
a/b ratio, keeping thec/b ratio fixed. After that we again
kind of behavior, has also been obtained in Z4GBcN?®  laxed they(Cd) andy(O) atomic positions. For volumeg
NaCl crosses the curve of the CsCl structure, indicating amore stable than the rocksalt. Structural parameters are
curves determines the transition path between the twehough at this volume themcmstructure has a lower energy
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(a) NaCl P=0 (c) CsCl1 P>PT
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FIG. 4. Band structure for CdO i@ the rock-salt structure gi=0, (b) the rock-salt structure before the transitign<(Py), (c) the
cesium chloride phase after the transitign>P+), and(d) the wurtzite structure gh=0.

than the rock salt, themcmphase is not stable, since at this IV. ELECTRONIC PROPERTIES

pressure the transformation to the CsCl phase has already

occurred. The transition pressure from NaCl to orthogonal The knowledge of the electronic properties is crucial to
cmcmphase has been predicted to be 12.0 GPa for CdTe arttle understanding of the stability of the different structures at
36.5 GPa for CdSBTherefore, it is understandable that this different volumes. Two different factors determine the re-
transition pressure is higher for the case of CdO. sponse of CdO to pressur@) changes in nearest-neighbor
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distances andb) changes in symmetry. At the phase transi-this time the valence band maximufBM) and the CBM
tion from NacCl to CsCl phases, although the transition oc-are both at thd" point, indicating a direct band gap. Assum-
curs to a structure of higher coordination, the nearesting that the correction of the CBM is approximately indepen-
neighbor distance lengthen even though the density islent of structure we estimate the gap to-b&.5 eV. In the
increased. These two factors are related to the band structuneurtzite structure, we observe that the valence band is very
the changes in nearest-neighbor bond lengths affect the ovewide at thel' point. In the rock-salt structure, the valence
laps and bandwidths of the bands, while the changes in synband is very narrow at thE point. As mentioned before, the
metry affect thep-d hybridization and band repulsion. To see response of the CdO band structure to compression and
how these two factors affect the electronic properties, wehanged atomic coordination depends on the change in
present in Fig. 3 the total density of stat@0S) and in Fig.  nearest-neighbor distances and changes in symmetry. As the
4 the band structure for CdO at four different structures omeighboring atoms get closer together due to the compres-
densities:(a) the rock-salt phase at zero pressuil®, the  sion, the wave functions overlap more strongly, producing an
rock-salt structure just before the phase transitiBr)( (c) increase in the dispersion of the bandskispace and there-
the CsCl phase after the transition, &diithe wurtzite phase fore an increased in the bandwidths along the energy axis.
at zero pressure. Figurée® shows the total DOS of CdO in  When there is a phase transition to a structure with higher
the rock-salt structure at zero pressure. We can clearly okzoordination, the nearest-neighbor distance is increased even
serve the peaks corresponding to the) @ 2p, and Cd 4l though there is an increase in density. The behavior of the
bands. Upon compression of the rock-salt phase of (i@  bandwidths of the rock salt and CsCl phase reflects these
3(b)], the upper valence bands broaden greatly, there is atonsiderations. Differences in the bandwidths of rock salt
increase in the splitting of the Cdd4peak, and the O®2  and wurtzite structures at tHeé point can be understood by
band moves down in energy and broadens too. There is aldzand repulsion between Cdd4and O 2 states. When the
some mixing of the Cd d and O 2 states. With the rock symmetry permits hybridization of the Cdd4and O 2
salt—CsCl transition, a peak corresponding to the @ 2 bands, there is a repulsion between them, which pushes the
states appear near the valence band maximum. The structwigion 2 states upwards. In the tetrahedrally coordinated
of the Cd 4 states heavily hybridized with O2states and  wurtzite phase this repulsion is present throughout the Bril-
the O X states broaden further and shift up in energy. In Figlouin zone, but in the cubic rock-salt structure it is suppress
3(d), we show the total DOS of the wurtzite phase at zeronear thel’ point as a result of the inversion symmetry. As a
pressure. As in the rock-salt structure at zero pressure, the €nsequence, the Qp2bands are repealed upwards near the
2s, O 2p, and Cd 4l peak are clearly resolved, but they are zone boundaries but not at the zone center. This is also the
narrower and shifted up in energy. reason why in the rock-salt and CsCl phases, the VBM oc-
The band structures provide more information of the eleccurs at the zone boundary
tronic properties. Figure (4) shows the band structure of
CdO in the rock-salt structure at zero pressure. There is a
small overlap between the conduction and valence bands of V. SUMMARY
~0.5 eV, and a direct bandgap ef0.7 eV atl'. Experi- | h ‘ d first princioles total en-
mentally, it has been reported indirect bandgaps at 0.8 and N summary, we have performed first principles total en
1.09 eV(Ref. 32 and a direct bandgap of2.3 eV. These ergy calculations of CdO in the rock-salt, cesium chloride,

A~ - - . nickel arsenide, zinc-blende, orthorhomigimcm cinnabar,
values indicate that our conduction band minimum is too low m

by ~1.5 eV. Our calculations were performed using theand wurtzite structures. The rock salt is the ground state
density functional theoryDFT) and it is well known that configuration, but a second local minimum in a wurzite

calculations done with DFT give excited states too low in;gttht:trriéfuiggnﬁé\yg'tmg tsgem%r?gglognfrOurfﬁécﬂggﬁlr;’e d
energy. Figure éb) shows the band structure of CdO in the gy.

rock-salt structure before the phase transition. As in the totellﬁttlce constant is in very good agreement with experimental

. . o results. Different form CdTe and CdSe, our calculations do
bDe(x?ﬂi’str\:\ﬁ[E ;Zniebiﬁae?;?;?ng (l);cei\r/]v(eegr? ?r?ém Tﬁgdcé)n(?zlctior? ot support the existence of stable orthorhomixicm or
T . Ing . ' Jo cinnabar structures. Instead, they show the possibility of a

band minimumCBM) is shifted up in energy, resulting in an

almost zero indirect bandgap. Considering that at zero preghase transformation to a cesium chloride structure at
sure, the CBM is—1.5 eV 100 low in energy, and using the ~89 GPa. Although the predicted transition pressure is high,

same shift for the high pressure structure, we expect an | we hope this calculations stimulate experimental work of

direct bandgap of~1.5 eV. With the rocksalt— CsCl 'Cdo at high pressures.
phase transition, the bandgap remains almost unchdsged
Fig. 4(c)] but the Cd 4 and O 2 states are completely
hybridized and can not be disentangled. With increasing
pressurénot shown, the band gap increases even more. Fig- We acknowledge support from DGAPA Project No.
ure 4d) shows the band structure of CdO in the wurtzite IN111600, CONACYT Project No. 33587 E. We also thank
structure at zero pressure. We observe a zero bandgap, HDarlos Gonzalez and Juan Peralta for technical support.
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