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The II-VI semiconductors ZnO and ZnSe have been investigated by x-ray and67Zn-Mössbauer spectroscopy
at high external pressures. In ZnSe, the recoilfree fractionf increases fromf50.50% at ambient pressure to
1.19% at 6.1 GPa. It then decreases tof50.92% as the pressure is further raised to 8.2 GPa. This decrease of
f is caused by softening of phonon modes which occurs far below the crystallographic phase transition~13.5
GPa!. In the high-pressure phase of ZnO~NaCl structure!, low-frequency acoustic-phonon modes become
harder and high-frequency optic modes become softer as compared to ZnO~wurtzite structure!. Modern
theoretical Hartree-Fock cluster and full potential scalar-relativistic linearized-augmented plane-wave calcula-
tions have been performed. These calculations reveal that in both systems covalent contributions to the chemi-
cal bond determine the change of thes electron densityr(0) at the Zn nucleus between the different crystal-
lographic phases as well as the electric-field-gradient tensor in ZnO~wurtzite!. In particular,r(0) in ZnO
~NaCl phase! is reduced compared tor(0) in ZnO ~wurtzite phase! by 21.15e/a0

3 . Thus, contrary to obser-
vation for ZnSe, the electrical conductivity in ZnO~NaCl phase! is notexpected to increase in comparison with
the low-pressure wurtzite structure.

I. INTRODUCTION

Thesp-bonded binary compounds of the groups II and VI
of the Periodic Table have been at the center of semiconduc-
tor research during recent years. In particular, the application
of II-VI semiconductors in optical devices has reached a high
experimental level. For example, ZnSe is ideally suited1 for
fabrication of blue-light emitting diodes and quantum-well
devices. But the final realization of those features in techni-
cal applications is still curtailed by the lack of some impor-
tant fundamental information pertaining to these materials. It
requires further elucidation and deeper knowledge of the
electronic and lattice properties. It is the purpose of this work
to provide further understanding of these semiconductors by
probing some of their properties under high pressure.

At ambient pressure most of the chalcogenides crystallize
in either the hexagonal wurtzite or the cubic zinc-blende
structure or both. Common to all structures is the tetrahedral
coordination of Zn by four anions and vice versa, in asp3

covalent bonding. At high pressures ZnO, ZnS, ZnSe, and
possibly ZnTe, undergo a crystallographic phase transition
into the sixfold-coordinated NaCl structure.2–4 This is ac-
companied by pronounced changes in their electronic fea-
tures such as a drastic increase in the electrical conductivity
s.2 The mechanism responsible for this latter phenomenon
wheres increases by seven orders of magnitude has been
clarified for ZnSe only lately. On the basis of earlier optical
measurements in ZnS,5,6 it was suggested that this large in-

crease ins is due to high concentration of defects. Recent
dc-conductivity studies in ZnSe,7 however, show that a
semiconductor-metal transition occurs. The same ambiguity
still exists for the case of ZnTe. No high-pressure conductiv-
ity measurements were carried out in ZnO.

Structural properties and questions concerning crystal sta-
bility, in particular transition pressures, have been discussed
within several semiempirical models.8–12 In addition, more
recently a number of theoreticalab initio calculations has
become available with emphasis on crystallographic phase
transitions13,14 as well as on electronic structure concerned
with hyperfine interactions in the solid state.15–18 However,
experimental microscopic data on electronic structure at high
pressures are scarce. A unique probe for hyperfine interac-
tion measurements is67Zn-Mössbauer spectroscopy, a
method extremely sensitive to changes in thes electron
density,16,19therefore to the valence state of Zn, and to lattice
dynamics via the recoil free fractionf ~Lamb-Mössbauer
factor!.

In this paper we report on experimental and theoretical
investigations of ZnO and ZnSe at high external pressures.
We describe results obtained from high-pressure Mo¨ssbauer
spectroscopy and x-ray diffraction. To reach deeper insight
into the electronic structure of both compounds we have per-
formedab initio Hartree-Fock~HF! cluster as well as scalar-
relativistic linearized-augmented plane-wave~LAPW! calcu-
lations. In addition for ZnSe, we combine our
67Zn-Mössbauer study with lattice-dynamic calculations us-
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ing an 11-parameter rigid-ion model to reveal the softening
of phonon modes preceding the crystallographic phase tran-
sition.

II. EXPERIMENTAL DETAILS

A. Mössbauer spectrometer for high pressures

The high-pressure, low-temperature Mo¨ssbauer spectrom-
eter for the 93.31-keV resonance in67Zn is based on designs
described earlier.20,21The pressure is applied to the absorber
(67ZnO powder or67ZnSe powder! by two symmetrical an-
vils made from sintered B4C inside a CuBe high-pressure
clamp. The dimensions of the absorber are large, 4 mm in
diameter and 2 mm in height, to ensure satisfying count rates
in the 93.31-keV window. The enrichment in67Zn was
'90% for 67ZnO and 67ZnSe with corresponding absorber
thicknesses of 590 mg/cm2 ~ZnO! and 300 mg/cm2 ~ZnSe!
of 67Zn, respectively. For the highest pressure on ZnO the
height was reduced to 1.2 mm, the corresponding absorber
thickness was only 310 mg/cm2 of 67Zn. Quasihydrostatic
conditions were obtained by adding a mixture of methanol
ethanol in the ratio 4:1.22 The relatively large dimensions of
the absorber required the use of sandwich gaskets.21We have
employed two different types which are shown in Fig. 1. The
main feature of both types is a sandwich gasket of pyrophyl-
lite and tantalum disks acting also as a collimator for the
93.31-keVg radiation. For the ZnO and ZnSe absorbers with
2 mm in height we used five pyrophyllite and four tantalum
disks@Fig. 1~a!#, for the ZnO absorber of 1.2 mm the corre-
sponding numbers were three and two, respectively@Fig.
1~b!#. The main advantages of type I@Fig. 1~a!# are the large
amount of absorber material and the fact that the gasket is
well embedded into the supporting rings and highly stable

despite the large sample volume. The main disadvantage,
however, is the rather small separation between the upper
and lower supporting rings. As a consequence, the volume
reduction of sample and gasket can only be relatively small
when pressure is applied and will reach a limit when finally
both supporting rings are in close contact. Thus, care has to
be taken that the powder sample is well prepressed before
starting the actual high-pressure experiment. In addition,
with the zinc chalcogenides we found a drastic volume col-
lapse of typically 15% at the crystallographic phase transi-
tion ~see Sec. III!. This made it impossible to use gasket type
I for pressures above 9 GPa. Gasket type II@Fig. 1~b!# rem-
edies these problems. Here the main disadvantages are the
smaller absorber thickness, the less effective collimation of
the 93.31-keVg rays, and a reduced stability of the gasket
with essentially only the extrusion ring being embedded in
the supporting rings. In particular, the rather small absorber
thickness prevented us from investigating the phase transi-
tion in ZnSe by67Zn-Mössbauer spectroscopy~see Sec. IV!.
As described in more detail in Refs. 20 and 21, the pressure
is applied to the sample at room temperature by means of a
hydraulic press. Thereafter the clamp is cooled to cryogenic
temperatures to perform the Mo¨ssbauer experiments. The
force is stored in five steel springs inside the clamp. The
springs also compensate for the differences in thermal expan-
sion between the clamp and the components of the high-
pressure cell when cooling to cryogenic temperatures. For
pressure changes the device has to be warmed up to room
temperature. In all our67Zn-Mössbauer experiments the
pressure at the absorber was determinedin situ at cryogenic
temperatures by a lead strip acting as a pressure gauge.23,24

This lead manometer is indicated in Fig. 1~a!, only. Despite
the large dimensions of the samples, the pressure gradients
across the samples as estimated from the superconducting
transitions of the lead manometer were smaller than 10% at a
pressure of'10 GPa.

A piezoelectric quartz drive which moves the source, is
mounted directly on top of the pressure clamp to avoid un-
wanted vibrational motions between source and absorber
which would cause spectral distortions. The whole system is
cooled to liquid-helium temperatures in a metal cryostat to
perform the67Zn-Mössbauer experiments. Doppler velocities
were calibrated using the known quadrupole interactions in
67ZnO ~Ref. 25! and 67Zn metal26 at ambient pressure and
liquid-helium temperature. Further details on the spectrom-
eter are given in Refs. 19–21.

As Mössbauer sources we employed67GaZnO single
crystals. They were squares of 6 mm36 mm and of 1 mm
thickness, thec axis being perpendicular to the faces. The
67Ga ~half-life of T1/2578 h! activity was producedin situ
by 28-MeV proton bombardment at the cyclotron KAZ of
the Forschungszentrum Karlsruhe. After annealing the crys-
tals at 700 °,25 they were used in our spectrometer with the
c axis being parallel tokg , the direction of observation of
theg rays.

The g rays were detected by an intrinsic Ge diode of 10
mm thickness and 40 mm diameter coupled to fast nuclear
pulse amplifiers.27 Typical signal-to-background ratios of
S/(S1B)'0.75 were obtained at count rates up to 110 000
s21 in the 93.31-keV window. The data pulses were col-

FIG. 1. Two types of sandwich gaskets,~a! type I, ~b! type II,
used in the high-pressure cells for Mo¨ssbauer experiments.
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lected in time mode into a 1024-channel analyzer whose
channel advance rate was synchronized to the drive fre-
quency~typical 400 Hz! by a phase-locked-loop circuit.28

B. X-ray diffractometer for high pressures and low
temperatures

We used an angular dispersive x-ray diffractometer of the
Guinier type which includes a liquid-helium cryostat.29,30

Due to the small sample size, high-pressure cells with B4C
anvils are sufficient up to pressures of'13 GPa. The design
is very similar to that of the cells for the Mo¨ssbauer mea-
surements described above, except for the pressure determi-
nation. In addition to ZnO or ZnSe powder the sample vol-
ume also contained a thin layer of NaCl or CsCl powder
separated from the zinc compounds by scotch tape. To derive
the pressure at a particular temperature we determined the
lattice constants from the angular reflections and used the
known equations of state of NaCl~Ref. 31! or CsCl.32

For pressures above 13 GPa we employed a diamond-
anvil cell as described in more detail in Ref. 33. Pressure
determination was accomplished by the ruby fluorescence
method in connection with the calibration of the ruby lines
given in Ref. 34.

To ensure sufficient transmission through the anvils we
usedKa1 x rays of Mo. They were detected by a position
sensitive proportional counter. For further details see Refs.
29 and 30.

III. RESULTS

A. X-ray-diffraction measurements

Figure 2 displays the pressure dependence of the unit-cell
volume for ZnSe and ZnO at room temperature. At ambient
pressure ZnSe and ZnO crystallize in cubic zinc-blende
~sphalerite! and hcp~wurtzite! structure, respectively. Both
compounds exhibit a crystallographic phase transition to the
NaCl structure at high pressures. This phase change in ZnO
has been observed without adding material stabilizing the
rocksalt structure.3,35The solid lines in Fig. 2 represent least-
squares fits using the Birch-Murnaghan equation.37 Table I
summarizes our results for the lattice constants, transition
pressures, bulk moduli, and volume changes when extrapo-
lating the NaCl phase to ambient pressure. Results on ZnS
~Ref. 5! are also included. The phase transition in ZnTe at
'9.5 GPa is more complex36 and will not be considered
further in this paper. The hysteresis of the transition is very
pronounced in all three systems as can be seen from the large
differences of transition pressures with increasing (PT

↑) and
decreasing (PT

↓) pressure. The volume change at the transi-
tion is typically 15%. The bulk moduliB0 are considerably
enhanced in the NaCl structure as compared to the ambient
pressure phase. At the transition pressures indicated by the
vertical lines (PT

↑ ,PT
↓) in Fig. 2 half of the material~as de-

termined from the corresponding x-ray patterns! has accom-
plished the phase transition. In two cases~ZnSe at'13 GPa
and ZnO at'2 GPa! the coexistence of both structures
could be followed over a rather extended pressure range.

For ZnSe we performed, in addition, x-ray measurements
at 8.8 GPa and at temperatures of 79.8 and 13.5 K. No crys-
tallographic transition was observed yet under these condi-
tions ~see Sec. IV A!.

B. Mössbauer measurements

1. ZnSe

Figure 3 displays Mo¨ssbauer absorption spectra recorded
at 4.2 K and three different pressures. The doublet with in-
tensity ratio of 2:1 reflects the splitting in the67GaZnO
source~see Sec. II A!. Due to its~cubic! zinc-blende struc-
ture, ZnSe exhibits a single absorption line only. The sepa-
ration of the doublet and the intensity ratio were fixed to
their well-known values~4.785mm/s and 2:1, respectively!
of a 67GaZnO source.25 For the least-squares fits shown in
Fig. 3, we have chosen as free parameters the position of the
line with larger intensity, the total absorption areaA beneath
the Lorentzian doublet, a common linewidthG ~full width at
half maximum, FWHM!, and the transmission far outside the
resonance. Table II lists the results of the fits.

Although the statistical errors in the spectra are relatively
large, the base line at large velocities, the area, and the po-
sition can be determined reasonably well. The area increases
at first with pressure, but decreases again at 8.2 GPa. The
position of the absorption doublet increases only slightly
from 61.14~8! mm/s at ambient pressure to 63.6~5! mm/s at
8.2 GPa. All changes with pressure are completely revers-

FIG. 2. Pressure dependence of the unit-cell volume for ZnSe
and ZnO at room temperature. The solid lines represent fits to the
Birch-Murnaghan equation. The arrows indicate the large hysteresis
of the transition when increasing and releasing pressure. At the
transition pressure (PT

↑ ,PT
↓) half of the material has accomplished

phase transition.
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ible. The pressure of transition to the NaCl phase (p513.5
GPa! in ZnSe could only be reached in x-ray measurements.
Due to technical limitations we could only attain 8.2 GPa in
our Mössbauer high-pressure cell.

2. ZnO

Figure 4 shows Mo¨ssbauer absorption spectra obtained at
4.2 K and four different pressures. The five-line patterns at 0
and 1.2 GPa reflect the quadrupole interaction in the hcp
~wurtzite! source ~doublet with intensity ratio of 2:1, see
Secs. II A and III B 1! and in the ZnO powder absorber~also
wurtzite structure!, the latter giving rise to three transitions.25

The broken lines in the spectrum at ambient pressure~Fig. 4,
top! indicate the superposition of three source doublets re-
sulting in a five-line pattern with relative intensities of
1:2:1:3:2 in the order of increasing Doppler velocities. The
spectrum at 1.2 GPa shows considerable additional line-
broadening and a drastic increase of the asymmetry param-
eter of the electric-field-gradient tensor~see Sec. IV!. The
spectrum labeled 4.4 GPa was recorded after first increasing
pressure to 7.8 GPa and then releasing it to 4.4 GPa. We
observe a superposition of two quite different patterns: the

first one which is centered atSC'0 mm/s is similar to the
spectrum recorded at 1.2 GPa. The second pattern which has
a center shiftSC'221 mm/s exhibits a broad unresolved
absorption dip together with a sharper doublet also centered
atSC'221mm/s. At still higher pressures~9.0 GPa, Fig. 4
bottom! only the second pattern remains, which according to
our x-ray data~see Sec. III A! has to be attributed to ZnO in
the NaCl structure. The spectrum labeled 4.4 GPa indicates a
partial transformation of ZnO from the hcp~wurtzite! to the
cubic ~NaCl! structure.

All spectra of Fig. 4 exhibit line broadening. The data are
better described by Gaussian than by Lorentzian line profiles.
The five-line patterns were fitted by a superposition of three
Gaussian doublets~see Fig. 4, top!. Table III summarizes the
results for ZnO~wurtzite structure! and also lists the values
for SC , the quadrupole coupling frequencyf Q5eQVzz/h,
and the asymmetry parameterh of the electric- field-gradient
~EFG! tensor.

The large hysteresis of the phase transition first seen in
the x-ray measurements was fully corroborated by the Mo¨ss-
bauer experiments. For example, the spectrum at 4.4 GPa in
Fig. 4 was recorded after releasing the pressure from 7.8
GPa. Only below'2 GPa the NaCl phase was completely

TABLE I. Results for the structural parameters of ZnO and ZnSe. Results for ZnS from Ref. 5 are also
included. Values listed for the lattice constants, bulk moduli, and volume changes of the high-pressure phase
were obtained by extrapolating to ambient pressure. The voluminaV0 are given per formula unit. The value
for B08 was fixed to 4.0 for all compounds.PT

↑ andPT
↓ are the transition pressures when increasing (↑) and

decreasing (↓) pressure.

ZnO ZnS ZnSe

Structure Wurtzite Sphalerite Sphalerite
a0 ~Å! 3.2496~6! 5.413~13! 5.667~4!

c0 ~Å! 5.2042~20!
V0 ~Å 3) 23.796~11! 39.65~30! 45.504~32!
B0 ~GPa! 183~7! 75.0~2.0! 69.3~1.1!
B08 4 ~fix! 4 ~fix! 4 ~fix!

High-pressure phase~index H!:
Structure NaCl NaCl NaCl
a0 ~Å! 4.271~2! 5.060~15! 5.292~12!
V0H ~Å 3) 19.484~11! 32.38~30! 37.050~22!
B0H ~GPa! 228~7! 104~6! 104~6!

B0H8 4 ~fix! 4 ~fix! 4 ~fix!

12V0H /V0 0.1813~10! 0.183~10! 0.186~5!

Parameters at the transition pressurePT
↑ when increasing pressure:

PT
↑ ~GPa! 8.7~5! 14.7~7! 13.0~5!

V(PT
↑)/V0 0.957~3! 0.864 0.868~4!

VH(PT
↑)/V0H 0.965~2! 0.893 0.903~5!

12VH(PT
↑)/V(PT

↑) 0.175~3! 0.156 0.153~6!

P↑•@V(PT
↑)2VH(PT

↑)# ~eV! 0.22~1! 0.49 0.49~3!

Parameters at the transition pressurePT
↓ when decreasing pressure:

PT
↓ ~GPa! 2.0~5! '10 9.5~5!

V(PT
↓)/V0 0.989~3! 0.898 0.896~5!

VH(PT
↓)/V0H 0.991~2! 0.921 0.925~5!

12VH(PT
↓)/V(PT

↓) 0.180~3! 0.162 0.159~7!

P↓•@V(PT
↓)2VH(PT

↓)# ~eV! 0.053~13! 0.36 0.39~3!
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transformed back to the wurtzite structure.
The Lamb-Mössbauer factorf ~LMF! can be derived

from the total area under the absorption lines after correction
for nonresonant background radiation if the effective ab-
sorber thickness is known. Our results on LMF in Table III
also include an effective Debye temperatureQD derived
from f assuming a Debye-type phonon frequency distribu-
tion. The LMF slightly increases with pressure. From Table
III we get

fwurtzite5@2.01~0.04660.016!•P#%, ~1!

where P is in GPa. The LMF is normalized to
fwurtzite52.0% ~Ref. 19! at ambient pressure. This value was
obtained in more accurate experiments with the absorber out-
side of the high-pressure cell.

In the region of the phase transition, however, the situa-
tion becomes more complex: since both phases are present,
their effective absorber thicknesses are unknown. We solved
this problem by extrapolating Eq.~1! to pressures up to
'8 GPa. The effective absorber thickness for that part of the
sample which is still in the wurtzite phase can then be cal-

culated from fwurtzite and together with the total absorber
thickness the effective thickness of the remaining part of the
sample which already has been transformed to the NaCl
structure can be derived. Using this procedure we obtain for
the pressure dependence of the LMF of the NaCl phase

fNaCl5@~2.3860.69!1~0.1560.12!•P#%. ~2!

The spectrum obtained at 9.0 GPa~see Fig. 4, bottom!
which we attribute to ZnO in the NaCl structure, was fitted
by a superposition of a sharp and a broad Gaussian doublet.
The linewidth of the broad doublet is rather large resulting in
only a wide unresolved absorption dip. Both doublets exhibit
the same center shift within experimental accuracy. For this
reason both doublets belong to the NaCl phase of ZnO. The
broad doublet originates from a distribution of hyperfine in-
teractions which is present close to the phase transition.30

FIG. 3. Mössbauer absorption spectra of67ZnSe recorded at 4.2
K and three different pressures. Source:67GaZnO. Note the re-
stricted range of Doppler velocities.

FIG. 4. Mössbauer absorption spectra of67ZnO recorded at 4.2
K and four different pressures. Source:67GaZnO. Note the re-
stricted range of Doppler velocities.

TABLE II. Results of the least-squares fits of the Mo¨ssbauer
spectra of67ZnSe at various pressuresP and corresponding volume
compressions (DV/V0512V/V0). Pos: position of the line with
larger intensity;G: linewidth ~FWHM!; A: total absorption area
beneath the Lorentzian doublet. The Lamb-Mo¨ssbauer factor (f )
and the corresponding Debye temperature (QD) are also given.

P ~GPa! 0.0 3.3~1! 6.1~2! 8.2~3!

DV/V0 ~%! 0.0 4.30~12! 7.30~19! 9.27~26!

Pos (mm/s! 61.14~8! 62.1~3! 62.7~8! 63.6~5!

G (mm/s! 1.4~2! 3.0~7! 9~2! 5~1!

A ~%mm/s! 0.10~2! 0.18~3! 0.36~4! 0.18~3!

f ~%! 0.50~6! 0.78~12! 1.19~20! 0.92~16!
QD ~K! 229~5! 250~8! 274~10! 259~9!
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Table IV summarizes the Mo¨ssbauer parameters for ZnO
~NaCl structures! at various pressures.

Similar to the ZnSe system, the center shiftsSC of both
phases of ZnO change only slightly with pressure~see Tables
III and IV!. All changes of EFG,SC , and LMF are revers-
ible, i.e., these parameters resume their original values after
decompression to ambient pressure.

C. Lattice-dynamic calculations

In a recent publication38 we have applied various lattice-
dynamic models to calculate the Lamb-Mo¨ssbauer factors
~LMF! and second-order Doppler shifts~SOD! for metallic
as well as ionic zinc systems. Only few models have been

published so far which describe pressure-dependent lattice-
dynamic effects. For zinc chalcogenides the model of Talwar
et al.39 is available which provides the pressure dependence
of force constants for ZnS, ZnSe, and ZnTe. It is arigid-ion
modelwith 11 independent parameters~RIM11!.

Rigid-ion models describe the interaction between two
ions in the crystal by two contributions: a short-range inter-
action between nearest neighbors~NN! and next-nearest
neighbors~NNN! due to the covalent bonding and repulsive
overlap forces and a long-range interaction due to the Cou-
lomb forces between the ions. For the Coulomb interaction
the ions are assumed to be point charges with no internal
structure, i.e., rigid ions.

TABLE IV. Summary of Mössbauer parameters of ZnO~NaCl! at different pressuresP and correspond-
ing volume reductionsDV/V0 . The spectra at 8.9 and 9.7 GPa were measured when increasing pressure,
before reaching the complete transformation of the sample to the NaCl structure. The pressure points at 7.8,
5.4, and 4.4 GPa were taken using a cell with sandwich gasket type I~see Sec. II! after decreasing the
pressure from 7.8 GPa. In this case, the sample is only partly transformed to the NaCl phase. The pure NaCl
phase was observed at pressures of 9.0 and 5.5 GPa after releasing the pressure from its maximum value of
'10 GPa. The spectra consist of a superposition of a sharp and a broad doublet labeledH1 andH2,
respectively.Arel

H1 gives the area of the sharp doublet relative to the total ‘‘cubic’’ subspectrum. The center
shiftsSC

H1 andSC
H2 are relative to67ZnO ~wurtzite! at ambient pressure. All other abbreviations as in Table III.

P ~GPa! 4.4~3! 5.4~3! 5.5~1.0! 7.8~8! 8.9~1.4! 9.0~2.0! 9.7~1.7!
DV/V0 ~%! 1.84~12! 2.24~12! 2.28~15! 3.16~15! 3.57~14! 3.60~18! 3.86~18!

GH1 (mm/s! 1.5~3! 1.3~2! 2.0~4! 1.2~2! 1.6~8! 2.1~9! 2.0~5!

GH2 (mm/s! 12.9~9! 11.4~6! 26~2! 13.9~7! 15~3! 18~1! 16~2!

PosH1 (mm/s! 220.42~9! 221.18~9! 221.2~1! 222.30~7! 222.7~3! 222.9~3! 222.9~2!

PosH2 (mm/s! 221.0~3! 221.8~2! 220.8~8! 223.4~3! 224~1! 223.5~4! 223.3~6!

Arel
H1 0.13~3! 0.09~2! 0.14~3! 0.09~2! 0.14~8! 0.07~4! 0.17~5!

SC
H1 (mm/s! 218.83~9! 219.59~9! 219.61~14! 220.71~7! 221.15~29! 221.28~30! 221.36~15!

SC
H2 (mm/s! 219.4~3! 220.2~2! 219.2~8! 221.8~3! 222~1! 221.9~4! 221.7~6!

f ~%! 3.05~25! 3.19~22! 3.56~31!
QD ~K! 348~8! 362~7! 364~9!

TABLE III. Summary of measured Mo¨ssbauer parameters of ZnO~wurtzite! at different pressuresP and corresponding volume com-
pressionsDV/V0 . Posi : position of the line with larger intensity of doubleti ( i51,2,3);G i : linewidth ~FWHM! andAi

rel : relative intensity
of doubleti ; SC : center shift relative to

67GaZnO source;f Q : quadrupole frequency;h: asymmetry parameter;f : Lamb-Mössbauer factor;
QD : effective Debye temperature deduced fromf .

P ~GPa! 0 0.7~2! 1.2~2! 2.3~2! 3.5~3! 5.3~3! 6.4~3! 7.2~4!

DV/V0 ~%! 0 0.38~10! 0.64~10! 1.22~10! 1.84~10! 2.70~10! 3.22~14! 3.58~19!

Pos1 (mm/s! 29.52~2! 29.92~6! 210.05~9! 210.6~2! 210.4~2! 210.9~4! 210.8~8! 211.1~4!

Pos2 (mm/s! 20.126~9! 20.22~2! 20.22~2! 20.25~4! 20.18~3! 20.09~4! 0.32~5! 0.31~5!

Pos3 (mm/s! 5.03~2! 5.44~5! 5.86~6! 6.2~2! 7.1~1! 7.6~2! 7.7~3! 8.1~2!

G1 (mm/s! 2.12~5! 3.2~1! 3.8~2! 5.0~6! 7.7~7! 10~1! 13~2! 8~1!

G2 (mm/s! 1.05~2! 1.30~4! 1.50~5! 1.8~1! 2.09~7! 2.5~1! 1.8~1! 2.3~1!

G3 (mm/s! 2.19~5! 2.88~9! 3.3~1! 4.4~3! 5.9~3! 6.3~4! 7.1~9! 5.1~4!

A1
rel 0.327~5! 0.315~8! 0.321~9! 0.29~2! 0.27~1! 0.28~2! 0.28~3! 0.24~2!

A2
rel 0.290~5! 0.295~8! 0.290~9! 0.33~2! 0.29~1! 0.30~2! 0.27~3! 0.34~2!

A3
rel 0.381~6! 0.390~9! 0.39~1! 0.38~2! 0.43~1! 0.42~1! 0.45~3! 0.43~2!

SC (mm/s! 0.05~1! 0.03~2! 0.12~4! 0.1~1! 0.36~9! 0.4~1! 0.7~3! 0.6~1!

f Q ~MHz! 2.393~5! 2.49~1! 2.55~2! 2.70~5! 2.71~5! 2.86~8! 2.93~18! 3.00~8!

h 0.284~9! 0.37~1! 0.45~2! 0.46~4! 0.58~3! 0.59~5! 0.53~10! 0.54~5!

f ~%! 2.00 2.07~12! 2.21~12! 2.07~14! 2.16~10! 2.22~11!
QD ~K! 310 313~5! 319~5! 313~5! 316~4! 319~4!
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The parameters of RIM11 were adjusted to fit the Raman
data for ZnSe at ambient pressure and at 13.7 GPa. A linear
dependence of the model parameters was assumed for the
pressure range in between.40

Unfortunately, there is no model available which de-
scribes the pressure dependence of force constants for ZnO.
To calculate the SOD of ZnO at ambient pressure we have
used the model of Ref. 41, which is tailored to the hexagonal
~wurtzite! structure and allows us to take anisotropic effects
into account.38

Concerning the numerical procedure, in a first step, the
force constants are calculated from the model parameters.
Then the dynamical matrix is calculated and the resulting
eigenvalue problem solved at each point of a denseq mesh
in the irreducible Brillouin zone.42 For both zinc chalco-
genides we chose aq mesh with 3680 points which we found
to be sufficient to obtain good numerical accuracy and con-
vergence. Further details are described in Ref. 38.

For the LMF of ZnSe at ambient pressure the RIM11
gives f50.420% which is in good agreement with the ex-
perimental value off5(0.5060.06)%~see Table II!. When
pressure is increased the RIM11 predicts a continuous de-
crease of the LMF, in disagreement with experiment. This
discrepancy will be discussed in Sec. IV B.

The pressure~volume! dependences of the experimentally
observed center shiftSC , the calculated second-order Dop-
pler shift SSOD, and of the isomer shiftS5SC2SSOD in
67ZnSe are summarized in Table V. It also includes the
changes of the shifts which were obtained when the Debye
model was used to calculateSSOD.

D. Hartree-Fock cluster calculations

The all-electron Hartree-Fock~HF! cluster procedure has
been applied to the study of67Zn isomer shifts at ambient
pressure in a wide range of ionic compounds including
ZnF2 and all zinc chalcogenides.16,43 In this method, the
solid-state system is simulated by a finite number of ions
~cluster!, with the ion whose properties are being studied, in
this case the zinc ion, at the center. The influence of the rest
of the lattice is incorporated by including in the HF potential
for the electrons in the cluster, the potential due to the ions
outside the cluster, considering their influence to be de-
scribed as that due to point charges. Thus the Madelung po-
tential of the infinite solid has been included by embedding
the cluster in an array of point charges with the same sym-
metry as the crystal. The HF cluster procedure includes co-
valency effects in a first-principles manner.16 The core was
not frozen, i.e., all electrons inside the cluster have been

taken into account. A major drawback, however, is that the
cluster which can be handled in this way, in rather small,
although the rapid advance of computer technology will rem-
edy this problem.

We have extended theab initio HF calculations described
in Ref. 16 to ZnSe~sphalerite structure! and ZnO~rocksalt
structure! under external pressure. The clusters~ZnSe4)

62

and~ZnO6)
102 were used. The HF calculations were carried

out employing contracted Gaussian-type functions. The basis
sets used for zinc and the ligands were optimized for the
neutral atoms as described in detail in Ref. 16. Table VI
summarizes our results for ZnSe with reduced volume of the
unit cell. We applied a scaling factorS8(Z)51.40 to take
relativistic effects into account.16 The totals electron density
r(0) at the67Zn nucleus increases when the unit-cell volume
of ZnSe is reduced. This increase is mainly due to the
Zn(4s) electron contribution and reflects the increase of co-
valency with pressure. The contributions of the 1s, 2s, and
3s shell nearly compensate each other~see Sec. IV B 2!.

Table VII gives the results of the HF calculations for
r(0) in ZnO ~NaCl structure!. Contrary to the case of ZnSe,
the inner core gives a sizable negative contribution which
counteracts the positive contribution of the 4s electrons. This
different behavior of ZnO~rocksalt structure! under pressure
can also be noticed from Table VIII which compares the
changes of the 4s electron density with the totals electron
density at the67Zn nucleus in the zinc chalcogenides~see
Sec. IV B 2!.

The electric-field-gradient~EFG! tensor at the 67Zn
nucleus in ZnO~wurtzite! at ambient pressure has been cal-
culated earlier15 by the HF technique. The EFG tensor de-
pends very sensitively on the oxygen parameteru ~see Sec.
IV B 2!. Unfortunately, the pressure dependence ofu is not
known. For this reason a calculation of the EFG tensor with
reduced unit-cell volume was not performed.

TABLE VI. Results of our HF calculations: Contribution of the
1s, 2s, 3s, and 4s orbitals to the totals electron densityr(0) at
the 67Zn nucleus in67ZnSe~sphalerite! when the unit-cell volume is
reduced by 0, 3, and 10%.Dr(0) is the change of totals electron
density relative tor(0) in 67ZnSe at ambient pressure.

67ZnSe
12V/V05DV/V0 ~%! 0 3 10
Zn(1s): (e/a0

3) 22 562.58 22 562.57 22 562.53
Zn(2s): (e/a0

3) 2 294.88 2 294.87 2 294.87
Zn(3s): (e/a0

3) 328.68 328.69 328.75
Zn(4s): (e/a0

3) 5.28 5.46 5.88
Dr(0) (e/a0

3) 0 0.17 0.61

TABLE V. Pressure~volume! dependence of center shiftSC , second-order Doppler shiftSSODand isomer
shift S in 67ZnSe. All values are given relative to67ZnSe at ambient pressure.

P ~GPa! 3.3~1! 6.1~2! 8.2~3!

12V/V05DV/V0~%! 4.30~12! 7.30~19! 9.27~26!
DSC (mm/s! 0.9~3! 1.6~8! 2.4~5!

DSSOD(RIM11) (mm/s! 22.56 24.54 25.92
DSSOD(Debye) (mm/s! 24.9~21! 210.5~26! 27.0~21!
DS(RIM11)5DSC2DSSOD(RIM11) (mm/s! 3.5~3! 6.1~8! 8.3~5!

DS(Debye)5DSC2DSSOD(Debye) (mm/s! 5.8~21! 12.0~26! 10.7~21!
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E. LAPW band-structure calculations

Our band-structure calculations employ the full-potential
linearized-augmented plane-wave~LAPW! method based on
density-functional theory.44–46The crystallographic structure
is required as experimental input. A fully relativistic descrip-
tion for the core states, but a scalar-relativistic description,
neglecting spin-orbit coupling, for the valence states is used.
Exchange and correlation is taken into account within the
local-density approximation, where the exchange potential is
determined by the electron density in the crystal. This den-
sity is calculated self-consistently. The electric-field-gradient
~EFG! tensor is derived directly from the charge density in
anab initio procedure.

We employ a well converged basis usingRmtK max58.5,
whereRmt denotes the smallest atomic sphere radius and
Kmax gives the magnitude of the largestK vector in the
plane-wave expansion. We treat the O 2s, 2p and the Zn
3d, 4s, 4p orbitals as valence states and all lower-lying
states as core. To improve upon the linearization local
orbitals47 for O 2s and Zn 3d states were added to the stan-
dard LAPW basis. In contrast to TiO2 , where the Ti 3p
states were found to contribute significantly to the EFG,47 the
localized and deep-lying Zn 3p states have a negligible ef-
fect on the EFG. Self-consistency was reached using eight
specialk points.

We have used this method to calculate electron densities
at the 67Zn nucleus in ZnO~wurtzite and rocksalt structures!
for several volumes. In the wurtzite structure for each vol-
ume thec/a ratio as well as the oxygen parameteru were
optimized by minimization of the total energy.

Also our LAPW calculations show that the EFG tensor in
ZnO ~wurtzite! strongly depends on the oxygen parameter
u. Details will be discussed in Sec. IV B 2. Since the pres-
sure dependence ofu is not known, a detailed calculation of
the EFG in ZnO~wurtzite! cannot be carried out.

IV. DISCUSSION

A. Crystallographic phase transitions in Zn chalcogenides

The volume change 12V0H /V0 at the phase transition is
found to be the same ('18.3%! for the three systems ZnO,
ZnS, and ZnSe when extrapolating the parameters of the
high-pressure phase to ambient pressure~see Table I and
Sec. III!. At this drastic volume collapse the nearest-neighbor
~NN! distance increases by'8%, the next-nearest-neighbor
~NNN! distance, however, decreases by'6.5% and the co-
ordination number is changed from four to six. The hyster-
esis of the phase transition is most strongly pronounced in
ZnO. All changes are reversible when pressure is released
completely. Since the pressure is applied at room tempera-
ture where the methanol-ethanol solution is in the liquid
phase and pressure gradients are smaller than 10% even at
cryogenic temperatures~see Sec. II!, non-hydrostatic pres-
sure conditions are responsible only to a minor extent for the
large hysteresis observed. It appears that the large hysteresis
is rather an intrinsic property of zinc chalcogenides.

To describe the phase transitions several semiempirical
models have been used.8–10,48,49Such models emphasize the
concepts of ionicity and bond length. Only recently has it
been possible to performab initio-type calculations on ZnO
~wurtzite structure!.13,14 We have carried out scalar-
relativistic ~spin-orbit coupling is neglected! linearized-
augmented plane-wave~LAPW! calculations44 for this com-
pound. Table IX compares relevant experimental results with
the present LAPW calculations and other theoretical models
from literature. For ZnO almost quantitative agreement be-
tween experiment and theoretical LAPW calculations is
achieved, but also theab initioHartree-Fock calculations13,14

and semiempirical calculations8,49 obtained very accurate re-
sults, although the transition pressure varies significantly be-
tween the theoretical models.

B. Mössbauer effect measurements

Due to the high sensitivity of the67Zn resonance even to
small changes of hyperfine interactions19 the linewidth in
67Zn Mössbauer experiments is strongly affected by distri-
butions of isomer shifts and/or electric-field gradients. Such
distributions of hyperfine interactions may arise from pres-
sure gradients across the sample. Although pressure gradi-
ents were found to be smaller than 10% in our experiments
~see Sec. II! they are a major cause of the line broadening
observed. In addition, close to the phase transitions the
phases may be ill-defined crystallographically resulting again
in distributions of hyperfine interactions. Such a situation
exists, for example, in ZnO at 9.0 GPa~see Fig. 4 bottom,
Sec. III B 2! where in addition to a sharp doublet a broad
unresolved peak at the same center shiftSC is observed.
However, since the energy resolution of the67Zn resonance
is very high, line broadening usually is not a problem when
determining hyperfine interactions. Also the LMF is hardly
affected, because it depends on the totalarea beneath the
absorption spectrum. For these reasons the pressure depen-
dencies of linewidths will not be discussed further in this
paper.

1. Lamb-Mössbauer factor

ZnSe. Tables II and V summarize our results for ZnSe.
Figure 5 depicts the pressure~volume! dependence of the

TABLE VII. Results of our HF calculations: Contributions of
the 1s, 2s, 3s, and 4s orbitals to the totals electron density
r(0) at the 67Zn nucleus in67ZnO ~NaCl structure!. Under com-
pression ofDV/V054.8% the s electron density increases by
Dr(0)50.10e/a0

3 .

12V/V05DV/V0 ~%! 0 4.8
Zn(1s): (e/a0

3) 22 562.71 22 562.69
Zn(2s): (e/a0

3) 2 294.78 2 294.78
Zn(3s): (e/a0

3) 328.08 328.05
Zn(4s): (e/a0

3) 3.15 3.30
Dr(0) (e/a0

3) 0 0.10

TABLE VIII. Results of our HF calculations: Volume depen-
dence of the 4s electron density,Dr4s(0)/(DV/V0) and of the total
s electron density at the67Zn nucleus in ZnO~NaCl structure! and
ZnS, ZnSe, and ZnTe~all sphalerite structure!. Dr4s(0) and
Dr(0) are given in units ofe/a0

3 .

ZnO ZnS ZnSe ZnTe
Zn(4s): Dr4s(0)/(DV/V0) 23.1 25.6 26.0 25.7
Total: Dr(0)/(DV/V0) 22.1 25.6 26.1 26.2
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LMF. When the unit-cell volume is reduced, the LMF first
increases fromf5(0.5060.06)% at ambient pressure to
f5(1.1960.20)% at 6.1 GPa. Increasing the pressure fur-
ther, a nearly linear increase of the LMF tof'1.25% at 8.2
GPa is to be expected. Such a linear dependence has been
found, e.g., for brass alloys.21 In ZnSe, however, the LMF
drops again tof5(0.9260.16)% at 8.2 GPa, although the
crystallographic phase transition ('13 GPa! has not yet been
reached. This behavior can be compared to the predictions of
an 11-parameter lattice-dynamic model~RIM11!.39

According to RIM11, in general the frequencies of most
phonon modesincreasewhen the unit cell is compressed.
This is mainly due to the strong increase of the repulsive
component of the ion-ion interaction when the ion separation
is diminished. In some compounds, e.g., in zinc chalco-
genides, however, certain frequencies arereduced. In II-VI
systems with zinc-blende structure this is the case for the
transverse acoustic~TA! modes. This mode softening is not
caused by the NN interaction but is due to the decrease of
NNN interaction with reduced volume.42 In fact, the contri-
bution of the NN interaction to the LA and optical modes

strongly increases with reduced volume. The contribution of
the NN interaction to the frequency of the TA modes re-
mains virtually unaffected, since in these modes less stretch-
ing of the NN bonds occurs. The contribution of the NNN
interaction, however,decreasesfor all modes due to in-
creased screening of the Coulomb force between the zinc
ions by the bonding electrons when the volume is dimin-
ished. Thus, the total effect is a reduction of the frequencies
of the TA modes.

The crystallographic phase transition occurs when bond-
ing electrons have screened the repulsive NNN interaction to
such an extent that the attractive NN interaction cannot be
compensated anymore. A similar situation has been found
for GaAs,50 where the softening of the TA mode is followed
by a phase transition into an orthorhombic structure. As seen
in Fig. 5, the LMF at ambient pressure is well reproduced by
RIM11. This is not true for higher pressures. The model
predicts a continuous decrease. A linear pressure dependence
of the model parameters between ambient pressure at 13.7
GPa might be too crude an approximation. Still, RIM11
gives a hint in which way the crystallographic phase transi-

TABLE IX. Experimental structural parameters compared to results of theoretical calculations for zinc
chalcogenides.B0 , B08 : bulk modulus and its pressure dependence of the ambient-pressure phase;B0H ,
B0H8 bulk modulus and its pressure dependence of the high-pressure phase;u: oxygen parameter;PT :
transition pressure;DV/V0: relative volume difference between the two phases extrapolated to ambient
pressure;DE0: difference in cohesion energy between the two phases.

ZnO ZnS ZnSe

Ambient-pressure phase:
B0 ~GPa! Expt. 183~7! 75.0~2.0! a 69.3~1.1!

Theor. 173b, 154.4c, 160d 69 b, 75.9e 53b

B08 Expt. 4 ~fix! 4 ~fix! 4 ~fix!

Theor. 3.6c, 4.4d 4.7e

c0 /a0 Expt. 1.6018~7!

Theor. 1.593c, 1.604d

d(c/a)/dp ~GPa21) Expt. 20.0007~3!

Theor. 20.0005c

u Expt. 0.3819~1! f

Theor. 0.3856c, 0.381d

High-pressure phase:
B0H ~GPa! Expt. 228~7! 104~6! a 104~6!

Theor. 204b, 203.3c, 205d 80 b, 83.1e 62b

B0H8 Expt. 4 ~fix! 4 ~fix! 4 ~fix!

Theor. 3.6c, 4.88d 10.0e

PT ~GPa! Expt. 2.0–8.7 10.0–14.7a 9.5–13.0
Theor. 3.6b, 8.57c, 14.5d 4.7b, 16.1e 4.4b

DV/V0 ~%! Expt. 18.13~10! 18.3~1.0! a 18.6~5!

Theor. 19.42c, 17.9d

DE0 ~meV! Expt. 53–225 390–490
Theor. 242c, 160d

aReference 5.
bReference 8.
cReference 14.
dLAPW calculation of this work.
eReference 13.
fReference 58.
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tion is reflected in the phonon modes much below the tran-
sition. For the description of the experimental LMF data,
however, more detailed information on the pressure depen-
dence of the model parameters is required. Experimentally
the pressure range in Mo¨ssbauer measurements has to be
increased to cover the regime of the phase transition.

ZnO. For this compound we were able to cover the pres-
sure range of the crystallographic transition~see Tables III
and IV, Sec. III!. Figure 6 summarizes the pressure depen-
dence of the LMF in both phases.

The NaCl phase of ZnO exhibits a considerably larger
LMF than the wurtzite structure and also the pressure depen-
dence appears to be increased. This is consistent with the
largerB0 value. Since the NN distance is larger in the NaCl
than in the wurtzite structure this increase of LMF andB0
reflects the higher coordination number of zinc in the NaCl
structure. Within both phases the LMF rises with pressure
due to the increase of covalency of the chemical bond when
the NN distance is reduced. Contrary to ZnSe, in ZnO we
observe no decrease inf or changes in SOD which could be
attributed to mode softening in the neighborhood of the
phase transition.

2. Hyperfine interactions

Isomer shift in ZnSe. The isomer shiftS is proportional to
the electron densityr(0) at the67Zn nucleus~mainly s elec-
trons!. The second-order Doppler shiftSSODwhich is propor-
tional to ^v2&, the mean-square velocity of the67Zn nucleus
at its equilibrium position, is a lattice-dynamic property.
With 67Zn-Mössbauer spectroscopy,S andSSOD can be of
the same magnitude and it can be difficult to separate the two
contributions.19,51We have tried two methods:~a! assuming
that the Debye approximation holds we calculated an effec-
tive Debye temperatureQD from our result for the LMF and
using the sameQD we derivedSSOD; ~b! we employed the
more realistic lattice-dynamic models for ZnO~Ref. 41! and
ZnSe,39 which gave reasonable results for the LMF~see Sec.
IV B 1! to calculate SOD for ZnO at ambient pressure and
for ZnSe over the whole pressure range investigated. At am-
bient pressure, the Debye model givesSSOD(Debye )519

mm/s, from the more advanced models we obtain
SSOD(RIM11)5(2568) mm/s between ZnO~wurtzite! and
ZnSe. The rather large uncertainty68 mm/s which covers
also the result of the Debye model is an estimate of possible
systematic errors originating from insufficiencies within the
force-constant models.38,42

For the isomer shift at ambient pressure we obtain
S5SC2SSOD5(62.7225) mm/s'(3868) mm/s. Using
D^r 2&51(13.961.4)31023 fm2,16 this corresponds to an
increaseDr(0)5(1.3860.32)e/a0

3 in 67ZnSe as compared
to 67ZnO ~wurtzite!. This is in good agreement with results
from previous ab initio Hartree-Fock ~HF! cluster
calculations,16 where Dr(0)5(1.5360.15)e/a0

3 for the
change ofr(0) between67ZnO and 67ZnSe was obtained.
The HF calculations show that the increase ofr(0) between
ZnO and ZnSe is due to the higher covalency of the chemical
bond in ZnSe as compared to ZnO. With respect to the
purely ionic state~Zn21) covalency increases population of
zinc 4s and 4p electronic states. It also affects the 3s core,
but in a more subtle way.16 It turns out that Zn(4s) valence
orbitals contribute '70% to Dr(0), Zn(3s) orbitals
'30%, whereas the Zn(1s) and Zn(2s) core electrons re-
main virtually unaffected.

When pressure on67ZnSe is increased the change ofSC is
rather small~see Tables II and V in Sec. III!. Using again the
RIM11,39 as well as the Debye approximation, we have cal-
culated the pressure~volume! dependence ofSSOD.
In both models the increase ofS with pressure
@DS(RIM11),DS(Debye)# is partially compensated by the
decrease ofSSOD. This compensation is the reason for the
small variation ofSC .

We have extended ourab initio HF calculations to ZnSe
with reduced volume of the unit cell~see Sec. III D, Table
VI !. As expected, when the unit-cell volume of ZnSe is re-
duced, covalency strongly increases. This is directly reflected
in the sharp increase of the Zn(4s) contribution which lin-
early scales with 1/(V/V0) up to volume changes of
V/V050.9. Figure 7 summarizes our experimental and theo-
retical results for the changes ofSC , SSOD, andS with re-
duced volume. It appears that the theoretical change of iso-

FIG. 5. Pressure dependence of the LMF for67ZnSe;s: experi-
mental values; – – – prediction of a lattice-dynamic model
~RIM11!.

FIG. 6. Pressure dependence of the LMF’s for both phases of
67ZnO. The straight-line fits give: fwurtzite5@2.01(0.046
60.016)•P]% and fNaCl5@(2.3860.69)1(0.1560.12)•P#%,
with P in GPa.
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mer shift DS(HF) is far outside ofDS(RIM11), where
DSSOD(RIM11) has been determined from RIM11, but is in
fair agreement withDS(Debye), where the Debye approxi-
mation has been used. As already mentioned above, RIM11
is probably not sufficient to describe the volume depen-
dences of LMF and SOD because the model parameters have
been assumed to be linearly dependent on pressure. Our re-
sults suggest that RIM11 underestimates the increase of most
phonon frequencies and thus gives too small a rise and drop
for the LMF and SOD, respectively. The better agreement of
experiment with theory when the Debye model is applied, is
most probably fortuitous. The decrease of the LMF is caused
by softening of low-frequency modes, whereas other phonon
frequencies increase with reduced volume. Since the low-
temperature limit the weighting factors of the phonon fre-
quency distribution arev21 and v11 for LMF and SOD,
respectively, the influence of low-frequency phonons on the
SOD is expected to be less pronounced. It is overcompen-
sated by the hardening of high-frequency phonons which
causesDSSOD to become more negative. For a reliable cal-
culation ofDSSOD a more profound lattice-dynamic model is
necessary. This in turn would make it possible to check our

Hartree-Fock cluster calculations.
Isomer shift in ZnO. Again the problem of determining

SSOD arises. Since there is no advanced model available to
describe the lattice dynamics of ZnO under pressure we used
the Debye approximation with effective Debye temperatures
listed in Tables III and IV. As demonstrated in Fig. 8 for
ZnO ~wurtzite!, the center shiftSC changes only little with
pressure. This is due to a close compensation ofDS by
DSSOD, similar to the case of ZnSe. Since the variation of
the oxygen parameteru with pressure is not known we per-
formed LAPW calculations assumingu and thec/a ratio to
be independent of pressure~see Secs. III A and III E!. The
dotted lineDS~LAPW! in Fig. 8 indicates the calculated in-
crease ofSwhen the unit-cell volume is reduced. The dashed
line DS~HF! is an estimate where the 4s electron density
obtained from a HF calculation16 is linearly scaled by
(V0 /V). This estimate is based on the assumption that the
4s density provides the largest contribution toDr(0) be-
cause of covalency of the chemical bond~see Sec. III D,
Table VIII!. DS~Debye! lies between DS~HF! and
DS~LAPW! indicating that the Debye approximation might
be good enough for evaluatingDSSOD in ZnO ~wurtzite! un-
der pressure.

Figure 9 summarizes our result for ZnO in the NaCl
phase. All shifts are given relative to ZnO~wurtzite! at am-
bient pressure. The center shiftSC is further reduced when
pressure is increased. When the SOD is calculated within the
Debye modelSSOD overcompensatesS~Debye! which in-
creases only slightly. Also the results of theoretical calcula-
tions, S~LAPW! andS~HF!, confirm that the increase ofS
with pressure is considerably smaller as compared to the
situations in ZnO~wurtzite! and ZnSe. There are mainly two
reasons for this difference in behavior. Covalency and Zn
(4s) contribution tor(0) are reduced due to the larger Zn-O

FIG. 7. Volume dependence of center shiftSC ~circles!, second-
order Doppler shiftSSOD ~squares! and isomer shiftS ~triangles! in
67ZnSe;DS5DSC2DSSOD. All values are relative to67ZnSe at
ambient pressure.DS~HF! indicated by the dashed line is the theo-
retical change of isomer shift derived from Hartree-Fock cluster
calculations.DS~RIM11! andDS~Debye! are the changes of isomer
shift whenDSSOD has been determined from RIM11 and the Debye
model, respectively. Effective Debye temperatures were taken from
Table II.

FIG. 8. Experimental change of center shiftDSC ~circles! and
calculated changes of isomer shift in67ZnO ~wurtzite!. All values
are relative to67ZnO at ambient pressure.DS~HF! indicated by the
dashed line andDS~LAPW! indicated by the dotted line are derived
from Hartree-Fock and linearized augmented plane-wave calcula-
tions, respectively.DS~Debye! indicated by triangles represents the
change in isomer shift when the second-order Doppler shift
DSSOD has been determined from the Debye model. Effective De-
bye temperatures were taken from Table III.
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separation in ZnO~NaCl! as compared to ZnO~wurtzite!.
This is expected to lead to a smaller increase ofr(0) with
pressure for ZnO~NaCl!. In addition, our HF cluster calcu-
lations ~see Sec. III D, Tables VI and VIII show that ZnS,
ZnSe, and ZnTe~all sphalerite structure! behave very simi-
larly with pressure: the negative contributions of the 1s and
2s electron shells are nearly compensated by the positive
contribution of the 3s shell. Thus the total pressure depen-
dence in these systems is almost completely determined by
the 4s electrons. The situation appears to be quite different,
however, for ZnO in the NaCl structure. Here the 1s, 2s,
and3s shells exhibit negative contributions which amount to
'1/3 of the positive contribution of the 4s electrons52 ~see
Sec. III D, Table VII!. As a consequence, the method of
‘‘freezing’’ inner core electrons can give wrong answers
when changes ofr(0) are calculated and should be aban-
doned.

Figure 9 shows that the absolute values ofS~LAPW! and
S~HF! between ZnO~wurtzite! and ZnO~NaCl! are in agree-
ment within '25%, whereas the results forS~Debye! are
much more positive. We attribute this discrepancy mainly to
the Debye approximation when determiningSSOD. In par-
ticular, the Debye model may be insufficient, whenSSOD is
estimated between samples of different lattice structures. In
order for S to agree with the theoretical calculations, the
second-order Doppler shift~SOD! has to be more positive in
ZnO ~NaCl! than in ZnO~wurtzite!. For the LMF, however,
we find from experiment thatfNaCl. fwurtzite. Taking the dif-
ferent frequency weighting factors for LMF and SOD into
account, we are forced to the conclusion that on the one side
low-frequency acoustic-phonon modes become harder and
on the other side high-frequency optic modes become softer
in ZnO ~NaCl!.

Indeed, mode softening of transverse-optical~TO!
phonons has been predicted8,49 for various systems at the
phase transition from sphalerite to NaCl structures. For ZnO

with hypothetical sphalerite structure a drastic drop in fre-
quency of the TO mode at theG point from 18.8 THz
~sphalerite! to 1.8 THz ~NaCl! is calculated.8,49 Since
sphalerite and wurtzite structures exhibit similar bonding
characteristics such a mode softening may also occur for
ZnO ~wurtzite! at the transition to the NaCl phase. For a
more quantitative analysis, however, more advanced lattice-
dynamic models are required.

Electric-field gradient in ZnO. The Zn site in ZnO~wurtz-
ite! is expected to exhibit axial symmetry with respect to the
c axis. As a consequence, the asymmetry parameterh of the
electric-field-gradient~EFG! tensor should beh50. Experi-
mentally,h50 is observed only with ZnO single crystals.
Surprisingly, in ZnO powderh'0.1, even at ambient
pressure.53 The pressure dependence of the EFG tensor is
shown in Fig. 10. The quadrupole coupling frequency
f Q5eQVzz/h increases only slightly when the volume is
reduced:f Q5@(2.396(12)119(2)•(12V/V0)# MHz. Using
Q50.150(15)b for the nuclear quadrupole moment of the
spin-5/2 ground state of67Zn, we obtain for the main com-
ponent Vzz of the EFG tensor: Vzz5@0.66(7)
15.2(8)•(12V/V0)]31017 V/cm2. Most striking, how-
ever, is the sharp rise ofh to h'0.3 already at very modest
pressures (,0.1 GPa!. At higher pressures the asymmetry
parameter saturates ath'0.6. Our measurements clearly
point out that the wurtzite structure is highly unstable against
nonaxial lattice distortions. These distortions are so small
that we failed to detect them via x rays.

For ZnO ~wurtzite! results of HF cluster calculations15,43

have been available. In addition, we performed LAPW cal-
culations~see Sec. III E!. The results forVzzat ambient pres-
sure are 10.6931017 V/cm2 ~HF! and 10.8531017

FIG. 9. Experimental center shiftSC ~circles! and isomer shift
S of 67ZnO ~NaCl structure!. S~Debye! indicated by triangles is
obtained when the second-order Doppler shift is estimated in the
Debye approximation using the Debye temperatures of Table IV.
S~HF! and S~LAPW! originate from theoretical calculations~see
text!. All shifts are given relative to ZnO~wurtzite! at ambient
pressure.

FIG. 10. Experimental values for quadrupole frequencyf Q and
asymmetry parameterh of 67ZnO ~wurtzite! at 4.2 K under external
pressure. The solid line is a straight-line fit to thef Q data.
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V/cm2 ~LAPW!, both in good agreement with experiment
@10.66(7)31017 V/cm2#. The dominant contribution to
Vzz originates from the unbalanced occupation of the Zn
(4p) orbitals in the valence states, whereas the Zn(3p) and
the Zn(3d/4d) orbitals give only a small~negative! contri-
bution. The Zn(2p) contribution can be neglected altogether.
These results clearly emphasize the importance of covalency
effects in the Zn-O bond. Also the decrease in the Zn charge
from formally12.0 to a Mulliken charge of11.62 is almost
entirely due to an increase in the Zn(4p) electron popula-
tion.

Vzz turns out to react very sensitively to details of the
crystallographic structure, in particular to variation in the
oxygen parameteru. We obtain from our Hartree-Fock and
LAPW calculations DVzz/Du526331017 V/cm2 and
23131017 V/cm2, respectively. Our LAPW calculations
show that the experimentally observed increase inVzz with
pressure~see Fig. 10! can only be accommodated if in addi-
tion to changes of the unit-cell volume and of thec/a ratio
an increase ofu is allowed for. For example, a volume
change ofDV/V0'3.4% ~corresponding toP'6.8 GPa!
aloneincreasesVzz by '1.2% only. If solely thec/a ratio is
decreased by'531023 @again corresponding toP'6.8
GPa ~see Table IX!# Vzz decreasesby '16%. Thus an in-
crease ofu appears to be essential. Still, the main problem is
that hÞ0, which means that the Zn atom moves off the
symmetry axis. Unfortunately, up to now the distortions of
the lattice which lead tohÞ0 have not been determined
experimentally. This has prevented a detailed calculation of
the EFG tensor.

C. Electrical conductivity

At ambient pressure zinc chalcogenides represent semi-
conductors with rather large direct band gapsEg , which in-
crease with pressure.54,55 In ZnSe for example,Eg increases
monotonically fromEg52.7 eV at ambient pressure to 3.4
eV at 12 GPa.5 The zinc chalcogenides with sphalerite struc-
ture, ZnS, ZnSe, and ZnTe, however, show a drastic increase
of electrical conductivity by 6–8 orders of magnitude at the
transition to the NaCl phase.2,7,36 The nature of this drastic
change has been discussed controversially. Optical measure-
ments on ZnS~Refs. 5 and 6! have been interpreted in terms
of an indirect semiconductor in accordance with recent theo-
retical results.13 The increased conductivity has been attrib-
uted to a high defect concentration.

A theoretical study56 on ZnSe implied that, also in this
compound, a transition into an indirect semiconductor oc-
curs. Optical measurements,55,57 however, and in particular
most recent high-pressure conductivity experiments7 strongly

favor the occurrence of a metallic state in the high-pressure
NaCl phase of ZnSe. Such a metallic state is expected to
clearly show up in Mo¨ssbauer effect measurements by a con-
siderably increased selectron densityr(0) at the 67Zn
nucleus. Zn metal and brass alloys, for example, exhibit iso-
mer shifts which are—relative to ZnSe—about 50mm/s
more positive. Unfortunately, we have not been able to reach
the phase transition in Mo¨ssbauer experiments.

Our experimental and theoretical results on ZnO, how-
ever, prove this compound to behave quite differently from
ZnSe: in the NaCl phaser(0) is drasticallyreduced. Al-
though conductivity measurements on ZnO are still missing,
the low value forr(0) suggests that ZnO remains nonmetal-
lic. This is in accordance with a band gap of 1.36 eV ob-
tained by a HF calculation.18 Our theoretical LAPW calcula-
tions give an indirect gap of only 0.9 eV. However, it is well
known that gaps in the local-density approximation are un-
derestimated by about 50%. Therefore, also the LAPW cal-
culations favor a nonmetallic state for ZnO in the NaCl
phase.

V. CONCLUSIONS

67Zn-Mössbauer spectroscopy at high external pressures
is a powerful tool to study lattice-dynamic effects as well as
hyperfine interactions. In ZnSe the LMF is strongly influ-
enced by soft modes which appear already much below the
crystallographic transition to the high-pressure NaCl struc-
ture. Also in ZnO soft modes play an important role. Here,
however, they affect much more the second-order Doppler
shift than the LMF. Our theoretical HF-cluster and LAPW
calculations prove that in ZnSe and ZnO covalent contribu-
tions to the chemical bond are essential. They determine the
EFG tensor in ZnO~wurtzite! as well as thes electron den-
sity r(0) at the67Zn nucleus in the different crystallographic
phases and the increase ofr(0) when the unit-cell volume is
reduced. ZnO~wurtzite! is highly unstable even against
small nonaxial lattice distortions. Such distortions which
might be too tiny to be detected by x-ray analysis or neutron
diffraction can clearly be discerned via the asymmetry pa-
rameter of the EFG tensor.
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