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The 11-VI semiconductors ZnO and ZnSe have been investigated by x-ra§’aneViossbauer spectroscopy
at high external pressures. In ZnSe, the recoilfree fradtiorcreases fronf=0.50% at ambient pressure to
1.19% at 6.1 GPa. It then decreased $00.92% 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 trétzifion
GPa. In the high-pressure phase of Zn@acCl structurg low-frequency acoustic-phonon modes become
harder and high-frequency optic modes become softer as compared tdvidn€@ite structurg 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 thelectron density(0) at the Zn nucleus between the different crystal-
lographic phases as well as the electric-field-gradient tensor in @n@zite). In particular,p(0) in ZnO
(NaCl phasgis reduced compared {@(0) in ZnO (wurtzite phasgby — 1.15e/a§. Thus, contrary to obser-
vation for ZnSe, the electrical conductivity in Zn@®@acCl phasgis notexpected to increase in comparison with
the low-pressure wurtzite structure.

[. INTRODUCTION crease ino is due to high concentration of defects. Recent
dc-conductivity studies in ZnSe,however, show that a
Thesp-bonded binary compounds of the groups Il and VI semiconductor-metal transition occurs. The same ambiguity
of the Periodic Table have been at the center of semicondugtill exists for the case of ZnTe. No high-pressure conductiv-
tor research during recent years. In particular, the applicatioity measurements were carried out in ZnO.
of II-VI semiconductors in optical devices has reached a high Structural properties and questions concerning crystal sta-
experimental level. For example, ZnSe is ideally sdited  bility, in particular transition pressures, have been discussed
fabrication of blue-light emitting diodes and quantum-well within several semiempirical modéls'? In addition, more
devices. But the final realization of those features in technirecently a number of theoreticab initio calculations has
cal applications is still curtailed by the lack of some impor- become available with emphasis on crystallographic phase
tant fundamental information pertaining to these materials. Itransitions>'* as well as on electronic structure concerned
requires further elucidation and deeper knowledge of thevith hyperfine interactions in the solid stdfel® However,
electronic and lattice properties. It is the purpose of this workexperimental microscopic data on electronic structure at high
to provide further understanding of these semiconductors bpressures are scarce. A unique probe for hyperfine interac-
probing some of their properties under high pressure. tion measurements is®’Zn-Mossbauer spectroscopy, a
At ambient pressure most of the chalcogenides crystallizenethod extremely sensitive to changes in theelectron
in either the hexagonal wurtzite or the cubic zinc-blendedensity'®'°therefore to the valence state of Zn, and to lattice
structure or both. Common to all structures is the tetrahedralynamics via the recoil free fractioh (Lamb-Massbauer
coordination of Zn by four anions and vice versa, is g factor).
covalent bonding. At high pressures ZnO, ZnS, ZnSe, and In this paper we report on experimental and theoretical
possibly ZnTe, undergo a crystallographic phase transitioinvestigations of ZnO and ZnSe at high external pressures.
into the sixfold-coordinated NaCl structufe® This is ac- We describe results obtained from high-pressuressbauer
companied by pronounced changes in their electronic feaspectroscopy and x-ray diffraction. To reach deeper insight
tures such as a drastic increase in the electrical conductivitinto the electronic structure of both compounds we have per-
0.2 The mechanism responsible for this latter phenomenofiormedab initio Hartree-FockHF) cluster as well as scalar-
where o increases by seven orders of magnitude has beerelativistic linearized-augmented plane-wat&\PW) calcu-
clarified for ZnSe only lately. On the basis of earlier opticallations. In addition for ZnSe, we combine our
measurements in ZrtS, it was suggested that this large in- 6’Zn-Mossbauer study with lattice-dynamic calculations us-
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despite the large sample volume. The main disadvantage,

Ta- RING
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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
8.0 - ANIL starting the actual high-pressure experiment. In addition,
— (a) with the zinc chalcogenides we found a drastic volume col-
lapse of typically 15% at the crystallographic phase transi-
tion (see Sec. I)l. This made it impossible to use gasket type
| for pressures above 9 GPa. Gasket typgFig. 1(b)] rem-
ABSORBER WITH PRESSURE edies these problems. Here the main disadvantages are the
TRANSMITTING MEDIUM B.C-ANVIL  SUPPORTING RING smaller absorber thickness, the less effective collimation of
the 93.31-keVy 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 by®’Zn-Madssbauer spectroscogsee Sec. V.
As described in more detail in Refs. 20 and 21, the pressure
is applied to the sample at room temperature by means of a
5 mm SANDWICH CASKET exrrusion e (b) hydraulic press. Thereafter the clamp is cooleq to cryogenic
temperatures to perform the sbauer experiments. The
force is stored in five steel springs inside the clamp. The
FIG. 1. Two types of sandwich gaskets) type I, (b) type Il,  springs also compensate for the differences in thermal expan-
used in the high-pressure cells for &bauer experiments. sion between the clamp and the components of the high-
pressure cell when cooling to cryogenic temperatures. For
ing an 11-parameter rigid-ion model to reveal the softeningpressure changes the device has to be warmed up to room
of phonon modes preceding the crystallographic phase tranemperature. In all our®’Zn-Mossbauer experiments the
sition. pressure at the absorber was determimesitu at cryogenic
temperatures by a lead strip acting as a pressure dadge.
Il. EXPERIMENTAL DETAILS This lead manometer is indicated in Figa), only. Despite
the large dimensions of the samples, the pressure gradients
across the samples as estimated from the superconducting
The high-pressure, low-temperature $8bauer spectrom- transitions of the lead manometer were smaller than 10% at a
eter for the 93.31-keV resonance§fzn is based on designs pressure of=10 GPa.
described earlie?®? The pressure is applied to the absorber A piezoelectric quartz drive which moves the source, is
(57ZnO powder or®’znSe powder by two symmetrical an- mounted directly on top of the pressure clamp to avoid un-
vils made from sintered BC inside a CuBe high-pressure wanted vibrational motions between source and absorber
clamp. The dimensions of the absorber are large, 4 mm imvhich would cause spectral distortions. The whole system is
diameter and 2 mm in height, to ensure satisfying count rategooled to liquid-helium temperatures in a metal cryostat to
in the 93.31-keV window. The enrichment if¥Zzn was perform the®”Zn-Méssbauer experiments. Doppler velocities
~90% for 7Zn0O and 6ZnSe with corresponding absorber were calibrated using the known quadrupole interactions in
thicknesses of 590 mg/ci(ZnO) and 300 mg/crh (ZnSe  ©°ZnO (Ref. 25 and ®Zn metaf® at ambient pressure and
of 87Zn, respectively. For the highest pressure on ZnO thdiquid-helium temperature. Further details on the spectrom-
height was reduced to 1.2 mm, the corresponding absorb@ter are given in Refs. 19-21.
thickness was only 310 mg/cvof 67Zn. Quasihydrostatic As Mossbauer sources we employédGaznO single
conditions were obtained by adding a mixture of methanokrystals. They were squares of 6 M mm and of 1 mm
ethanol in the ratio 4:32 The relatively large dimensions of thickness, thec axis being perpendicular to the faces. The
the absorber required the use of sandwich gaskatte have  ®’Ga (half-life of T;,=78 h activity was producedn situ
employed two different types which are shown in Fig. 1. Theby 28-MeV proton bombardment at the cyclotron KAZ of
main feature of both types is a sandwich gasket of pyrophylthe Forschungszentrum Karlsruhe. After annealing the crys-
lite and tantalum disks acting also as a collimator for thetals at 700 °% they were used in our spectrometer with the
93.31-keVy radiation. For the ZnO and ZnSe absorbers withc axis being parallel tk,,, the direction of observation of
2 mm in height we used five pyrophyllite and four tantalumthe y rays.
disks[Fig. 1(a)], for the ZnO absorber of 1.2 mm the corre- The y rays were detected by an intrinsic Ge diode of 10
sponding numbers were three and two, respectif€lg. = mm thickness and 40 mm diameter coupled to fast nuclear
1(b)]. The main advantages of typéRig. 1(a)] are the large pulse amplifierg’ Typical signal-to-background ratios of
amount of absorber material and the fact that the gasket iS/(S+B)~0.75 were obtained at count rates up to 110 000
well embedded into the supporting rings and highly stables ! in the 93.31-keV window. The data pulses were col-

N e e however, is the rather small separation between the upper
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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 circtft.

T

B. X-ray diffractometer for high pressures and low

temperatures io 0.85 . . —

. . . 3 Py A ‘ pt E

We used an angular dispersive x-ray diffractometer of the = 0.80 T v Py b

Guinier type which includes a liquid-helium cryosfat? L AV/VA15%

Due to the small sample size, high-pressure cells wiC B 0.75 ey F

anvils are sufficient up to pressures-efL3 GPa. The design 0.70 1 NaCl Strm g

is very similar to that of the cells for the \sbauer mea- i =
surements described above, except for the pressure determi- 0 5 10 15 20

nation. In addition to ZnO or ZnSe powder the sample vol- P (GPa)

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 1'00': : s, Yurtzite structure
known equations of state of Na(Ref. 31) or CsCI?2 ] x . . _

For pressures above 13 GPa we employed a diamond- 0957 7Zn0 . - C
anvil cell as described in more detail in Ref. 33. Pressure o ] Z I ;
determination was accomplished by the ruby fluorescence i 0.901 P; A : -
metho_d in connection with the calibration of the ruby lines = ] ; AV/Va17% V Pi
given in Ref. 34. 0.85- ; : r

To ensure sufficient transmission through the anvils we ] - 3
usedKa; x rays of Mo. They were detected by a position 0.804 5w eea-ga,
sensitive proportional counter. For further details see Refs. = NaCl structure

T T T T T T T T T L T
29 and 30. 0 2 4 6 8 10
lll. RESULTS P (GPa)

A. X-ray-diffraction measurements

Figure 2 displays the pressure dependence of the unit-cell FIG. 2. Pressure dependence of the unit-cell volume for ZnSe
volume for ZnSe and ZnO at room temperature. At ambiengind ZnO at room temperature. The solid lines represent fits to the
pressure ZnSe and ZnO crystallize in cubic zinc-blendeirch-Murnaghan equation. The arrows indicate the large hysteresis
(sphaleritg¢ and hcp(wurtzite) structure, respectively. Both of thg_ transition when increasing and rele_asing pressure. At the
compounds exhibit a crystallographic phase transition to th&/ansition pressureR; ,Pz) half of the material has accomplished
NaCl structure at high pressures. This phase change in ZnBj1ase transition.
has been observed without adding material stabilizing the
rocksalt structuré® The solid lines in Fig. 2 represent least- B. MGssbauer measurements
squares fits using the Birch-Murnaghan equatiofable |
summarizes our results for the lattice constants, transition
pressures, bulk moduli, and volume changes when extrapo- Figure 3 displays Mssbauer absorption spectra recorded
lating the NaCl phase to ambient pressure. Results on Zn& 4.2 K and three different pressures. The doublet with in-
(Ref. 5 are also included. The phase transition in ZnTe atensity ratio of 2:1 reflects the splitting in th&GaznO
~9.5 GPa is more compléand will not be considered source(see Sec. Il A Due to its(cubic zinc-blende struc-
further in this paper. The hysteresis of the transition is verytyre, ZnSe exhibits a single absorption line only. The sepa-
pronounced in all three systems as can be seen from the larggtion of the doublet and the intensity ratio were fixed to
differences of transition pressures with increasifg)(and  their well-known valueg4.785 um/s and 2:1, respectively
decreasing R’#) pressure. The volume change at the transiof a 8’GaznO source&® For the least-squares fits shown in
tion is typically 15%. The bulk modulB, are considerably Fig. 3, we have chosen as free parameters the position of the
enhanced in the NaCl structure as compared to the ambietihe with larger intensity, the total absorption arkdeneath
pressure phase. At the transition pressures indicated by thRe Lorentzian doublet, a common linewidth(full width at
vertical lines P},P4) in Fig. 2 half of the materialas de-  half maximum, FWHM, and the transmission far outside the
termined from the corresponding x-ray pattgrhas accom- resonance. Table Il lists the results of the fits.
plished the phase transition. In two ca$gsSe at~13 GPa Although the statistical errors in the spectra are relatively
and ZnO at~2 GPa the coexistence of both structures large, the base line at large velocities, the area, and the po-
could be followed over a rather extended pressure range. sition can be determined reasonably well. The area increases

For ZnSe we performed, in addition, x-ray measurementst first with pressure, but decreases again at 8.2 GPa. The
at 8.8 GPa and at temperatures of 79.8 and 13.5 K. No crygosition of the absorption doublet increases only slightly
tallographic transition was observed yet under these condirom 61.148) wm/s at ambient pressure to 6@&p um/s at
tions (see Sec. IV A 8.2 GPa. All changes with pressure are completely revers-

1. ZnSe
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TABLE |. 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 voluRjrere given per formula unit. The value
for By was fixed to 4.0 for all compound®] and P4 are the transition pressures when increasingédnd

decreasing [) pressure.

ZnO ZnsS ZnSe
Structure Wurtzite Sphalerite Sphalerite
ag (A) 3.24966) 5.41313) 5.6674)
co (A) 5.204220)
Vo (A3) 23.79611) 39.6530) 45.50432)
B, (GPa 1837) 75.02.0 69.31.1)
By 4 (fix) 4 (fix) 4 (fix)

High-pressure phasgndex H:
Structure NacCl NacCl NacCl
a; (A) 4.2712) 5.06015) 5.29212)
Vo (A3 19.48411) 32.3830) 37.05@22)
Boy (GPa 228(7) 104(6) 104(6)
Bou 4 (fix) 4 (fix) 4 (fix)
1-Vou Vo 0.181310) 0.18310) 0.1865)
Parameters at the transition pressBfewhen increasing pressure:
Pl (GPa 8.7(5) 14.77) 13.05)
V(PHIV, 0.9573) 0.864 0.8684)
Vy(PD/Vou 0.9652) 0.893 0.90%5)
1-Vy(PHIV(P]) 0.1753) 0.156 0.15%)
PT-[V(PH—=V4(PDH] (eV) 0.221) 0.49 0.493)
Parameters at the transition pressBfewhen decreasing pressure:

PL (GPa 2.0(5) ~10 9.55)
V(PH)/V, 0.9893) 0.898 0.8965)
Vi(PH/Vou 0.991(2) 0.921 0.92%)
1-Vy(PH/IV(PL) 0.1803) 0.162 0.1597)
P, [V(PH)—Vu(PH] (V) 0.05313) 0.36 0.393)

ible. The pressure of transition to the NaCl phape=(3.5

first one which is centered &:~0 um/s is similar to the

GPa in ZnSe could only be reached in x-ray measurementsspectrum recorded at 1.2 GPa. The second pattern which has
Due to technical limitations we could only attain 8.2 GPa ina center shiftSc~—21 um/s exhibits a broad unresolved
absorption dip together with a sharper doublet also centered
at Sc~—21 um/s. At still higher pressure®.0 GPa, Fig. 4
bottom only the second pattern remains, which according to
) our x-ray datasee Sec. Il A has to be attributed to ZnO in
Figure 4 shows Mssbauer absorption spectra obtained athe NaCl structure. The spectrum labeled 4.4 GPa indicates a
4.2 K and four different pressures. The five-line patterns at (artial transformation of ZnO from the hd¢purtzite) to the

our Mossbauer high-pressure cell.

2.7Zn0

and 1.2 GPa reflect the quadrupole interaction in the hcgubic (NaCl) structure.

(wurtzite) source (doublet with intensity ratio of 2:1, see

Secs. I A and 11l B 2 and in the ZnO powder absorb@ilso

All spectra of Fig. 4 exhibit line broadening. The data are
better described by Gaussian than by Lorentzian line profiles.

wurtzite structurg the latter giving rise to three transitiofts. The five-line patterns were fitted by a superposition of three

The broken lines in the spectrum at ambient presgkig 4,

Gaussian doubletsee Fig. 4, top Table Il summarizes the

top) indicate the superposition of three source doublets reresults for ZnO(wurtzite structurgand also lists the values
sulting in a five-line pattern with relative intensities of for Sc, the quadrupole coupling frequendy=eQV,,/h,

1:2:1:3:2 in the order of increasing Doppler velocities. Theand the asymmetry parametgiof the electric- field-gradient
spectrum at 1.2 GPa shows considerable additional lineEFG) tensor.

broadening and a drastic increase of the asymmetry param- The large hysteresis of the phase transition first seen in
eter of the electric-field-gradient tenstsee Sec. IY. The the x-ray measurements was fully corroborated by thadvo
spectrum labeled 4.4 GPa was recorded after first increasingauer experiments. For example, the spectrum at 4.4 GPa in
pressure to 7.8 GPa and then releasing it to 4.4 GPa. WEig. 4 was recorded after releasing the pressure from 7.8
observe a superposition of two quite different patterns: th&GPa. Only below~2 GPa the NaCl phase was completely
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FIG. 3. Mossbauer absorption spectra®ZnSe recorded at 4.2
K and three different pressures. Souré&GaznO. Note the re-
stricted range of Doppler velocities.

transformed back to the wurtzite structure.
The Lamb-M®sbauer factorf (LMF) can be derived
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culated from f¥?t and together with the total absorber
thickness the effective thickness of the remaining part of the
sample which already has been transformed to the NacCl
structure can be derived. Using this procedure we obtain for
the pressure dependence of the LMF of the NaCl phase

fNaCl=1(2.38+0.69 + (0.15+0.12) - P]%. 2

The spectrum obtained at 9.0 GPsee 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.

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 1lI
also include an effective Debye temperatudg, derived
from f assuming a Debye-type phonon frequency distribu-
tion. The LMF slightly increases with pressure. From Table
Il we get

fwurtzite:[2_0+(0_046t0_01@.P]%7 (1)

where P is in GPa. The LMF is normalized to
fwurtzitt— 2 00 (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 Eql) 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-

TABLE |l. Results of the least-squares fits of the $sbauer
spectra of®’ZnSe at various pressursand corresponding volume
compressions AV/Vy=1-V/V,). Pos: position of the line with
larger intensity;I": linewidth (FWHM); A: total absorption area
beneath the Lorentzian doublet. The Lambddoauer factor f()
and the corresponding Debye temperatug ) are also given.

P (GPa 0.0 3.31) 6.12) 8.23)
AVIV, (%) 0.0 43012  7.3019  9.2726)
Pos um/9  61.148) 62.13) 62.78) 63.65)
T (um/9 1.42) 3.07) 9(2) 5(1)
A (Y%oum/s 0.102)  0.183) 0.364) 0.183)
f (%) 0.506) 07912 119200  0.9216)
0p (K) 22905) 2508) 274(10) 2599)

Transmission (%)

w1 1 T 1T 1T 17 1T I T TW

——
-40

—
-20

Velocity (um/s)

FIG. 4. Mdssbauer absorption spectra@ZnO recorded at 4.2
K and four different pressures. Sourc®GazZnO. Note the re-
stricted range of Doppler velocities.
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TABLE IlIl. Summary of measured Mssbauer parameters of Zn@urtzite) at different pressureB and corresponding volume com-
pressionaAV/V,. Pog : position of the line with larger intensity of doubliefi=1,2,3);T; : linewidth (FWHM) andA{e': relative intensity
of doubleti; S¢: center shift relative t¢’GaznO sourcefq: quadrupole frequencyy: asymmetry parametef; Lamb-Massbauer factor;
Op: effective Debye temperature deduced frém

P (GPa 0 0.712) 1.2(2) 2.32) 3.53) 5.33) 6.4(3) 7.2(4)
AVIV, (%) 0 0.3810) 0.6410) 1.2210) 1.8410) 2.70(10) 3.2214) 3.5919)
Pos, (um/s  —9522) —9.926) —10.0§9 —10.62) ~10.42) -10.94) -10.98) —11.%4)
Pos, (um/9  —0.1269) —0.222) -0.222) —0.254) -0.183) —0.094) 0.325) 0.31(5)
Pos; (um/s 5.032) 5.44(5) 5.866) 6.2(2) 7.12) 7.602) 7.703) 8.12)
Ty (um/s 2.125) 3.21) 3.802) 5.0(6) 7.77) 10(1) 13(2) 8(1)
T, (um/s 1.052) 1.3004) 1.505) 1.8(2) 2.097) 2.51) 1.8(1) 2.3(1)
I3 (um/s 2.195) 2.899) 3.3(1) 4.43) 5.903) 6.3(4) 7.109) 5.1(4)
A 0.3275) 0.3158) 0.3219) 0.292) 0.271) 0.282) 0.293) 0.242)
Are! 0.2905) 0.2958) 0.2909) 0.332) 0.291) 0.302) 0.273) 0.342)
A 0.3816) 0.3909) 0.391) 0.392) 0.431) 0.421) 0.4503) 0.432)
S (um/s) 0.05(1) 0.032) 0.124) 0.1(1) 0.369) 0.4(1) 0.7(3) 0.6(1)
fo (MH2) 2.3935) 2.491) 2.552) 2.705) 2.71(5) 2.869) 2.9319) 3.008)
" 0.2849) 0.371) 0.452) 0.464) 0.593) 0.595) 0.5310) 0.545)
f (%) 2.00 2.0712) 2.21(12) 2.0714) 2.1610) 2.2211)

0p (K) 310 3135) 3195) 3135) 316(4) 3194)

Table IV summarizes the Msbauer parameters for ZnO published so far which describe pressure-dependent lattice-

(NaCl structurepat various pressures. dynamic effects. For zinc chalcogenides the model of Talwar
Similar to the ZnSe system, the center shits of both et al®° is available which provides the pressure dependence

phases of ZnO change only slightly with pressig®ee Tables of force constants for ZnS, ZnSe, and ZnTe. It iggd-ion

Il and 1V). All changes of EFGSc, and LMF are revers- modelwith 11 independent parameteiRIM11).

ible, i.e., these parameters resume their original values after Rjgid-ion models describe the interaction between two

decompression to ambient pressure. ions in the crystal by two contributions: a short-range inter-

action between nearest neighboifdN) and next-nearest
C. Lattice-dynamic calculations neighbors(NNN) due to the covalent bonding and repulsive

In a recent publicatioli we have applied various lattice- Overlap forces and a long-range interaction due to the Cou-
dynamic models to calculate the Lamb-Mauer factors lomb forces between the ions. For the Coulomb interaction

(LMF) and second-order Doppler shiftSOD) for metallic ~ the ions are assumed to be point charges with no internal
as well as ionic zinc systems. Only few models have beestructure, i.e., rigid ions.

TABLE IV. Summary of Massbauer parameters of Zn@aCl) at different pressureB and correspond-
ing volume reductiondV/V,. 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 typeel Sec. )l 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 ekt H2,
respectiverA'r41 gives the area of the sharp doublet relative to the total “cubic” subspectrum. The center
shiftssgl andS.? are relative td®’ZnO (wurtzite) at ambient pressure. All other abbreviations as in Table II1.

P (GP3 4.43) 5.4(3) 5.51.0) 7.88) 8914  9.020 9717
AVIV, (%)  1.8412) 224120 22815  3.1615 3.5714)  3.6018  3.8419)
M (umly 1.503) 1.32) 2.04) 1.22) 1.6(8) 2.1(9) 2.0(5)
M2 (um/y  12.99) 11.46) 26(2) 13.97) 15(3) 18(1) 16(2)
Pod't (um/s —20.4279) —21.189) -21.21) -22307) -22.73) —22.93) —22.92
Pos'2 (um/s —21.03) —21.82) —20.88) —23.43) —241) -2354) —23.36)
Al 0.133) 0.092) 0.143) 0.092) 0.148) 0.074) 0.175)
S (umiy —18.839) -10.599) —19.6X14) —20.717) —21.1529) —21.2830) —21.3615
S (umiy  —1943 -2022) —19.28) —21.89) —22(1) -21.94) —21.76)

f (%) 3.0525  3.1922 3.5631)

0p (K) 3488) 3627) 364(9)
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TABLE V. Pressurdvolume dependence of center sh8t , second-order Doppler shigopand isomer
shift Sin 87ZnSe. All values are given relative f§ZnSe at ambient pressure.

P (GPa 3.3(1) 6.102) 8.2(3)
1—V/IVy=AVIVy(%) 4.3012) 7.3019) 9.27(26)
ASc (umly 0.93) 1.6(8) 245
ASsop(RIM11) (um/9) —-2.56 —4.54 -5.92
ASsop(Debye) @m/s) —4.921) —-10.526) —7.021)
AS(RIM11)=ASc— ASsox(RIM11) (rem/s) 3.503) 6.1(8) 8.3(5)
AS(Debye)= ASc— ASgop(Debye) (wm/s) 5.8121) 12.026) 10.7121)

The parameters of RIM11 were adjusted to fit the Ramartaken into account. A major drawback, however, is that the
data for ZnSe at ambient pressure and at 13.7 GPa. A lineatuster which can be handled in this way, in rather small,
dependence of the model parameters was assumed for théhough the rapid advance of computer technology will rem-

pressure range in betweéh. edy this problem.
Unfortunately, there is no model available which de- We have extended thab initio HF calculations described

scribes the pressure dependence of force constants for zn®, Ref. 16 to ZnSesphalerite structujeand ZnO(YOCkS(SEjlt
To calculate the SOD of ZnO at ambient pressure we havétructure under external pressure. The clustéZnSe,)

at amb o , .
used the model of Ref. 41, which is tailored to the hexagonafnd(ZnOg) =~ were used. The HF calculations were carried

(wurtzite) structure and allows us to take anisotropic effectsOUt émploying contracted Gaussian-type functions. The basis
into account® sets used for zinc and the ligands were optimized for the

Concerning the numerical procedure, in a first step, th@eutral gtoms as described in de'gail in Ref. 16. Table VI
force constants are calculated from the model parameterSUmmarizes our results for ZnSe with reduced volume of the

Then the dynamical matrix is calculated and the resultingMit cell. We applied a scaling fact@'(Z)=1.40 to take
eigenvalue problem solved at each point of a depseesh relativistic effects into accountf. The totals electron density

67 : -
in the irreducible Brillouin zon&2 For both zinc chalco- 2(0) atthe>’Zn nucleus increases when the unit-cell volume

genides we chose@mesh with 3680 points which we found of ZnSe is reduced. This increase is mainly due to the

to be sufficient to obtain good numerical accuracy and conZN(4s) electron contribution and reflects the increase of co-

vergence. Further details are described in Ref. 38. valency with pressure. The contributions of the 2s, and
For the LMF of ZnSe at ambient pressure the RIM113S Shell nearly compensate each otkeze Sec. IV B P
gives f=0.420% which is in good agreement with the ex- Ta_ble VIl gives the results of the HF calculations for
perimental value of = (0.50:+ 0.06)%(see Table ). When ~ P(0) in ZnO(NaCl structurg Contrary to the case of ZnSe,
pressure is increased the RIM11 predicts a continuous ddl€ inner core gives a sizable negative contribution which
crease of the LMF, in disagreement with experiment. Thiscounteracts the positive contribution of the dectrons. This
discrepancy will be discussed in Sec. IV B. different behavior of ZnQrocksalt structureunder pressure
The pressurévolume dependences of the experimentally &N also be noticed from Tabl_e VI_II which compares the
observed center shifs., the calculated second-order Dop- changes of the g electron density with the tota electron
pler shift Ssop, and of the isomer shifS=Se—Seop in  deNSity at the®’Zn nucleus in the zinc chalcogenidésee
67ZnSe are summarized in Table V. It also includes the>€C: [V B 2.

o ; 67
changes of the shifts which were obtained when the Debye 1he electric-field-gradient(EFG) tensor at the *'Zn
model was used to calculaBqp. nucleus in ZnO(wurtzite) at ambient pressure has been cal-

culated earlié® by the HF technique. The EFG tensor de-
pends very sensitively on the oxygen parametésee Sec.
D. Hartree-Fock cluster calculations IV B 2). Unfortunately, the pressure dependence é$ not
known. For this reason a calculation of the EFG tensor with

The all-electron Hartree-FoadldF) cluster procedure has .
okiF) P reduced unit-cell volume was not performed.

been applied to the study &fZn isomer shifts at ambient
pressure in a wide range of ionic compounds including TABLE VI. Results of our HF calculations: Contribution of the
ZnF, and all zinc chalcogenidé&* In this method, the 1s, 2s, 3s, and 4 orbitals to the totak electron density(0) at
solid-state system is simulated by a finite number of ionghe ¢’zn nucleus in®’ZnSe(sphalerit¢ when the unit-cell volume is
(clustep, with the ion whose properties are being studied, inreduced by 0, 3, and 1094 p(0) is the change of tota electron
this case the zinc ion, at the center. The influence of the restensity relative tg(0) in ®“ZnSe at ambient pressure.

of the lattice is incorporated by including in the HF potential

for the electrons in the cluster, the potential due to the ions ®7znse

outside the cluster, considering their influence to be del—V/Vo=AV/V, (%) 0 3 10
scribed as that due to point charges. Thus the Madelung p@&n(1s): (e/aj) 2256258 22562.57 22562.53
tential of the infinite solid has been included by embeddingzn(2s): (e/a3) 2294.88 2 294.87 2 294.87
the cluster in an array of point charges with the same symzn(3s): (e/aj) 328.68 328.69 328.75
metry as the crystal. The HF cluster procedure includes cozn(4s): (e/aj) 5.28 5.46 5.88
valency effects in a first-principles manr&rThe core was Ap(0) (e/ad) 0 0.17 0.61

not frozen, i.e., all electrons inside the cluster have been
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TABLE VII. Results of our HF calculations: Contributions of IV. DISCUSSION
the 1s, 2s, 3s, and 4 orbitals to the totals electron density
p(0) at the ®7Zn nucleus in®"Zn0O (NaCl structurg Under com-
pression of AV/V,=4.8% thes electron density increases by = The volume change-1Vyy/V, at the phase transition is

A. Crystallographic phase transitions in Zn chalcogenides

Ap(0)=0.1Ce/a3. found to be the same~(18.3% for the three systems ZnO,
ZnS, and ZnSe when extrapolating the parameters of the
1-VIVy=AVIV, (%) 0 4.8 high-pressure phase to ambient pressisee Table | and
Zn(1s): (e/ad) 22562.71 22 562.69 Sec. Il)). At this drastic volume collapse the nearest-neighbor
Zn(2s): (e/a)d) 2204.78 2294.78 (NN) distance increases by 8%, the next-nearest-neighbor
Zn(3s): (e/ad) 328.08 328.05 (NNN) distance, however, decreases+%.5% and the co-
Zn(4s): (elad) 3.15 330 orc_imatlon number is ch_a_nge_d from four to six. The hyster_-
Ap(0) (e/ad) 0 0.10 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

E. LAPW band-structure calculations phase and pressure gradients are smaller than 10% even at
Our band-structure calculations employ the full-potentialC’YOgenic temperaturesee Sec. )i non-hydrostatic pres-

linearized-augmented plane-wateAPW) method based on SUT® conditions are responsible only to a minor extent for the
density-functional theor*~*The crystallographic structure large hysteresis observed. It appears that the large hysteresis

) . . . L _is rather an intrinsic property of zinc chalcogenides.
is required as experimental input. A fully relativistic descrip- 14 gescribe the phase transitions several semiempirical

tion for the core states, but a scalar-relativistic descriptionmggels have been us8d®*349Such models emphasize the
neglecting spin-orbit coupling, for the valence states is usetgoncepts of ionicity and bond length. Only recently has it
Exchange and correlation is taken into account within theheen possible to performb initio-type calculations on ZnO
local-density approximation, where the exchange potential iswurtzite structurg*®>** We have carried out scalar-
determined by the electron density in the crystal. This denrelativistic (spin-orbit coupling is neglectedlinearized-
sity is calculated self-consistently. The electric-field-gradientaugmented plane-wau&APW) calculation§ for this com-
(EFG tensor is derived directly from the charge density inpound. Table IX compares relevant experimental results with
an ab initio procedure. the present LAPW calculations and other theoretical models
We employ a well converged basis usiRg,K n=8.5,  from literature. For ZnO almost quantitative agreement be-
where R,,,; denotes the smallest atomic sphere radius anéveen experiment and theoretical LAPW calculations is
Kmax gives the magnitude of the largetst vector in the achieved, but also thab initio Hartree-Fock calculation™*
plane-wave expansion. We treat the ®, 2p and the zn and semiempirical calculatioh®’ obtained very accurate re-
3d’ 4s, 4p orbitals as valence states and all |ower_|ying sults, although the transition pressure varies Significantly be-
states as core. To improve upon the linearization localween the theoretical models.
orbitalg’ for O 2s and Zn 3 states were added to the stan- §
dard LAPW basis. In contrast to TiQ where the Ti B. Mossbauer effect measurements
states were found to contribute significantly to the EE@e Due to the high sensitivity of théZn resonance even to
localized and deep-lying Zn8states have a negligible ef- small changes of hyperfine interactidhshe linewidth in
fect on the EFG. Self-consistency was reached using eight’Zn Massbauer experiments is strongly affected by distri-
specialk points. butions of isomer shifts and/or electric-field gradients. Such
We have used this method to calculate electron densitiedistributions of hyperfine interactions may arise from pres-
at the %7Zn nucleus in ZnQwurtzite and rocksalt structures sure gradients across the sample. Although pressure gradi-
for several volumes. In the wurtzite structure for each vol-ents were found to be smaller than 10% in our experiments
ume thec/a ratio as well as the oxygen parametewere (see Sec. )lthey are a major cause of the line broadening
optimized by minimization of the total energy. observed. In addition, close to the phase transitions the
Also our LAPW calculations show that the EFG tensor inphases may be ill-defined crystallographically resulting again
ZnO (wurtzite) strongly depends on the oxygen parameterin distributions of hyperfine interactions. Such a situation
u. Details will be discussed in Sec. IV B 2. Since the pres-exists, for example, in ZnO at 9.0 GRsee Fig. 4 bottom,
sure dependence afis not known, a detailed calculation of Sec. Il B 2 where in addition to a sharp doublet a broad
the EFG in ZnO(wurtzite) cannot be carried out. unresolved peak at the same center sBtis observed.
However, since the energy resolution of th&n resonance

TABLE VIII. Results of our HF calculations: Volume depen- is very .hi.gh, line br.oad.ening qsually is not a problfam when
dence of the 4 electron densityA p*3(0)/(AV/V,) and of the total determining hyperfl_ne interactions. Also the LMF is hardly
s electron density at th&7zn nucleus in ZnQNaCl structurgand  affected, because it depends on the tatisda beneath the
ZnS, ZnSe, and ZnTeall sphalerite structuje Ap*s(0) and absorption spectrum. For these reasons the pressure depen-
Ap(0) are given in units oé/ag. dencies of linewidths will not be discussed further in this
paper.

Zn0O ZnS ZnSe  ZnTe
Zn(4s): Ap*(0)/(AVIV,) -31 -56 -60 -—57
Total: Ap(0)/(AV/V,) -21 -56 -61 -62 ZnSe Tables Il and V summarize our results for ZnSe.
Figure 5 depicts the pressufeolume dependence of the

1. Lamb-Mcssbauer factor




LATTICE DYNAMICS AND HYPERFINE INTERACTIONS N.. ..

11433

TABLE IX. Experimental structural parameters compared to results of theoretical calculations for zinc
chalcogenidesBg, Bg: bulk modulus and its pressure dependence of the ambient-pressure Bpase;
Boy bulk modulus and its pressure dependence of the high-pressure phaseygen parameterP;:
transition pressureAV/V: relative volume difference between the two phases extrapolated to ambient
pressureAE,: difference in cohesion energy between the two phases.

Zn0O ZnS ZnSe
Ambient-pressure phase:
B, (GPa Expt. 1837) 75.02.0) 2 69.31.1)
Theor. 172, 154.4°, 1604 69°, 75.9¢ 53b
Bg Expt. 4 (fix) 4 (fix) 4 (fix)
Theor. 3.6, 4.49 4.7¢
col/ag Expt. 1.60187)
Theor. 1.59%, 1.6049
d(c/a)/dp (GPa™?) Expt. —0.00073)
Theor. —0.0005°
u Expt. 0.38191) f
Theor. 0.3856, 0.381¢
High-pressure phase:
Boy (GPa Expt. 2287) 104(6) 2 104(6)
Theor. 204, 203.3¢, 205¢ 80", 83.1° 62"
Boy Expt. 4 (fix) 4 (fix) 4 (fix)
Theor. 3.6°, 4.88¢ 10.0°
P; (GP3 Expt. 2.0-8.7 10.0-14% 9.5-13.0
Theor. 3.6°, 8.57¢, 14.5¢ 4.7° 16.1° 4.4
AVIVy (%) Expt. 18.1310) 18.31.0 2 18.65)
Theor. 19.4%, 17.9¢
AEq (meV) Expt. 53-225 390-490
Theor. 247, 1609

%Reference 5.

bReference 8.

‘Reference 14.

dLAPW calculation of this work.
®Reference 13.

fReference 58.

LMF. When the unit-cell volume is reduced, the LMF first strongly increases with reduced volume. The contribution of
increases fromf=(0.50+0.06)% at ambient pressure to the NN interaction to the frequency of the TA modes re-
f=(1.19£0.20)% at 6.1 GPa. Increasing the pressure furmains virtually unaffected, since in these modes less stretch-
ther, a nearly linear increase of the LMFfte-1.25% at 8.2 ing of the NN bonds occurs. The contribution of the NNN
GPa is to be expected. Such a linear dependence has beeteraction, howeverdecreasesfor all modes due to in-
found, e.g., for brass alloys.In ZnSe, however, the LMF creased screening of the Coulomb force between the zinc
drops again tof =(0.92+0.16)% at 8.2 GPa, although the ions by the bonding electrons when the volume is dimin-
crystallographic phase transitior-(L3 GPa has not yet been ished. Thus, the total effect is a reduction of the frequencies
reached. This behavior can be compared to the predictions of the TA modes.
an 11-parameter lattice-dynamic modIM11).3° The crystallographic phase transition occurs when bond-
According to RIM11, in general the frequencies of mosting electrons have screened the repulsive NNN interaction to
phonon modesncreasewhen the unit cell is compressed. such an extent that the attractive NN interaction cannot be
This is mainly due to the strong increase of the repulsivecompensated anymore. A similar situation has been found
component of the ion-ion interaction when the ion separatiorior GaAs>® where the softening of the TA mode is followed
is diminished. In some compounds, e.g., in zinc chalcoby a phase transition into an orthorhombic structure. As seen
genides, however, certain frequencies sreuced In 11-VI in Fig. 5, the LMF at ambient pressure is well reproduced by
systems with zinc-blende structure this is the case for th&®&IM11. This is not true for higher pressures. The model
transverse acoustid@A) modes. This mode softening is not predicts a continuous decrease. A linear pressure dependence
caused by the NN interaction but is due to the decrease aff the model parameters between ambient pressure at 13.7
NNN interaction with reduced volunf&.In fact, the contri- GPa might be too crude an approximation. Still, RIM11
bution of the NN interaction to the LA and optical modes gives a hint in which way the crystallographic phase transi-
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FIG. 6. Pressure dependence of the LMF’s for both phases of

FIG. 5. Pressure dependence of the LMF §&nSe;O: experi- ~ ©'ZnO.  The straight;ﬂlirgs fits give: f*=[2.0+(0.046
mental values; — — — prediction of a lattice-dynamic model =0.016)}P]% and f™**=[(2.38+0.69)+(0.15+0.12)- P]%,
(RIM11). with P in GPa.

tion is reflected in the phonon modes much below the tranym/s, from the more advanced models we obtain

sition. For the description of the experimental LMF data,

Scon(RIM11)=(25%8) um/s between ZnQwurtzite) and

hOWGVEr, more detailed information on the pressure depeanSe_ The rather |arge uncertainiyg ,LLm/S which covers

dence of the model parameters is required. Experimentallysg the result of the Debye model is an estimate of possible

the pressure range in Msbauer measurements has to besystematic errors originating from insufficiencies within the
increased to cover the regime of the phase transition. force-constant modefs:42

ZnQO. For this compound we were able to cover the pres-

sure range of the crystallographic transitieee Tables ||

For the isomer shift at ambient pressure we obtain
S=Sc—Sgop=(62.7-25) um/s=(38+8) um/s. Using

and IV, Sec. Il). Figure 6 summarizes the pressure depen-A<r2>: +(13.9+1.4)x 103 fm2,16 this corresponds to an

dence of the LMF in both phases.

The NaCl phase of ZnO exhibits a considerably Iargert
LMF than the wurtzite structure and also the pressure depe
dence appears to be increased. This is consistent with ttl:%
largerB, value. Since the NN distance is larger in the NaCl

than in the wurtzite structure this increase of LMF dbgl

reflects the higher coordination number of zinc in the NacCl
structure. Within both phases the LMF rises with pressur
due to the increase of covalency of the chemical bond when

the NN distance is reduced. Contrary to ZnSe, in ZnO w
observe no decrease inor changes in SOD which could be

attributed to mode softening in the neighborhood of the

phase transition.

2. Hyperfine interactions

Isomer shift in ZnSeThe isomer shifS is proportional to
the electron density(0) at the®”Zn nucleusmainly s elec-
trons. The second-order Doppler sh8tp which is propor-
tional to(v?2), the mean-square velocity of tfézZn nucleus
at its equilibrium position, is a lattice-dynamic property.
With ®7Zn-Mossbauer spectroscop$, and Sgop can be of

ffom previous ab

increaseA p(0)=(1.38+0.32)e/a3 in "ZnSe as compared

o 87Zn0O (wurtzite). This is in good agreement with results
initio Hartree-Fock (HF) cluster
lculations'® where Ap(0)=(1.53+0.15)%/a3 for the
change ofp(0) between®ZnO and ®ZnSe was obtained.
The HF calculations show that the increasep () between
ZnO and ZnSe is due to the higher covalency of the chemical

%ond in znSe as compared to ZnO. With respect to the

urely ionic statgZn?*) covalency increases population of
zinc 4s and 4p electronic states. It also affects the 8ore,
but in a more subtle wa¥f, It turns out that Zn(4) valence
orbitals contribute ~70% to Ap(0), Zn(3s) orbitals
~30%, whereas the Zng) and Zn(X) core electrons re-
main virtually unaffected.

When pressure of’ZnSe is increased the changeSyfis
rather smallsee Tables Il and V in Sec. }llUsing again the
RIM11,%* as well as the Debye approximation, we have cal-
culated the pressureg(volume dependence ofSgqop.

In both models the increase ofS with pressure
[AS(RIM11),AS(Debye)| is partially compensated by the
decrease 0B8gqp. This compensation is the reason for the

the same magnitude and it can be difficult to separate the twemall variation ofS¢ .

contributionst®* We have tried two methods$a) assuming

We have extended owb initio HF calculations to ZnSe

that the Debye approximation holds we calculated an effecwith reduced volume of the unit celsee Sec. Il D, Table

tive Debye temperatur®, from our result for the LMF and
using the sam&® we derivedSgpp; (b) we employed the
more realistic lattice-dynamic models for Zrn@ef. 41) and

ZnSe®* which gave reasonable results for the Lee Sec.

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 Zrg/contribution which lin-
early scales with 1M/Vy,) up to volume changes of

IV B 1) to calculate SOD for ZnO at ambient pressure andv/V,=0.9. Figure 7 summarizes our experimental and theo-
for ZnSe over the whole pressure range investigated. At anretical results for the changes 8, Sgop, andS with re-

bient pressure, the Debye model givBso(Debye =19

duced volume. It appears that the theoretical change of iso-
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ey
% 5 - _ /§ — FIG. 8. Experimental change of center shif§. (circles and
= T e —a—Rs calculated changes of isomer shift $Zn0O (wurtzite). All values
0 B are relative t0°’Zn0 at ambient pressurA.S(HF) indicated by the
_5 | % AS | dashed line and S(LAPW) indicated by the dotted line are derived
% sop from Hartree-Fock and linearized augmented plane-wave calcula-
—10 % (Debye) tions, respectivelyA S(Debys indicated by triangles represents the
change in isomer shift when the second-order Doppler shift
0 ' é ! 1'1 ! é ! é ! 1'0 ] 1[2 ! ASgop has been determined from the Debye model. Effective De-

bye temperatures were taken from Table III.
AV/Vo (%) Hartree-Fock cluster calculations.
Isomer shift in ZnO Again the problem of determining
FIG. 7. Volume dependence of center sk (circles, second- Ssop ‘?‘”535- Sin_ce there ‘? no advanced model available to
order Doppler shifSsop (squaresand isomer shifs (triangles in describe the Iatt|C(_a dyr_lamlc_s of ZnO_ under pressure we used
677nSe; AS=ASc— ASeop. All values are relative td7ZnSe at t.he De_bye approximation with effective Debye.tem_peratures
ambient pressure\ S(HF) indicated by the dashed line is the theo- liSted in Tables Ill and IV. As demonstrated in Fig. 8 for
retical change of isomer shift derived from Hartree-Fock clusterZNO (wurtzite), the center shifSc changes only little with
calculations A S(RIM11) andA S(Debys are the changes of isomer Pressure. This is due to a close compensatiom8f by
shift whenA Sgop has been determined from RIM11 and the Debye ASsop, Similar to the case of ZnSe. Since the variation of
model, respectively. Effective Debye temperatures were taken fronthe oxygen parameter with pressure is not known we per-
Table I1. formed LAPW calculations assumingand thec/a ratio to
be independent of pressu(see Secs. Il A and Il E The
mer shift AS(HF) is far outside ofAS(RIM11), where dotted lineAS(LAPW) in Fig. 8 indicates the calculated in-
ASso(RIM11) has been determined from RIM11, but is in crease o5 when the unit-cell volume is reduced. The dashed
fair agreement withAS(Debye), where the Debye approxi- line AS(HF) is an estimate where thes4electron density
mation has been used. As already mentioned above, RIM1dbtained from a HF calculatiéh is linearly scaled by
is probably not sufficient to describe the volume depen{Vy/V). This estimate is based on the assumption that the
dences of LMF and SOD because the model parameters hads density provides the largest contribution Ap(0) be-
been assumed to be linearly dependent on pressure. Our rgause of covalency of the chemical bofske Sec. Il D,
sults suggest that RIM11 underestimates the increase of mosable VIII). AS(Debye lies between AS(HF) and
phonon frequencies and thus gives too small a rise and drapS(LAPW) indicating that the Debye approximation might
for the LMF and SOD, respectively. The better agreement obe good enough for evaluatingSgop in ZnO (wurtzite) un-
experiment with theory when the Debye model is applied, isder pressure.
most probably fortuitous. The decrease of the LMF is caused Figure 9 summarizes our result for ZnO in the NaCl
by softening of low-frequency modes, whereas other phonophase. All shifts are given relative to Zn@urtzite) at am-
frequencies increase with reduced volume. Since the lowbient pressure. The center sh#f¢ is further reduced when
temperature limit the weighting factors of the phonon fre-pressure is increased. When the SOD is calculated within the
quency distribution ares™! and w*? for LMF and SOD, Debye modelSgsop overcompensate§(Debye which in-
respectively, the influence of low-frequency phonons on thereases only slightly. Also the results of theoretical calcula-
SOD is expected to be less pronounced. It is overcompertions, S(LAPW) and S(HF), confirm that the increase &
sated by the hardening of high-frequency phonons whiclwith pressure is considerably smaller as compared to the
causesA Sgop to become more negative. For a reliable cal-situations in ZnQwurtzite) and ZnSe. There are mainly two
culation of ASgop a more profound lattice-dynamic model is reasons for this difference in behavior. Covalency and Zn
necessary. This in turn would make it possible to check ouf4s) contribution top(0) are reduced due to the larger Zn-O
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FIG. 9. Experimental center shifi. (circles and isomer shift 0 2:“’ i
S of 57Zn0O (NaCl structurg S(Debye indicated by triangles is - .
obtained when the second-order Doppler shift is estimated in the 0.0-'5 " . y T " T " T
Debye approximation using the Debye temperatures of Table IV. 0 1 2 3 4
S(HF) and S(LAPW) originate from theoretical calculatior(see
text). All shifts are given relative to ZnQwurtzite) at ambient AV/VO (%)
pressure.
separation in ZnQNaCl) as compared to ZnQwurtzite). FIG. 10. Experimental values for quadrupole frequehgyand

This is expected to lead to a smaller increase () with ~ asymmetry parametey of ®’ZnO (wurtzite) at 4.2 K under external
pressure for ZnG@NaCl). In addition, our HF cluster calcu- Pressure. The solid line is a straight-line fit to the data.
lations (see Sec. Il D, Tables VI and VIII show that ZnS,
ZnSe, and ZnTdall sphalerite structujebehave very simi- with hypothetical sphalerite structure a drastic drop in fre-
larly with pressure: the negative contributions of thedhnd  quency of the TO mode at thE point from 18.8 THz
2s electron shells are nearly compensated by the positivésphalerit¢ to 1.8 THz (NaC) is calculated*® Since
contribution of the 3 shell. Thus the total pressure depen-sphalerite and wurtzite structures exhibit similar bonding
dence in these systems is almost completely determined kgharacteristics such a mode softening may also occur for
the 4s electrons. The situation appears to be quite differentZnO (wurtzite) at the transition to the NaCl phase. For a
however, for ZnO in the NaCl structure. Here the, Ps, more quantitative analysis, however, more advanced lattice-
and3s shells exhibit negative contributions which amount todynamic models are required.
~1/3 of the positive contribution of thesdelectrons? (see Electric-field gradient in ZnOThe Zn site in ZnQwurtz-
Sec. llID, Table VI). As a consequence, the method of ite) is expected to exhibit axial symmetry with respect to the
“freezing” inner core electrons can give wrong answerscC axis. As a consequence, the asymmetry paramgtsrthe
when changes 0p(0) are calculated and should be aban-electric-field-gradientEFG) tensor should bey=0. Experi-
doned. mentally, =0 is observed only with ZnO single crystals.
Figure 9 shows that the absolute valuesSGfAPW) and  Surprisingly, in ZnO powdern~0.1, even at ambient
S(HF) between ZnQwurtzite) and ZnO(NaCl) are in agree- pressur€’ The pressure dependence of the EFG tensor is
ment within ~25%, whereas the results f{@&Debye are shown in Fig. 10. The quadrupole coupling frequency
much more positive. We attribute this discrepancy mainly tof g=eQV,,/h increases only slightly when the volume is
the Debye approximation when determiniBgop. In par-  reducedfo=[(2.396(12} 19(2)- (1—V/V,)] MHz. Using
ticular, the Debye model may be insufficient, wh8gypis  Q=0.150(15p for the nuclear quadrupole moment of the
estimated between samples of different lattice structures. 18pin-5/2 ground state of’Zn, we obtain for the main com-
order for S to agree with the theoretical calculations, theponent V,, of the EFG tensor: V,,=[0.66(7)
second-order Doppler shif6OD) has to be more positive in  +5.2(8)- (1—V/V()] X 10" V/icm?. Most striking, how-
ZnO (NaCl) than in ZnO(wurtzite). For the LMF, however, ever, is the sharp rise of to »~0.3 already at very modest
we find from experiment thaftNa'> ¥zt Taking the dif-  pressures €0.1 GPa. At higher pressures the asymmetry
ferent frequency weighting factors for LMF and SOD into parameter saturates aj~0.6. Our measurements clearly
account, we are forced to the conclusion that on the one sideoint out that the wurtzite structure is highly unstable against
low-frequency acoustic-phonon modes become harder anabnaxial lattice distortions. These distortions are so small
on the other side high-frequency optic modes become softéhat we failed to detect them via x rays.
in ZnO (NaCl). For ZnO (wurtzite) results of HF cluster calculatiohs®
Indeed, mode softening of transverse-opticdlO)  have been available. In addition, we performed LAPW cal-
phonons has been predictéd for various systems at the culations(see Sec. Ill E The results fol/,, at ambient pres-
phase transition from sphalerite to NaCl structures. For ZnGure are +0.69x10"” V/cm? (HF) and +0.85x 10"
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Vicm? (LAPW), both in good agreement with experiment favor the occurrence of a metallic state in the high-pressure
[+0.66(7)x 10" V/cm?]. The dominant contribution to NaCl phase of ZnSe. Such a metallic state is expected to
V,, originates from the unbalanced occupation of the zZnclearly show up in Mesbauer effect measurements by a con-
(4p) orbitals in the valence states, whereas the fj(8&nd  siderably increased selectron densityp(0) at the 67zn

the Zn(3d/4d) orbitals give only a smal(negative contri-  nucleus. Zn metal and brass alloys, for example, exhibit iso-
bution. The Zn() contribution can be neglected altogether. mer shifts which are—relative to ZnSe—about pn/s
These results clearly emphasize the importance of covalendyore positive. Unfortunately, we have not been able to reach
effects in the Zn-O bond. Also the decrease in the Zn chargthe phase transition in Msbauer experiments.

from formally + 2.0 to a Mulliken charge of- 1.62 is almost Our experimental and theoretical results on ZnO, how-
entirely due to an increase in the Zm(¥electron popula- ever, prove this compound to behave quite differently from
tion. ZnSe: in the NaCl phasp(0) is drasticallyreduced Al-

V,, turns out to react very sensitively to details of the though conductivity measurements on ZnO are still missing,
crystallographic structure, in particular to variation in the the low value forp(0) suggests that ZnO remains nonmetal-
oxygen parameten. We obtain from our Hartree-Fock and lic. This is in accordance with a band gap of 1.36 eV ob-
LAPW calculations AV,,/Au=263x10"" V/cm? and tained by a HF calculatiot Our theoretical LAPW calcula-
231x 107 V/em?, respectively. Our LAPW calculations tions give an indirect gap of only 0.9 eV. However, it is well
show that the experimentally observed increas¥jpwith ~ known that gaps in the local-density approximation are un-
pressurgsee Fig. 19 can only be accommodated if in addi- derestimated by about 50%. Therefore, also the LAPW cal-
tion to changes of the unit-cell volume and of tt¥@ ratio  culations favor a nonmetallic state for ZnO in the NaCl
an increase ol is allowed for. For example, a volume Phase.
change of AV/Vy~3.4% (corresponding toP~6.8 GPa
aloneincreased/,, by ~1.2% only. If solely thec/a ratio is V. CONCLUSIONS

decreased by~5x10"° [again corresponding t®~6.8 67Zn-Mossbauer spectroscopy at high external pressures
GPa(see Table IX] V., decreasedy ~16%. Thus an in- s a powerful tool to study lattice-dynamic effects as well as
crease oti appears to be essential. Still, the main problem ishyperfine interactions. In ZnSe the LMF is strongly influ-
that »#0, which means that the Zn atom moves off theenced by soft modes which appear already much below the
symmetry axis. Unfortunately, up to now the distortions of crystallographic transition to the high-pressure NaCl struc-
the lattice which lead top#0 have not been determined ture. Also in ZnO soft modes play an important role. Here,
experimentally. This has prevented a detailed calculation ofiowever, they affect much more the second-order Doppler
the EFG tensor. shift than the LMF. Our theoretical HF-cluster and LAPW
calculations prove that in ZnSe and ZnO covalent contribu-
C. Electrical conductivity tions to the chemical bond are essential. They determine the
mIIE_FG tensor in ZnQwurtzite) as well as thes electron den-
sity p(0) at the®Zn nucleus in the different crystallographic
phases and the increaseodD) when the unit-cell volume is
reduced. ZnO(wurtzite) is highly unstable even against
small nonaxial lattice distortions. Such distortions which
ight be too tiny to be detected by x-ray analysis or neutron
iffraction can clearly be discerned via the asymmetry pa-
rameter of the EFG tensor.

At ambient pressure zinc chalcogenides represent se
conductors with rather large direct band g&ps which in-
crease with pressuréd> In ZnSe for exampleE, increases
monotonically fromEg=2.7 eV at ambient pressure to 3.4
eV at 12 GPa.The zinc chalcogenides with sphalerite struc-
ture, ZnS, ZnSe, and ZnTe, however, show a drastic increa
of electrical conductivity by 6—8 orders of magnitude at the
transition to the NaCl phage:*® The nature of this drastic
change has been discussed controversially. Optical measure-
ments on Zn3Refs. 5 and Bhave been interpreted in terms
of an indirect semiconductor in accordance with recent theo- We would like to thank the Forschungszentrum
retical results® The increased conductivity has been attrib-Karlsruhe, especially Dr. H. Schweickert, K. Assmus, and
uted to a high defect concentration. W. Maier for numerous and careful source irradiations at the

A theoretical stud}f on ZnSe implied that, also in this cyclotron. This work has been funded by the German Federal
compound, a transition into an indirect semiconductor oc-Minister for Research and TechnologBundesminister fu
curs. Optical measurements>” however, and in particular Forschung und TechnologiBMFT)] under Contract No.
most recent high-pressure conductivity experimésiteongly ~ 03-KA3TUM-4 and by the Forschungszentrum Karlsruhe.
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