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Using the high-resolution 93.3-keV transition in Zn are studied the temperature dependence of
the Lamb-Mossbauer factor (LMF), the center shift, and the quadrupole interaction in ZnO single

crystals. The temperature range for this high-energy Mossbauer resonance could be extended up to
liquid-nitrogen temperature (77.3 IQ. The mean-square atomic displacements show very little an-

isotropy. The results on the LMF can vrell be described by the Debye model ~ith e~&M"-317 K.
The quadrupole interaction is e qg/li =2.40120.004 MHz at 4.2 K and it is independent of tem-

perature swithin 19o. At 77.3 K the center shift has changed by 9.0 pm/s compared to its value at
4.2 K. Already at low temperatures, phonon-induced electron transfer from zinc to oxygen is ob-

served. The shift caused by charge transfer shows a T~ dependence at low temperatures, in agree-

ment with theoretical calculations.

I. INxitODUiaiON

The 93.3-keV transition in 6 Zn offers extremely high
resolution for the determination of smail changes in ener-
gy.

' This exceptionally high sensitivity has thus far
been used primarily for precision measurements of
hyperSne interactions. Only recently it has been demon-
strated that the Zn Mossbauer resonance is also highly
sensitive for studying lattice-dynamical effects. This
sensitivity is due to the relatively large transition energy
and the light mass of the Mossbauer atom. Of speciSc in-
terest have been investigations of the temperature depen-
dence of the second-order Doppler shift and of the an-
isotropy of the recoil-free fraction in zinc metal. 's To-
gether with speciSc-heat data the Mossbauer results give
information on the phonon frequency spectrum.

In the present paper we report on Mossbauer experi-
ments performed with single crystals of ZnO. This ma-
terial crystallizes in a hexagonal (wurtzite) structure and
has the interesting feature that the thermal expansion
coefficient is negative in the temperature range between 4
and —100 K. Through refinements of the experimen-
tal techniques we were able to extend the measuring tem-
perature upwards to 80 K despite the small Lamb-
Mossbauer factor caused by the relatively high y-ray en-

ergy and low mass of the resonant nucleus. Therefore we
could derive mean-square atomic displaccments for Zn
in the temperature range between 4 and 80 K. From a
detailed analysis of the center shift we conclude that
phonon-induced charge transfer from zinc to oxygen
plays an important role. At low temperatures this charge
transfer shows a T dependence as predicted theoretically
by Shrivastava. This is the first time that a T depen-
dence of the charge transfer has been observed experi-
mentally. In addition, the temperature dependence of the
electric-Seld gradient in ZnO was determined with high
precision. AB these measurements were performed as
supplcmcntary lnvcstlgatlons %'lthln a series of experi-
ments aiming at a determination of the red shift of y

rays' " due to the gravitational Seld of the Earth with
the Zn resonance.

II. EXPERIMENTAL DETAILS

Measurements were performed in standard transmis-
sion geometry with a piezoelectric quartz spectrometer as
described earlier. ' The drive system which is a compact
unit containing both source and absorber was suspended

by soft springs inside a sealed stainless-steel container
Slled with He exchange gas at reduced pressure. The
temperature of the ZnO single-crystal source could be in-

creased by a small heating coil. In this manner it was
possible to keep the absorber temperature below 12 K
even at a source temperature of 80 K. The temperatures
of source an absorber were determined by semiconductor
devices.

As a result of the small recoil-free fraction at higher
temperatures experiments become increasingly difficult,
in particular at liquid-nitrogen temperature. One could
argue that it would be advantageous to heat the absorber
rather than the source and compensate the smaller
recoil-free fraction at elevated temperatures by increasing
the absorber thickness. This, however, cannot be done
here, since the electronic (photoelectric) absorption cross
section is the factor hmiting absorber thickness. " The
problem can only be overcome by using strong radioac-
tive sources and fast-counting electronics, i.e., by measur-
ing small resonance-absorption efects with high-
statistical accuracy. In addition, in order to study the
temperature dependence of anisotropic efFects, one would
have to grow single crystals enriched in Zn which
would be very costly.

The Ga ( T, &2
——78 h} activity was produced in situ by

28-MCV proton bombardment of ZnO single crystals at
the cyclotron of the Kernforschungszentrum Karlsruhe.
The ZnO single crystals were disks of 4-mm diameter and
of 0.5-mm thickness. They were cut with the c axis per-
pendicular to the crystal faces. After irradiation the sam-

ples were annealed in oxygen atmosphere at -970 K for
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6 h and thereafter slowly cooled (50 K/h) to room tem-
perature. Mossbauer spectra were recorded with the c
axis at 0' and 45' with respect to the direction of observa-
tion of the y rays.

The absorber consisted. of ZnG powder, enriched to
85.2 wt. % in 67Zn. The thickness was 963 ing Znlcm .
Details of the absorber preparation are given elsewhere. '

The spectrometer was calibrated using the known
quadrupole splittings in Zn metal ' and in ZnG
(Refs. 1 and 2) at 4.2 K. The y rays were detected by an
intrinsic Ge diode of 10-mm thickness and 40-mm diame-
ter coupled to a fast preamplifier. In order to achieve
high-counting speed and simultaneously good energy
resolution a fast double-differentiating main ampli6er was
used. ' Count rates up to 200(IOO s ' in the 93.3-keV
window vvere obtained. The signal-to-noise ratio was
determined once a day by recording pulse-height spectra
at the actual counting rate via a high-speed analog-to-
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digital converter. Typical values for the signal-to-noise
ratio were 60-70%.

III. RESULTS

A. Iamb-Mossbauer factor

Figures 1 and 2 display Mossbauer absorption spectra
recorded at source temperatures between 4.2 and 77.3 K
for orientations of the ZnO single crystal of 8=0' and 45'
of the c axis with respect to the direction of observation
of the 93.3-keV y rays. The spectra were least-squares
fitted to a superposition of five (respectively, seven) in-
dependent Gaussian lines. The results are summarized in
Tables I and II. The linewidths observed are substantial-
ly above the natural width. The cause for this broaden-
ing are random vibrations originating in the boiling heli-
um. Therefore the overall line shape could not be well
represented by a Lorentzian and hence we have chosen a
Gaussian line pro61e for the fit.

The Lamb-Mossbauer factor and the mean-square
atomic displacements are derived from the total area un-
der the absorption lines after correction for nonresonant
backgl ound radlatlon. In addltlon, a value of
f

N

=(2.03+0.12)% was llsed for the recoil-free fraction
inm ZnO single crystals at 4.2 K with 8=0'. This value is
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FIG. 1. Mossbauer absorption spectra recorded at source
temperatures bet@veen 4.2 and 77.3 K. The source is a ~7Qazn0
single crystal with the c axis parallel to the direction of observa-
tion of the 93.3-keV p rays.

FIG. 2. Mossbauer absorption spectra obtained at source
temperatures between 4.2 and 77.3 K. The c axis of the

GaZn0 single crystal forms an angle of 45' with respect to the
direction of observation of the 93.3-keV y rays.
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TABI.E I. Summary of measured Mossbauer parameters at various temperatures for ZnO single
crystal vrith e axis parallel to the direction of observation of the 93.3 keV y rays. Only statistical errors
are quoted.

Area
(%pm/s}

0.147(7)
0.246(8)
0.164(8)
0.423(8)
0.313(8)

Linewidth

(p,rn/s)

2.6(1)
2.52(9)
2.6(2}
2A6(53
2.60{7)

Position
(pm/s)

—14.21(6)
—9.64(4)
—4.75(6)

0.02(2)
4.89(3)

Total

{%pm/s)

1.29(2)

Center
shift

(pm/s)

0.04(2}

0.15(1)
0.26{1)
0.16(1)
0.46(1)
0.33(1)

2.5(2)
2.4(1)
2.3(2)
2.28(7)
2.4(1)

—14.10(8)
—9.64(5)
—4.53(8)

0.10(3)
4.99{4)

1.37(3) 0.08(3)

0.12{1)
0.19(1)
0.13{1)
0.34{1)
0.24(1)

3.0(3)
2.5(2)
3.1(4)
2.5(1)
2.6(1)

—12.7(1)
—7.96(7}
—3.1(1)

1.56{4)
6.39(6)

1.02(3) 1.55(3)

0.054(7)
0.092(7)
0.061(8)
0.173(7)
0.122(7)

2.5(4}
2.1(2}
2.8(4)
2.3(1)
2.6(2)

—10.0(1)
—5.25(7)
—0.4(2)

4.24(5)
9.25(7)

0.50(2) 4.28(4)

77.3

0.029(4)
0.057(4)
0.032(4)
0.092(4)
0.070{4)

2.0(3)
2.4(2)
2.3(3)
2.4(1)
2.5(2)

—5.1(1)
—0.43(9)

4.6(1)
9.12(5)

13.85(6)

0.279(9) 9.08{4)

the average of the results obtained by two earlier experi-
ments. ""

The angular dependence of the recoil-free fraction
f(8) for an axially symmetric lattice is given by

f (8)=expI —k [(x2z„)i+((xz„)i—(xz„)j ) cos 8]],

where k is the wave vector of the y radiation and (xzz„)~-d &x', &i d-«e the m~. -sq - a« ~ d.»ac.-
ments of Zn perpendicular and parallel to the c axis, re-
spectively. Table HI gives the results together with the
corresponding Lamb-Mossbauer factors f~ and fi.
Above -50 K the values for (xz, )i tend to be larger
than those for (xz„)~, however, just outside our present
limits of error. If at all, there is very little anisotropy of
the mean-square atolmc displacements at lorn tempera-
ture.

8. Center shift

A change with temperature of the center shift is clearly
visible in Figs. 1 and 2. At 77.3 K it has increased to a
value of +9.01%0.03 pm/s as compared to 4.2 K (see

Tables I and II). At low temperatures our data for the
center shift Sc show a T"dependence:

~c(~s) ~c(T'~ )=«T~ T's»— (2)

C. Quadrupole interaction

Due to the hexagonal structure of ZnO an electric-field
gradient is present at the Zn nucleus both in the source as
mell as in the absorber. If 8=0, the quadrupole interac-
tion in the source leads to relative intensities of the emit-
ted lines of 0:2:1 (Ref. 18), whereas at 8=45' we have

where Ts and T„are the temperatures of source and ab-
sorber, respectively, and a is a constant. From our
Mossbauer experiments me get a~ ——5.7+O. 3 X 10
pm s ' K ". This value is at variance with an earher but
less precise Mossbauer experiment, ' which gave only
4.2X10 @ms ' K

As mill be discussed below, the center shift is due to
the second-order Doppler shift' and to the explicit tem-
perature dependence of the isomer shift which is
signi5cant surprisingly even at temperatures as low as 20
K.
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TABLE II. Summary of measured Mossbauer parameters at various temperatures for ZnO single
crystal anth orientation of 8=45 of the e axis arith respect to the direction of observation of the 93.3
keV y rays. Only statistical errors are quoted.

0.157(8)
0.094(8)
0.179(9)
0.399(9)
0.111{9)
0.126{8}
0.141(8)

Linemidth
{pm/s)

2.5{1)
2.5(2}
2.5(1)
2.50(6)
2.5(2)
2.4(2)
2.5(1)

Position
{pm/s}

—14.28(5)
—9.46(9}
—4.67(6)
—0.01(3)

4.89(9)
9.34(7)

14.32(5)

Total

(%pm/s)

1.21(2)

Center
shift

(pm/s)

—0.02(4)

0.121{9)
0.057(8)
0.124(9)
0.301(9}
0.077(9)
0.107(9)
0.127(8)

2.8(2)
2.4{4)
2.5(2)
2.56(9)
2.8(4)
2.6(3)
2.8(2)

—12.67{8)
—8.1(2)
—3.35{8)

1.38(3)
6.3(2)

10.7(1}
15.68{7)

0.91(2) 1.42(4)

0.082{8)
0.05(1)
0.090(9)
0.21(1)
0.07(1)
0.072{9)
0.067{6)

3.1(4)
3.2(8)
2.5(3)
3.1(2)
3.1(6)
2.8(4)
2.4(3)

—10.5{1}
—5.3(3)
—0.7{1)

4.10{6)
8.9{2)

13.4(2)
18.4(1)

0.64(2) 4.09(6)

0.051(7)
0.031{7)
0.053(5)
0.093(5)
0.040(7)
0.027(4)
0.032(4)

2.9{4)
3.2(9)
2.6(3)
2.2(1)
3.5(7)
2.1(4)
2.8{4)

—5.6(2)
—F 1(3)

4.4{1}
8.87(5)

13.5(2}
17.9(2)
23.2{2}

0.33(2) 8.89(5)

three lines with relative intensities of 1.36:1:2. The quad-
rupole interaction in the ZnO powder absorber gives
three absorption transitions of equal intensities. Thus the
absorption spectra with 8=0' exhibit five peaks with rela-
tive intensities of 1:2:1:3:2and those with 8=45' have
seven peaks with relative intensities of
2:1:2:4.36:1:1.36:1.36 (see Figs. 1 and 2). When calculat-
ing these relative intensities it was assumed that the an-
isotropy of the mean-square atomic displacements is
negligible. The main component of the quadrupole ten-
sor and the asymmetry parameter q were derived from
the line separations. As can be seen by Tables I and II
and Fig. 3 the change of the quadrupole interaction with
temperature up to 77.3 K is smaller than 1go. We get

e qQ/h =2.40120.004 MHz

at 4.2 K and for the ratio

e qQ(4. 2 K}fe qQ(77. 3 K}=1.009+0.010 .

Within our experimental errors the asymmetry parameter
is found to be q=0 at all temperatures.

IV. DISCUSSIQN

A. I~mb-Mossbluer factor

1. Mean-square atontic disp/acernents for zinc

Within our present limits of error there is very little
anisotropy of the recoil-free fraction (see Table III). This
is in perfect accordance with the similarity of the
Griineisen parameters yI~ and y~ deduced from thermal-
expansion coeScients and related data, "' which implies
that the elastic anisotropy of the crystal must be small.
This result is in sharp contrast to the situation in Zn rnet-
al, where an enormously large anisotropy was found. '

In Fig. 4 the mean-square atomic displacements (xz„)~
and (xz„)1

for Zn atoms are plotted versus temperature.
The solid lines are fits by the Debye model with efFective
Debye temperatures of Oz™ =319%6 K and 315+5 K,
respectively. The Debye model fits the data points quite
well indeed.

In hexagonal ZnO each Zn atom is surrounded by four
oxygen atoms arranged in a slightly distorted tetrahed-
ron. The nearly isotropic Lamb-Mossbauer factor indi-
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FIG. 3. Quadrupole interaction in 6'ZnO at various tempera-
tures. The change of e'qg/it between 4.2 and 77.3 K is smaller

than 1'%.

FIG. 4. Mean-square atomic displacements of 'Zn in ZnO,
parallel and perpendicular to the c axis. The solid lines are fjts

by the Debye model arith Debye temperatures of e~&MF ——315
and 319 K, respectively.

cates that the chemical bonds to the four oxygens are al-
most equal. This is further corroborated by the relatively
small quadrupole interaction (see below).

8. Center shift

The temperature variation of the center shift Sc can be
written:

2. hfsurt squure u-tonic displucemsttts for oxygen

In the limit T~O, mean-square atomic displacements
can also be derived for the oxygen atoms. Since the an-
isotropy is very small, we take &x )t=(x )1——&x ).
Then the following relation is valid for 7~0 (Ref. 19}:

3(2M, & „)+2M ( ))=3EA/ ( —1), (3)

TABLE III. Lamb-Mossbauer factors fi and f„parallel and
perpendicular to the c axis of ZnG, respectively„and corre-
sponding mean-square atomic displacements (xz„) obtained at
various temperatures. The errors quoted include the statistical
errors, a 2% uncertainty in the determination of the signal-to-
noise ratio in. the y-ray spectrum and an error of 6% in the
value for ft at 4.2 K.

4.2
20.7
40.8
56.2
77.3

2.03(12)
2.00(14)
1.48(10)
0.80(6)
0.44(3)

&xz„)i
(A )

0.001 74(3)
0.001 75(4)
0.001 88(4)
0.002 16(4)
0.002 43(4)

&xz„),
(A )

2.06(21) 0.001 74(4)
not measured

1.42(15) 0.001 90(5)
1.24(13) 0.001 96(5)
0.64(7) 0.002 26(5)

where Mz„and Mo are the gram atomic weights for Zn
an 0, respectively, and 3N is the total number of degrees
of freedom. The (—1)st moment co( —1) of the phonon
frequency distribution can be determined from speciSc-
heat measurements. Taking co( —1) from Ref. 8 we
derive {xo)/&xzz, )=2.220.3. For small mass changes,
&xi, ) (for atom k) is expected to be approximately pro-
portional to Mk '+ and approximately independent of the
other masses. ' Our result indicates that this approxima-
tion is well fulfilled for ZnO, although the masses of Zn
and 0 diier by more than a factor of 4.

+ ( BS/8 In V) z (8 ln V/8 T)

The first term represents the second-order Doppler
shift (SOD). The second term describes the explicit tem-
perature dependence of the isomer shift S at constant
volume due to changes of the electron density which may
be caused by the electron-phonon interaction upon the
electronic states. The third term gives the volume depen-
dence of S caused by thermal expansion of the lattice.
Although there are no high-pressure Mossbauer data on
ZnO available at present, the contribution of the third
term to the center shift can be estimated to be negligibly
small. The total-volume contraction between 4.2 K and
80 K is smaller than 1)& 10 . The s-electron density p
is calculated for Zn + in a tetrahedral environment of
0 ions to vary proportional to the inverse seventh
power of interatomic distance R (Ref. 22), i.e„
lip = ( ')(b, V/V)p with p—-7—.5 a.u. for R -2 A. i To-
gether with the known value of b (r ) (Refs. 24 and 25}
we estimate bS-0.8 }ltm/s, or only -0.8% of the center
shift observed between 4.2 and 77 K. Thus, to a very
good approximation, the center shift is due to the
second-order Doppler shift (SsoD) and the expHcit tem-
perature dependence of the isomer shift (SET ).

The main problem is the separation of the Ssoo from
the center shift. 'e We attempt to achieve this by using
specific heat data C . Since the volume change is
rather small up to T-100 K the speci6c hest Cz can
very well be approximated by the experimental data C~ in
this temperature range. As demonstrated by Fig. 5 the
change in speci5c heat Cz follows closely the curve calcu-
lated within the Debye model if a Debye temperature of
e&~——275+3 K is chosen and the assumption is made that
only acoustic phonons play a role at low temperatures.
%'hen these low-frequency phonons sre excited, the
whole ZnO molecule moves together. Optical-phonon
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FIG. 5. Speci5c heat of Zno within the temperature range
covered by the Mossbauer experiments. The best St by the De-
bye model in the temperature range (TS 100 K) gives a Debye
temperature of 8D ——275 K. The speci6c-heat data are taken
from Refs. 26-28.

frequencies appear to lie much higher indeed.
When the temperature of a harmonic crystal is in-

creased, the change of the total energy is twice the
change of the mean kinetic energy:

M,.w&u,'„)+M,w&u2 ) =aE,
where E is the total energy of the lattice, and ( uz„), and
( uo ) are the mean-square atomic velocities of Zn and 0,
respectively.

We consider, respectively, the two limiting cases of
high and low temperatures. At high temperatures in
thermodynamic equilibrium the mean kinetic energies for
Zn and 0 change by equal amounts. Then Eq. (5)
reduces to

b (uiz„) =1/(2Mz„)LEE .
Therefore in ZnO at high temperatures the second-order
Doppler shift SeoD ———b, (u2)/(2c) is connected to the
specific heat by:

SsoD = —ETCv/(4Mz c),
where c is the velocity of light and hT is the difference in
temperature. The line shift SsoD can therefore be pre-
dicted by integrating Eq. (7) with known specific heat.
The dashed line labeled SsoD in Fig. 6 indicates the tem-
perature dependence of the second-order Doppler shift as
calculated from the speciSc heat, if the assumption would
be vahd that Eq. (7) also holds at low temperature.

In the second limiting case of lotu temperatures, the
change of (u ) between 0 K and temperature T is given
by. 19

where kz is the Boltzmann constant.
At low temperatures this increase in (u ) is the same

for zinc and oxygen, although the absolute values are
difFerent. This increase is caused by the very long-
wavelength acoustic vibrations which are the erst to be

4{)

Eemperotore (K)

FIG. 6. Center shift at various temperatures. The error bars
are smaller than the open circles representing the data points
(Ref. 29). Shoo and S~~o correspond to the second-order
Doppler shift as calculated from specific-heat data for the 1ow-
and high-temperature limit, respectively. Sgo denotes the
second-order Doppler shift as calculated from a spline interpo-
lation between the low- and high-temperature limits (see text).

excited. Since in these modes groups of atoms move to-
gether, the motion of a particular atom does not depend
on its mass, force constants, or local surroundings, but
only on the bulk elastic constants of the crystal. In Eq.
(8) M is the mass of a ZnO molecule. The value of 80 is
obtained by fitting a T dependence to the latu-

temperature specific-heat data with the condition that the
total number of modes allowed is 3 times the number of
ZnO molecules. The curve labeled Ssoo in Fig. 6 is cal-
culated using Eq. (8) with 80=275 K. Up to -50 K
SsoD lies considerably below the data points obtained ex-

perimentally for Sc (see Fig. 6). This is true also for the
value at 19A K, where S&oD

——0.066+0.002 pm/s and

Sc——0.080+0.003 pm/s. The fact that the observed Sc
is larger than both SsoD and Ss~oD demonstrates that the
explicit temperature-dependent isomer shift plays a de-
cisive role already at cryogenic temperatures.

In order to determine the SaT quantitatively, the
derivation of the Ssoo for the zinc atoms at intermediate
temperatures is needed. This is a formidable task. It re-
quires modern cluster calculations, which in particular
allow a determination of force constants. At present such
calculations are not available. However, using Eqs. (7)
and (8) as a basis we can say that the SET has to be within

a certain region: It has to be at least as large as the
diIerence between the experimental values for Sz and the
curve SsoD (i.e., Sar &SzT;„),and it has to be smaller
than the dilerence between Sc and the curve SsoD (t.e.,
SET (SaT ~,„). Furthermore, SET has to approach
SzT;„at low temperatures and SET „at high tempera-
tures. To get a more quantitative estimate we took
S,oD =S,'oD at 19.4 K. and SsoD =SsoD at 297.9 K (th

highest temperature for which specific-heat data are
available) and used a spline interpolation for the tempera-
ture range in between. This spline curve SgD is also
shown in Fig. 6. The SET is then given as difFerence be-
tween S& and the spline curve. Table IV summarizes the
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TABLE IV. Center shift (S&)„explicit temperature-dependent isomer shift (SET), calculated as
diS'erence between center shift {S&}and second~rder Doppler shift {SIID) as described in the text.
Theoretical values are calculated from Eq. (9) using a charge-transfer model.

SET
(pm/s)

Charge-transfer
model
(pm/s)

19.4
20.7
40.8
56.2
77.3

0.080%0.003
0.08 +0.03
1.50 %0.03
4.22 +0.04
9.01 %0.03

0.014%0.005
0,00 +0.04
0.49 +0.06
1.7 20.2
3.5 +0.3

0.028
0.036
0.50
1.45
3.58

derived values for the SE& at various temperatures. In
Fig. 7 the SET is plotted versus temperature.

The change of SET is such, that the s-electron density
p{0)at the Zn nucleus is reduced with increasing temper-
ature. Anharmonic effects, like lattice contraction, can-
not explain the observed SsT. As estimated above, the
shift caused by lattice contraction is about a factor of 50
smaller than SsY. In addition, lattice contraction is ex-
pected to increase p(0) due to the larger covalency of the
Zn-0 bond. ~ Therefore our data clearly demonstrate the
presence of SET. Most likely it is caused by phonon-
induced processes which involve the electronic structure.

Changes in the swlectron density at the Mossbauer nu-
cleus as a result of the electron-phonon interaction have
been calculated '~ 3z and experimentally investigated in
some conducting " as well as insulating systems.
In aH cases, phonon-induced efFects have been observed
only at high temperatures, where, however, other effects,
like thermal expansion, are large. In ZnO the electron-
phonon interaction appears to be important already at
cryogenic texnperatures.

Shrivastava has theoretically investigated two types of
phonon-induced processes for the case of s Fe: dynami-

SsT ——ET 4(T), (9)

where E is a constant containing the electronic matrix
elements. In Ref. 9 the Debye approximation was used
with

4(T)= J z (e' 1) 'dz, — (10)

cal conSguration mixing and dynamical charge transfer. 9

In ZnO dynamical conSguration mixing can be neglected,
since the 3d shell of Zn is completely filled and the 4d lev-
els lie energetically too high to be involved in the chemi-
cal bond. Dynamical charge transfer, however, appears
to play the important role. As stated earlier, ' the
chemical bond in ZnQ is partially covalent. The dynami-
cal phonon-induced electron transfer from partially occu-
pied 4s and 4p orbitals of zinc to the neighboring oxygen
atoms is mediated by the orbital-lattice interaction. Such
an electron transfer indeed decreases the s-electron densi-
ty p(0) at the zinc nucleus. From our measured value of
-3.5 pm/s (at 77.3 K) we estimate a charge transfer
which corresponds to a fraction of 0.01 of a 4s electron.

The temperature depndence of the dynamical charge
transfer was predicted to cause SsT to vary according to

CL
)K

where 0" is an effective Debye temperature.
From our measurements we derive E =3.0%1.0X 10

@ms 'K and 0~=275+3 K. The relatively large error
in the value for K is mainly due to the uncertainty in the
spline interpolation. The solid line in Fig. 7 is calculated
with these parameters. The values are also summarized
in Table IV. Considering the relatively simple spline in-
terpolation, the agreement with our experimental data is
very good. In addition, the value of 8 agrees perfectly
with the Debye temperature 8&+ derived from specific-
heat data in this temperature range. At lorn temperatures
4( T) is temperature independent to good approximation
[if (OfT) & 7, the deviation of 4{T}from @{0}=n~/15is
less than 5%]. Therefore

S =K (n /15) T (11)

FIG. 7. Explicit temperature dependence of the isomer shift
(SET ). SpT ls the dllerence bet%'een Sg and Ssoo of Flg. 6. The
sohd line is a St to the data using the equation S+T——ET 4( T).
At low temperatures a T dependence is observed.

Although the change of the s-electron density at the
Zn nucleus is exceedingly small, the high-resolution

spectroscopy of the 93.3 keV transition makes it possible
to determine phonon-induced charge transfer with high



C. SCHAFER et ul.

precision. Unfortunately, for Zn systems calculations,
in particular of the constant K, are still missing.

One might argue that the second-order Doppler shift

SsoD ———b. (U )/(2c) does not cover the total center
shift, because it has implicitly been assumed that ac-
celerations of the atoms due to lattice vibrations do not
cause an extra energy shift of the y radiation. The ac-
celerations involved are extremely large, of the order of
10' ms . The dilerence between S& and S~D ob-
served in our experiments gives an upper limit for such
an effect: The change of y frequency produced by these
accelerations is smaller than one part in 10' .

C. Quadrupole interaction

As demonstrated by Tables I, II, and Fig. 3 the
electric4ield gradient tensor (efg) is independent of tem-
perature between 4.2 and 77.3 K within - I X10 . A
NMR measurement on a single crystal of ZnO at room
temperature gave e qg/h =2.409+0.010 MHz. This
implies that the efg would change very little indeed, even
up to room temperature. Our data on ZnO are further
corroborated by time-differential perturbed-angular
correlation (TDPAC) measurements using, however, the
probe "'Cd as an impurity in ZnO. "'4z The TDPAC re-
sults exhibit very little change up to -70 K, a slow de-
crcasc of thc quadrupole lBtcract1on up to 300 K and
an exponential increase above -400 K. In addition, the
TDPAC data show a reduction of the quadrupole cou-
pling constant at low temperatures by —1% in ZnO sin-
gle crystals as compared to ZnO powder. This reduction
should also be visible in our Mossbauer data. With our
measurements we 6nd a small but systematic difference
between Sc for 8=0' and for 8=45' (see Tables I and II).
This is an indication for a slightly smaller efg in ZnO sin-
gle crystals as compared to ZnO powder. However, in
order to determine this difference more precisely, we have
to improve the statistical accuracy of our measurements
as well as the temperature stability of our experimental
setup.

Neither the TDPAC nor the Mossbauer results are ful-

ly understood at present. The electric-Seld gradient can
surprisingly be well described within a point-charge rnod-
el43 assuming complete ionicity in ZnO (i.e., Zn + and
02 ). The point-charge model predicts a temperature in-
dependent efg if the change caused by a lattice contrac-
tion parallel to the c axis is compensated by the change
due to the lattice contraction perpendicular to the c axis.
The application of the point charge model, however, has
to be considered doubtful, since the chemical bond in

Zno is partially covalent. As stated earlier, ' a clear
indication of this fact is the mich more negative isomer
shift which was found for ZnFz. In fact, an investigation
of the electric quadrupole interaction in ZnF2 demon--

strated that even this compound is not fully ionic. The
phonon-induced electron transfer from zinc to oxygen
also stresses the partially covalent character of the Zn—
0 bond. Although the electron transfer decreases the
charge at the zinc site, the symmetry of the charge distri-
bution, which is rejected in the quadrupole interaction,
remains virtually unchanged. An improvement of our
understanding of the dynamical charge transfer process
and of electric-Seld gradients and their temperature
dependence requires highly detailed theoretical calcula-
tions.

V. CONCI, USIGNS

The 93.3-keV transition in ZnO was used to investi-
gate the temperature dependence of the quadrupole in-
teraction, the Lamb-Mossbauer factor, and the center
shift. The quadrupole interaction is independent of tem-
perature within 1% between 4.2 and 77 K. The mean-
square atomic displacements were found to show very lit-
tle anisotropy. Most interesting is the variation of the
center shift with temperature. Already at low tempera-
tures (-20 K) phonon-induced electron transfer from
zinc to oxygen causes a significant contribution to the
center shift. The shift due to charge transfer shows a T
dependence. The charge transfer amounts to only -0.01
of a 4s electron at 77.3 K and decreases p(0), the s-
electron density at the s7Zn nucleus. Although the
change of p(0) is exceedingly small, the high-energy reso-
lution of the 93.3-keV transition makes it possible to
determine such effects with high precision.
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