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Mixed-polytype ZnS single crystals doped with various 3d5 ions (Cr', Mn, and Fe3+) have
been examined by electron-paramagnetic-resonance techniques. It was found that three kinds
of sites exist in these crystals, one of cubic ';.nd two of axial symmetry around the c axis of
these "hexagonal" crystals. None of the axial centers correspond to the one characteristic of
a true wurtzite crystal. A model of the cr'ystallographic nature of these centers based on a
point-charge calculation is proposed which allows a qualitative understanding of the experi-
mental facts.

I. INTRODUCTiON

Optical measurements on "hexagonal" Zn8 crys-
tals doped with various 3d" ions (Cu', ' Cr ',
and Fe '

) have demonstrated the existence of cen-
ters of axial symmetry in these crystals in addition
to the known "cubic" centers. In re'ality, these
so-called "hexagonal" crystals are of mixed-poly-
type structure, and one can have several different
axial sites, at least in principle. Furthermore,
the splittings of levels due to the low-symmetry
fields add to the complexity of the optical spectra.

The observation of electron-paramagnetic -reso-
nance (EPH) signals of 3d' ions whose ground state
is an orbital singlet (Cr', Mn~', and Fes') eliminates
the complexity due to orbital splitting and gives
clear evidence of the axial-symmetry centers. Vfe
have thus detected theo kinds of axial sites in these
crystals (in addition to cubic) for each of the iso-
electronic doping ions. These two sites, whose
spin-Hamiltonian parameters we measured, are
occupied with about equal numbers of doping ions.

The axial field parameters vary greatly from one
ion to another, and for some ions, from one site
to the other. For Fe ', moreover, second-order
terms in the spin-Hamiltonian formalism are im-

portant; this necessitates special care in the eval-
uation of the spectra, and a formalism to this end
has been developed.

A point-charge crystal-field calculation on vari-
ous polytype structures permits one to explain the
presence of these centers, as well as the fact that
not more than twq different axial sites appear in
these crystall; none of which corresponds to the
site characteristic of a true hexagonal (wurtzite)
structure.

The three 3d' centers play important roles in
the luminescence mechanisms in ZnS. Mn~' is
well known for its yellow-orange emission; Cr'
is a filled electron trap. Fe ' is a recombination
center in the middle of the forbidden gap.

The specific influence of the axial sites on the
luminescence of these crystals is at present being
studied in this laboratory.

II. EXPERIMENTAL

All samples used were synthetic and growth
doped. They are all of those commercially called
"hexagonal", although their contents in "hexago-
nalici', y" is widely variable. %e have examined
bulk single crystals of three different origins: (i)
vapor-phase-grown crystals of the Research Insti-
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tute for Technical Physics of the Hungarian Acad-
emy of Sciences. These crystals contain mainly

Fe; ' concentration used varied from 10 -10
atom-g Fe per mol ZnS; (ii) crystals obtained by
fusion of ZnS powder under high pressure, made
at the Institute of Solid State Physics of the Univer-
sity of Tokyo. These samples (8-193) contain 10 P

atom-g Cr per mol ZnS; (iii) melt-grown crystals,
from Eagle-Pitcher Industries, Inc. , Miami, Okla.
The samples Z-410 and Z-474 contain 10 4 atom-g
Mn per mol ZnS. The sample Z-904 contains 10 4

atom-g Cr per mol ZnS.
EPR measurements on these samples have been

made on an X-band spectrometer Varian Model No.
V 4502 with a microwave bridge made in the labo-
ratory, and on a Varian Model No. V 4503 K, -band
spectrometer. Temperatures were varied by a
nitrogen-circulation system Varian Model No.
4557.

III. SPIN HAMILTONIAN AND POSITION OF LINES

The spin Hamiltonian for a 3d' ion in a site of
C3, symmetry can be written

Z, =gp» II S+AI S+ —', Dop ' —
4—,(a —F)OJ '

+ 2 1k a O(34) O(43) 1

In writing this expression we neglect explicitly the
very small anisotropy of g and A. a is the cubic

crystal-field parameter and D and E are the axial
field parameters of the 2nd and 4th degree. The
equivalent spin operators 0", ' are given' in irre-
ducible tensor form, and they correspond to
Racah's C',~'. We have chosen the crystal e axis
([111]in cubic notation) as the axis of quantization,
with the x and y axis being, in cubic notation, [IIX]
and [110]. We have neglected higher-order terms,
as well as superhyperfine interactions and nuclear
Zeeman and quadrupole terms.

Since in the usual EPR experiments the Zeeman
interaction is dominant over all the other terms
in $C„ it is convenient to quantize along the exter-
nal magnetic field H, whose direction is given by
the polar angles 8 defined relative to the crystal
c axis [00. 1] and &C& the rotation angle of the crystal
around the c axis measured from the (11.0) plane.
For the expression of the transformation of the

0,' ' to the new axis system, we can, without loss
of generality, take the third Eulerian angle a. to

be zero. We have then

o&"&(~)= Z, .o&;& (n)D", ,, (0, 8, y). .
Here, 0 symbolizes the polar coordinates relative
to H, p& symbolizes those relative to c, and D", ,
(n, 8, g) are the Wigner-rotation matrix elements
for /= k. In the new reference frame, X, takes
the form

1/2 p-- 22
X,=gp» H S+AI S+—

3 5

m

O(8) O lml

~mt m

4

m=-4 I™I 18o m--4

where 0," = 8, (8) are normalized I egendre func-
tions, and the t/' are given by

Vp = 20 v 2 sinP8 cos8 cos3(,

V„= ++sin 8([3(1—cos8) —5sin 8]e"'"
+ [3(1+cosg) —5 sin 8 ]e"'PJ,

V„= —» 5 sing( (1 —cos8) [(1—cosg)' —3 sin'8] e"'"
—(1+cosg) [ (1+cosg) —3 sin 8 ]e' '"),

V„=+ ~~ ( (1 —cosg) [ (1 —cos8) —7 sin 8] e' '"

+(1+cosg) [(1+cosg)' —7 sin 8]e ' },
p~ ——2 J75 sing [(1 —cosg)'e'p'~ —(1+cosg) e' '

] .

With this spin Hamiltonian, a second-order per-
turbation calculation within the A& ground state
of a 3d' ion without nuclear spin gives the follow-
ing positions of the ~M, =+1 transitions: for H II c,

H.„(+ —', ~ a —', )=Hp+4D + p(a —F ) —
P~ (a /Hp),

H„(+ —,
' ~+ —,') =H, +2D'+ —,'(a' —F')+ P, (a"/Hp),

H ( — )=Hp + (a' /Hp)

and for Hlc,

(3)

H, (~-', + -', )=H, ~ 2D'~ —,'(a'-F')
+ (1/Hp)[D 4D (a —F') -—,44 (a' —F') —rt a' ],

H, (+-', -+-,')=H, +D'+-,'(a'-F') —(I/H, )[-,' D"

+» D'(a' —F')+ ppp4
(a' F') + N a '

1 t

H, (,'- ——,')=Hp+(I/Hp-) [ —2D"+ ,'D (a -F )-

+$7(a —F ) +pa 1 . (4)

in these expressions, we have Hp=h»/gp, »,'D = D/
gp. » a' = a/gp» and F' = F/g»p. In a wurtzit. e-
type single crystal, there are two magnetically
nonequivalent sites related to each other by a rota-
tion of 3n around the c axis. These two types of
sites exist also for the axial centers in the poly-
types. This leads generally to a splitting of the
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good agreement between calculated and measured
values of the angular variation of the ~- ——,

' line.
To second order, the distance between the cubic
central line and the unresolved two axial ones is
(neglecting terms in E' )

(D /Ho) sin 8 [2D (Bcos 8 —1)

+ 6(a —F )(77cos 6 —48cos 8+3)j, (6)
a

Zn S /Fe

ation

on account of the fact that all centers have the same
a. Comparison between theory and experiment is
shown on Fig. 2.

The change of the parameters of the spin Ham-
iltonian with temperature between liquid-nitrogen
temperature and 170 K is very weak. Above this
temperature, the spectrum is no longer observed.
The variation is so weak that it may be interpreted
as being due to thermal expansion of the crystal,
as well as being due to a weak coupling of the cen-
ter with the lattice. It does not seem that in the
other hexagonal II-VI compounds ZnO ' and CdS
for instance, the axial field parameter D for Fe '
is appreciably temperature dependant.

B. Mn2+

In addition to the cubic center ' and to the axial
center previously reported, we have studied some
lines which had been observed before 4 but not in-
terpreted. %e have interpreted them" as being
due to a second axial center with the following pa-
rameters:

D= (36. 1+0.5)x 10~ cm ~

a —E = (7.4 +0. 5) x 10 cm '

the parameters of the "known" axial center being

D= —130.9x 10 cm
a-F=7.7x]0 'cm '

with the g, A., and a parameters being the same for
the two centers. The signs of D and a —I have
been determined from liquid-helium-temperature
measurements.

For these two centers, the variation of D with
temperature is very weak, their values being

D = (35. 2 + 0. 5)x 10 ' cm '

D= —130.7x 10 cm

at liquid-nitrogen temperature.
In other hexagonal II-VI compounds, ZnQ for

example, it does not appear that the axial field pa-
rameter of Mn" is appreciably temperature de-
pendant.

C. Cr+

In addition to the usual cubic center, ' ' we have
observed under uv irradiation two axial centers
characterized by the following spin-Hamiltonian

parameters at liquid-nitrogen temperature ':
D = (- 28. 7 a 0. 2) x 10 cm ',
a —E = (3.7 a 0. 2) x 10~ cm ',

for the first one;

D = (38.7 +0. 2) x 10 cm ',
a-F = (3.7+0. 2)x 10 cm

for the second one. The g and a parameters are,
for the two centers, the same as for the cubic cen-
ter. The signs of D and a-I have been determined
from liquid-helium-temperature measurements.
%e observed that the D parameters change strongly
with temperature. For the two centers, the varia-
tion of D with temperature represented on Fig. 3
is described by 8'~

D(T) = Do+ 5 coth5 ia/2kT,

with

Do = (7. 9 a 4) x 10 ~ cm ~,

5 = (- 35.0 + 2) x 10 cm ',
@~=245+7 cm

for the first center, and with

Do=(14. 9+5)x 10 cm ~,

5 = (23.3 s 3)x 10 cm ',
5 (d = 340 + 10 cm

(7)

for the second one. This law of variation is due

FIG. 2. Angular variation of the distance between the
cubic and axial central lines at Kg band. Comparison of
experimental values (crosses) with Eq. (6). Same param-
eters as in I ig. 1.
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FIG. 3. Temperature dependence of the axial field
parameter D. Experimental values are represented by
crosses. Continuous lines correspond to the values cal-
culated by means of the expression {7), with the values
of parameters given in the text.

to the coupling of the center with the lattice, ~/2v
being an effective phonon frequency. '

V. DISCUSSION

For each of the three 3d' ions studied, Cr',
Mn", and Fe"', there appears to exist three dif-
ferent paramagnetic centers in "hexagonal" ZnS.
One of these three centers displays cubic sym-
metry, the other two are "axial" centers. The
existence of these sites is thus shown to be a prop-
erty of these "hexagonal" ZnS crystals, indepen-
dent of the ion which happens to occupy such a site,
and should be interpreted on the basis of the struc-
ture of the crystals, as we discuss below.

On the other hand, the comparison between the
properties of the three 3d' substituent ions in these
sites shows an extraordinary disparity between
them. We might show the qualitative aspects of
this comparison in Table II.

Let us discuss first the crystallographic nature
of the three centers present. As is well known,
the cubic and hexagonal forms of ZnS originate in
differences in the stacking of successive anion and
cation planes along the hexagonal [00. 1] c axis
(which coincides with a cubic [111]direction for
zinc blende). Viewed along this axis, each struc-
ture consists of alternate Zn- and S-atom layers;
such a double layer can be thought of as composed

TABLE H. Qualitative aspects of the compa. rison be-
tween the two axial sites of the three ions Cr', Mn2', and
Fe ~ Dp and 5 are defined in Eq. (7).

Dp

F +++

similar

negligible

very different

Mn"

very different;
opposite signs

very small

Cr+

s1Hlllar

large; different
opposite signs

a-I'" different equa. l similar

of pairs of a Zn and a S atom, with all the "molec-
ular" axes oriented along e.

We have thus a sequence of ZnS layers or double
planes, which we symbolize Az, BP, or Cy.
These three kinds of layers are equivalent but dif-
fer by a shift of their origin by ~3u, u being a vec-
tor defined in Fig. 4(a). For n= 1 or 2, one ar-
rives at the configurations of Fig. 4(b) or 4(c).

All crystalline forms of ZnS, both "pure" and

polytypes, are expressed in terms of sequences of
these layers. Thus wurtzite is AnBPAnBP, zinc
blende is An BPCyAo. BPCy; and the polytype 6H,
which we take as an example, is An BP Cy AnCP By.
We write in each case the structure of each layer
as Mp, to emphasize the lack of reflection sym-
metry perpendicularly to the c axis. To repre-
sent different stacking sequences we use the meth-
od illustrated in Fig. 5. In this figure, an A plane
is represented as a full line without an arrow, a
8 plane as - and a C plane as -; the correspond-
ing n, P, or y are symbolized by broken lines.
Distances along the c axis are roughly rendered in
the figure, as well as the configuration of succes-
sive neighboring planes. Thus we see that in each
case the first neighbors of any one atom form a
regular tetrahedron (which might be slightly de-
formed; but c/a and u values in ZnS are quite close
to the ideal close-packing values of P, and —',, re-
spectively); the second neighbors form a trigonal
prism when the corresponding layers are equal,
an antiprism otherwise. If the third next plane
(which is formed of ions of opposite charges to
those of the "central" one) has a configuration
equal to that of the "central" one, there is a single
third neighbor along the c axis. But note that since
the distances between the planes are not equal,
this can take place only to one side, as one moves
along c. In all other cases, this single third neigh-
bor is absent.

Up to third neighbors we have the following four
possible sites, which each depends upon a given
sequence of four crystallographic layers; if x is
the layer which corresponds to the site considered,
the prismatic configuration is obtained whenever
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Pg layer l Q)(e'f Cp layer

l

I

~ ~le
Xj

I

FIG. 4. Representation of the
three kinds of layers: a corre-
sponds to A + layer, b to BP layer,
and c to C& layer. A, B, C rep-
resents the Zn planes, O', P, p
represents the S planes.

x —1=x+1; the single third neighbor exists when-
ever x+2=x. Thus, four sites may exist as fol-
lows:

x —1 =x+1; x+2&x PN;

x —lynx+1; x+2ox AN (zinc blende);

x —1+x+ 1; x+ 2= x AS;

x —1=x+ 1; x+ 2= x PS (wurtzite),

where P indicates prismatic, A antiprismatic, S
indicates the presence of a single-axial third
neighbor, and N its absence. The last site, PS is
characteristic of the wurtzite structure. This
structure does not appear to exist in significant '

concentration in mixed polytypic bulk ZnS. + It
can appear only in needle or platelets; thus we
have just three sites present in all real crystals
of ZnS. One can furthermore convince oneself
that the sites PN and AS always occur side by side
and thus in equal concentrations.

The relative proportion of prismatic sites in a
mixed polytype is described by the "hexagonalicity"

parameter n. This parameter is given by

Q= tip tlA + Sp (8)

Where [n~] is the number of prismatic sites, [n~]
= [npN] + [n~8 ], and [n„] is the number of antipris-
matic sites [n„]=[n»]+[n»]. The birefringence
of a given crystal has been shown~~'~~ to be propor-
tional to n. We have therefore performed bire-
fringence measurements on our crystals, in order
to correlate n with the relative intensity of the
axial EPR spectra. It is difficult to assure a good
precision for these measurements since the EPR
linewidths and shapes are quite different for the
different sites. We find however that the intensi-
ties of both axial spectra are about equal, and the
correlation of these intensities relative to the cubic
"signal" with the birefringence is satisfactory.
Table III gives the results for three crystals of
different characteristics.

The crystalline field parameters should be quite
different for the four sites. We have undertaken
a calculation of some of these parameters in the
point-charge approximation. We have, for the

Wurzite Zinc blende Polytype 6H Polytype 4H

FIG. 5. Illustration of the
method used to describe the
layers defined in Fig. 4. An A
plane is represented as a full
line without arrow, a B plane as

and a C plane as; the cor-
responding O', P, p are symbol-
ized by broken lines. In the
case of wurtzite, the first neigh-
bors formatetrahedron, the sec-
ond form a prism, and the third
is single (PS site). In the case
of zinc blende, the first neigh-
bors form a tetrahedron the
second form an antiprism, and
there is no single third (AN site).
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TABLE III. Correlation between the percentage of
axial center (H~ or H2) and the hexagonalicity & defined in
Eq. (8). The references of the single crystals are given
in Sec. II.

TABI E IV. Axial field parameter p2, p3, and p4 (atomic
units &c R" ) defined in expression (10).

Crystal
Ref.

Z 904
J 191
Z 474

Ion

Cr'
Cr'
Mn'+

Axial~

16 +5
17+5
7+3

Axial2
(%)

14+5
12 +5

8. 5+3

Cub.
(%)

70+10
71+10
84. 5 +6

12.5 +2
12 +2
7. 7+1.3

AS
PS
AN
PN

—0. 0563
—0. 0553
—0. 0043
—0. 0041

+0. 077
—0. 038

0. 0
-0.117

—0. 0534
+0. 0367

0. 0
+0. 0891

potential, in terms of the Tesseral harmonics C,

V, =E, y, r'C, (6, y), (9)

where
4m ~ q;
I,+; B;

where i designates the different ions whose charge
is q,. and polar coordinates R, , 0, , 4, The terms
describing the axial field are

1 ~v
y2 y2Q Y3 Y3Q 2 5 Y33 Y4 Y4P 2 Q 5 Y43

(10)
when 8 is measured from the trigonal axis. These
calculations were performed by means of a lattice
sum over a large number of hexagonal unit cells,
for several different crystal structures (zinc
blende, wurtzite, ' and several polytypes). It is
found that the parameters calculated for the four
sites PN, AN, AS, and PS are characteristic of
each of these sites, and independent of the stack-
ing sequence beyond the third neighboring planes.
Thus the axial field at a given site is the same
whatever the polytype. There will thus never be
more than four centers. Table IV gives the values
calculated for y~, y, , and y4 for these four cen-
ters.

The axial field of second order (yz) depends ex-
clusively on the N-S character: the absence or
presence of the single axial third neighbor. This
does not mean that it is a single atom which con-
tributes to y~. In fact y~ converges more slowly
than y4 when one extends the "crystal" in a direc-
tion perpendicular to the c axis. Therefore the
calculated values are not exactly zero for N sites.

The axial fields of third and fourth order y3 and

y4 depend additively on both P and S characters.
However, it should be remarked that they depend on
a balance between terms, and are quite sensitive
to distortions from the ideal packing of perfect
tetrahedra.

If we now consider the origin of the zero-field-
splitting parameter D, it is well known that a large
number of mechanisms contribute to its value.

It is therefore difficult to make an estimate, with-
out performing rather extensive calculations es-
pecially when covalency and overlaps are likely to
be important as will be the case for Fe '. How-

ever, we may examine some general trends which
tend to make the disparity of behavior between Cr'
and Mn" qualitatively comprehensible.

In fact the different contributions of the "ion-
multipole" model of Sharma et al. ' all depend on
the crystal-field parameters which measure the
intensity of the axial fields of order 2 and 4, which
both contribute to D in trigonal symmetry. The
odd fields may also contribute by the bias of an ef-
fective even field. ' For a given site, the "ionic"
part of D will be a balance of contributions of
y2(r ), y4(r ) and y, (r )~„. If the crystal-field
strength is assumed to be independent of the ion
occupying the site, the different values of (r") for
the various ions will produce different weights for
these terms; this effect tends to make the contri-
bution of y4 relatively more important for Cr' than
for Mn". But as the ionic radius of Cr' is consid-
erably larger than that of Zn", the field produced
by local distortions of the lattice may be important
but difficult to estimate. Both these effects con-
tribute, however, to the temperature sensitivity
of D for Cr'.

Iron is dominated by covalency effects, "' ' and
these "ionic" contributions are largely insufficient
to explain the large values of D for this ion. We

may estimate that here, as it is the case for the
other magnetic properties of this ion' charge
transfer and the interaction of close-lying non-
bonding Tz levels dominate over the "ionic" crys-
tal-field effects, thus accounting for the smallness
of the difference between both axial centers.
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Conversion of Electromagnetic into Acoustic Energy via Indium Films*
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Transverse acoustic waves were generated electromagnetically at 9 GHz using thin indium
films on silicon substrates. We report measurements of the conversion efficiency o.'of elec-
tromagnetic into acoustic energy as a function of temperature, magnetic field, and micro-
wave power. The highest conversion efficiency found above the superconducting transition
temperature T~ of indium was 5&& 10 ' comparable to that of quartz transducers. Below T~
the conversion efficiency decreases rapidly and becomes magnetic field and microwave power
dependent. At low powers a good agreement was found between the experiment and the theory
of Abeles with respect to both the value and temperature dependence of n. This agreement
shows that the generation of the acoustic waves is due primarily to diffuse scattering of elec-
trons at the surfaces of the film. To fit the theory to the experiment we had to assume that
diffuse surface scattering persists below T, as well and thus we conclude that pair scattering
at the surface does not conserve momentum. In addition, our results show that G. is still ap-
preciable at temperatures well below T~ and thus transverse-phonon generation may possibly
be one of the important loss mechanisms in superconducting cavities.

I. INTRODUCTION

An electromagnetic field in the GHz region in-
cident on a metal film can generate a transverse
acoustic wave. The ions and electrons in the met-
al are accelerated by the electromagnetic field
within the penetration depth. For a clean thin
film at low temperatures, scattering in the bulk
can be neglected, and thus the interaction of the
electromagnetic field with the lattice ions may
result in the generation of an acoustic wave. There
may be another, electronic, contribution to the
generation of an acoustic wave. Assuming diffuse

surface scattering, the momentum gained from
the electromagnetic field by the electrons is trans-
ferred to the lattice at the surfaces. This momen-
tum per unit time is a shear force acting on the
surface and can also give rise to a transverse
acoustic wave.

Experimentally, electromagnetic generation of
acoustic waves using indium films was first ob-
served by Abeles' and later by the present authors. ~

Theoretically, the problem of electromagnetic
generation of transverse acoustic waves in a met-
al has received considerable attention over the
last few years. To calculate the conversion ef-


