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Spin-flip scattering of laser light at fields up to 148 kG in p-ZnTe is described. Experiments varying

excitation wavelength, pow r, magnetic field, polarization, and sample characteristics are detailed. The
observed spectral features are assigned to the spin flip of heavy holes and to electrons and holes bound to
donor and acceptor levels, The energy, line-shape, and linewidth field dependence of the heavy-hole scattering
are compatible with theoretical calculations. The gyromagnetic ratio of the shallowest-heavy-hole level is

found to lie between g = 0.9 and g = 1.1, depending upon the sample, compatible with the theoretical value

0.92 % 0.15.

I. INTRODUCTION

Spin-flip scattering of laser light in semicon-
ductors has attracted a great deal of interest in
recent years. A number of spin-flip scattering ex-
periments have been carried out with n-type semi-
conductors which allowed the properties of mobile
electrons and electrons at shallow donor levels to
be studied. These experiments were done with
InSb, ' InAs, ' PbTe, ' CdS, ' ' ZnSe,"CdTe, ' CdSe, '
GaAs, ' and Hg„Cd, „Te.' A review of this work has
been given by Scott."

In contrast to the work with n-type materials,
there has been only one published report of spin-
flip scattering in a p-type material, that of spin-
flip scattering from holes in ZnTe. "'" The only
study prior to that of Zn Te involving hole spin-
flip scattering was that of Thomas and Hopfield in
1968,4 on holes bound to neutral acceptors in
n-CdS.

Spin-flip scattering from holes in the valence
band of a semiconductor was first considered
theoretically by Yafet in 1966." In this process,
the degenerate valence-band energy levels are
split apart by the application of a magnetic field.
Laser light of energy near the band gap E~ can
then cause spin-reversal transitions in the val-
ence band, which proceed via intermediate states
in the conduction band. This scattering process
and the determination of the valence-band energy-
level splittings for the case of ZnTe are considered
in a separate paper. "

For spin-flip scattering from mobile holes a
p-type semiconductor is required, with the Fermi
level in the valence band. The energy gap of
P-ZnTe at 2 K (2.391 eV),"happens to coincide"
almost exactly with the energies available from a.

krypton laser, so this material was a logical
choice for study. Hole spin-flip scattering should
be observable with almost any p-type material,
and perhaps p-InSb would be another good choice

for future studies.
The purpose of this paper is to present the re-

sults of a number of experiments performed on
ZnTe. Section II deals with some details of the
experimental apparatus and characteristics of the
samples. Sections III and IV deal with spin-flip
scattering from heavy holes, bound holes, and
bound electrons. Several details of the observed
spectra are discussed in Sec. V. A simple line-
shape model for valence-band spin-flip scattering
is presented in Sec. VI. A summary of results and
some suggestions for future work are given in
Sec. VII.

II. EXPERIMENT

Single crystals of ZnTe were cooled below 2 'K
and subjected to steady magnetic fields of up to
148 kG." Laser light was focused into the crystals
and the scattered light wa, s collected and analyzed
by a double-grating spectrometer and photon-
counting system. The samples were illuminated
by a krypton laser operating at 5208, 5309, and
5682 A wavelengths at powers of several hundred

mW or less. A cooled RCA C31034A photomulti-
plier was used for detection. Figure 1 is an iso-
metric view of the superconducting magnet and ad-
justable sample holder. Mic roadjustable mirrors
were used to translate the laser beam; an external
lens and a lens within the helium bath were used
to focus the light into a diffraction-limited line
within the crystal. Light was collected at 90' from
the incident beam and the magnetic field. The
horizontal image was rotated to a vertical position
and focused onto the entrance slit of the spectrom-
eter after passing through a plane polarizer.

Samples were mounted on pedestals within the
sample holder using small amounts of QE7031
varnish. The aluminum sample holder and sample
were immersed in the bath of pumped liquid heli-
um. It was assumed that laser heating of the sam-
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TABLE I. Characteristics of Zn Te samples.

TRANSMITTED
LIGHT

r

Sample. Zn Te-1
Size: 3x 4x 15 mm3

Color: Dark red
Origin: Aerospace Research Labs (WPAFB),

D. C. Reynolds (Original material from Rocky
Mountain Powder Company)

Impurities: Na(-1.5x 10 6/cm ), In(- 2.0x 10~ /cm3),
Ga(-1.0 x 10~~/cm3), Li(-1.0x 10~4/cm3),
Possible trace Cd

Orientation: H is 3.0 deg from [111]direction
EPR: Weak signals at approx. g =2.06

SCATTERED

Sample: Zn Te-2
Size: 1x 2x 5 mm3

Color: Dark orange
Origin: Bell Labs sample No. ZT127 (Harshaw Co.)
Orientation: H is in [100] direction
EPR: No signals

I

INCIDENT
BEAM

FIG. 1. Superconducti. ng magnet and sample holder.
Axes are labeled according to the convention used for
the polarization data.

Sample: ZnTe-3 (ARL sample N-5)
Size: 6x 5x 5 mm3

Color: Light orange
Origin: Aerospace Research Labs (WPAFB),

D. C. Reynolds
Resistivity: p =-20 0 cm (300 'K)
Carrier concentration: n„=- 2.7x 10 '/cm (300 'K)
Orientation: H is 16.5 deg from [001] direction in a

(100) plane

pie was at most a few degrees.
Four different samples of ZnTe were used for

this study. All crystals were melt-grown in other
laboratories and came with cut and polished faces.
None of the crystals were intentionally doped, al-
though upon chemical analysis, crystal ZnTe-1
was found to contain several impurities. " It was
not possible to analyze the other crystals for im-
purity content owing to the small amount of mater-
ial available. The colors of the four crystals
varied from dark red to light orange, depending on
their purity; samples 2-4 were considerably
purer than sample 1. Samples 1 and 2 were ana-
lyzed for EPB signals, "and transport properties
were meausred' down to liquid-nitrogen tempera-
tures for sample 4. Samples 1, 3, and 4 were
oriented by using back-scattered Laue photographs;
sa, mple 2 was oriented by noting a clear (110)
cleavage plane. Table I summarizes the known
characteristics of the samples.

As-grown ZnTe is always p-type, owing to a
natural tendency to form Zn-vacancy acceptor
levels. ' ' Efforts to produce n-type crystals by
doping with donor atoms result in highly compen-
sated material with poor electrical properties. "
An exception" is Al-doped ZnTe, which is slightly
n-type; indeed, visible light-emitting P-n junction
devices have been fabricated. "

Sample: ZnTe-4 (ARL sample N -8)
Size: 6x 5x 5 mm3

Color: Orange
Origin: Aerospace Research Labs (WPAFB),

D. C. Reynolds
Resistivity: p -=2.3 0 cm (300 K)
Carrier concentration: n„=-2.7x10"/cm' (300 'K),

= 1.0 x 10~3/cm3(90 'K)
Orientation: H is in [111]direction
Mobility peak: p, „=-.500 cm/V sec at T =120 K

Since the primary purpose of the present work is
to investigate the spin-flip scattering properties
of the pure bulk ZnTe, no effort was made to ob-
tain samples with specific dopants. Such investi-
gations on well-characterized doped samples can
hopefully be carried out at a later time.

III. SPIN-FLIP SCATTERING FROM HEAVY HOLES

Although none of the samples were intentionally
doped, the four samples studied yielded essentially
two different spectra. The pure ZnTe samples
each gave a single spin-flip line, whereas the rel-
atively less pure sample showed three distinct
spin-flip features.

Scattering results from the relatively pure sam-
ples (ZnTe-2, 2, 4) will be considered first. Typ-
ical intensities ranged from 10 counts/sec to 5
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FIG. 2. Spin-flip scattering from pure ZnTe samples.
Spectrometer slits are 30 p m (- 0.5 cm ' resolution).
Laser power is 24 mW.

&& 10' counts/sec with laser powers of 100 mW and
30-p, m slit widths. The purest sample, ZnTe-3,
yielded a single weak spin-flip peak with 5309. A

excitation whose full width at half-maximum
(FWHM) was approximately 1.0 cm ' at 80 kG and

1.5 cm ' at 130 kG. The peak was observed to
shift linearly with magnetic field, with a g value
of g, =0.9 +0.2. Extremely weak scattering at
higher g values was also observed. The Stokes-
anti-Stokes intensity ratio for the spin-flip peak
was at least eight, indicating nearly complete
thermalization with the lattice.

Spin-flip scattering from sample 4 (higher-car-
rier concentration than that of sample 3) was mea-
sured from 80 to 130 kG fields. A weak spin-flip
peak was observed at g4= 1.1 +0.1 with a width of
approximately 1.2 cm ' (FWHM). The spin-flip
feature in sample 4 was seen with both 5309 and
5208 A exciting radiation. The fact that the sa, me
energy shift is obtained for two different laser
wavelengths shows that the feature is not lumi-
nescence. As with sample 3, extremely weak un-
resolved structure was also observed at g values
of g =1.5 to =2.5. No appreciable anti-Stokes scat-
tering was observed with this sample.

Sample 2 yielded a single scattering feature at
approximately g, =0.9 +0.1 with a width of approxi-
mately 4.0 cm ' (FWHM). Typical spectra from
this sample are shown in Fig. 2. The xy and xz
scattering are remarkably intense, with typical
count rates of approximately 5 && 10' counts/sec.

The spin-flip polarizations varied in character
somewhat from sample to sample and will be dis-
cussed later.

The g values from the relatively pure samples
can be summarized as follows:

Hajj[100]:g,=0.9 +0.2,

H I[loo]:g,=1.1~o.l,
HI[100]:g =0.9 +0.1,

(1)

(2)

(3)

gh~h(2) = 0 92+0.15

g„''„(3)= 2.14 a 0.20,

g,''„(0) = 2.33 + 0.40,

(4)

(5)

(6)

for the two shallowest heavy-hole levels and the
shallowest light-hole level. The agreement be-
tween the experimental g values g„g4, and g,
and the calculated heavy-hole g va. lue g~h'(2), and
the results of a theoretical line-shape calculation
(Sec. VI) allow the assignment of the observed
scattering features as spin-flip scattering from
heavy holes in the ZnTe valence band. This as-
signment is substantiated by the dependence of
spin temperature upon excitation wavelength and

by the dependence of scattering intensity upon
laser power [to be discussed (Sec. V)].

The theoretical anisotropy is small for the
heavy-hole n = 2 level, resulting in g values of'4

listed in order of increasing sample carrier con-
centration. The intensity of the scattered light
increased with increasing carrier concentration,
although it was not possible to obtain quantitative
comparisons between samples. It is not possible
to say with certainty whether the differences ing
values between samples is due to anisotropy ef-
fects, although the data would indicate larger g
values for the [111]direction. Poor signal-to-
noise ratios for samples 3 and 4 limited the pre-
cision with which g values could be measured.

In order to understand better the nature and ori-
gins of the spin-flip transitions, theoretical ener-
gy-level calculations were carried out which were
appropriate for a P -type semiconductor. The
spin-flip scattering is expected to take place be-
tween hole levels in the valence band. Spin-flip
scattering can also occur from impurity states.
The calculations employed the Luttinger-Kohn""
theory, which has been quite successful in ex-
plaining a number of magnetoabsorption results in
several materials, but is applied here for the
first time to a spin-flip scattering experiment.
The details of the calculations are presented in a
separate paper. " Using this theory, the g values
of transitions for the shallowest hole levels are
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Hlllloo]: gh&'„-'(2) = o.sa,

H ll [111]:g""'(2)= 0.99;

(t)

(a)

approximately 1% larger for the [111]direction
but not as large as that suggested by the data.

The (10—15)% discrepancy between theoretical
and experimental g values is probably due to the
inability of the basic theory to account for such
things as exciton effects. Nevertheless, the agree-
ment here is remarkably good. Typical" band-
structure k' m calculations for conduction-electron
g values in wide-gap semiconductors show worse
agreement with experiment than do the present
results.

It is interesting to make further comparisons
between the theory and experiment. The additional
unresolved scattering between g = 2.5 agrees
roughly with what is expected from n =3 heavy-hole
and n = 0 light-hole spin-flip scattering. Scattering
from these states is expected to be weak, since
they will be populated with fewer holes than the
n =2 heavy-hole level.
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FIG. 3. Spin-flip scattering from relatively impure
sample ZnTe-1, at various magnetic fields. Laser
excitation wavelength is 5208 A. Temperature is 1.9'K.

IV. SPIN-FLIP SCATTERING FROM BOUND HOLES

AND ELECTRONS

The relatively impure sample, ZnTe-1, yielded
in addition to the heavy-hole spin-flip scattering
observed in the other samples, two additional
lines thought to arise from impurity levels. Fig-
ure 3 shows a series of six traces obtained at
fields from 40 to 140 kQ. At 40 kQ, only the laser
peak and the rather high luminescent background
are discernible. At 60 kQ, feature A is becoming
visible; at 80 kQ, feature B is clearly resolved,
and feature C is emerging from the laser line.
From 100 to 140 kQ, all three features are visible,
with a maximum scattering cross section occurr-
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FIG. 4. Energy shift of laser light vs magnetic field
for the ZnTe-1 spin-flip scattering features.

ing at around 100 kQ. The luminescent background
steadily increases with increasing field owing to
the magnetic-field splitting of a nearby shallow
bound exciton. The spectra of Fig. 3 dramatically
illustrate the necessity of 'he high fields used for
this work. "

Figure 4 shows the magnetic-field dependences
of the three spin-flip scattering features. Within
the experimental uncertainties, the energy shifts
are linear in the field. The g value of C agrees
closely with those of the other samples, and is
assumed to arise from the heavy-hole spin-flip
scattering discussed in Sec. III. Features A, B,
and C have measured g values of g,„=2.12 +0.04,
g» = 1.74+0.03, and g, c = 1.07 +0.05. Features
A and B have field-independent widths of approxi-
mately 1.0 cm ' (FWHM), and the width of feature
C appears to increase with increasing field, being
approximately 4.0 cm ' at 130 kQ. The marked
asymmetry of feature C should be noted.

When sample ZnTe-1 is illuminated with 5309
or 5682 A laser light, only feature A is observed.
Feature A is clearly of entirely different origin
than the spin-flip peaks of the purer samples.
The ratio of Stokes to anti-Stokes intensities was
found to be only 3.2 using 5309 A. light, indicating
incomplete thermalization. The spectra at 5682 A

were weaker, and no anti-Stokes peaks were ob-
served.

Figure 5 shows both Stokes and anti-Stokes
spin-flip scattering from .ZnTe-1 at 5208 A. The
features A, B, and C on the low-energy side of
the laser line are riding on top of luminescence
from a shallow bound exciton. When this back-
ground is subtracted from the total peak heights,
the following Stokes-anti-Stokes ratios are ob-
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FIG. 5. Stokes and anti-Stokes spin-flip scattering in
Zn Te-l.
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tained:

A/A'= 2.0,
B/B ' = 4.3,
C/C'= 6.0.

(9)

(10)

(11)

These ratios indicate incomplete thermalization
of the spin levels with the lattice and will be dis-
cussed further in Sec. V.

During the course of several runs it was found
that the relative intensities of features A, B, and

C, and their anti-Stokes counterparts varied with
the laser power. Consequently, a series of runs
were made in which the 5208 A laser power was
varied from 10 to 90 mW. The results of these
measurements are presented in Fig. 6. Here, the
intensities of the three scattering features have
been arbitrarily normalized to unity at the maxi-
mum power of 90 mW. The intensities of features
B and C increase approximately linearly with laser
power, whereas the intensity of A increases more
rapidly at low power levels and then tends to
saturate at the higher laser powers. This be-
havior indicates that features B and C are of a
different nature than feature A .

It should also be mentioned that very weak spin-
flip scattering was observed in ZnTe-1 using
above band-gap argon laser excitation of 5145 A.
The scattering was essentially the same as that
shown in Fig. 3, only more than two orders of
magnitude less intense owing to the strong absorp-
tion of the 5145 A radiation by the sample.

The experimental g value in ZnTe-l, g~ =2.12

prO. 6. Scattering intensity vs laser power for the
ZnTe-1 spin-flip scattering features. Laser excitation
wavelength is 5208 A.

+ 0.04, is extremely close to the theoretical value
g„''„(2)=2.14 +0.20. However, this feature cannot
be assigned to n = 3 heavy-hole spin-flip scatter-
ing'4 for the following reason: The n =3 state is
deeper in energy than the n = 2 state and therefore
will have a lower hole population at our tempera-
tures and photoexcitation levels, consequently,
scattering from the n = 3 state will only be ob-
servable if the n =2 state is also observed. How-
ever, in experimental runs at 5309 and 5682 A

(far away from resonance with the band-gap ene."-
gy Eo), the g = 2.12 peak wa. s observed in the
absence of an n =2 peak. In addition, the g=2. 12

peak was found in only one sample and exhibited a
saturation behavior (Fig. 6), unlike that expected
for heavy-hole spin-flip scattering. We assign it
as spin-flip of a hole trapped at an acceptor level,
as discussed below.

When the laser is far away from resonance with
the band-gap energy, few holes are photoexcited
in the valence band. Although ZnTe is always
p-type as grown, "the acceptor levels are highly
compensated by electrons originating from donor
levels near the conduction band. Without photoex-
citation, these donor levels will be empty of elec-
trons, the acceptor levels will be partially filled,
and the valence band will be completely filled.
Spin-flip scattering can then occur from holes
in the partially filled acceptor levels. These holes
are bound to the impurity ions or lattice vacancies
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which give rise to an acceptor level. %hereas the
exact nature of the defect center causing the spin-
flip scattering is not known, its g value is typical
of A centers in II-VI compounds. Title'o has ob-
served EPR from Vz„-Al centers in ZnTe with g
values of approximately g = 2.1.

It is known that ZnTe-1 contains Na and Li im-
purities which cause acceptor levels to be formed
approximately 50 meV above the valence band. "
The number of holes available for spin-flip scat-
tering is limited by the number of uncompensated
acceptor sites. The saturation behavior of Fig. 6
occurs when the laser light is flipping the spins
of essentially all of the bound holes which are
available, "and further increases in laser power
have little effect, which is not the case for scat-
tering from photoexcited valence-band holes (i'ea-
ture C). Thus there is strong evidence for as-
signing feature A to spin-flip scattering from
bound holes. It should be noted that the weak EPR
signals in this sample with g =2.06 were obtained
without photoexcitation (see Table I).

The remaining scattering peak (feature 8 in
Fig. 5) is not accounted for by theory, nor can it
be assigned to bound hole spin-flip scattering
since its characteristic dependences are very
unlike those of feature A. Its dependence on laser
power closely follows that of feature C, which
strongly suggests that these two excitations are
related. The width of feature 8 is small (approx-
imately 1.0 cm ' FWHM) and remains constant
with field, unlike feature C. The width of B and
its behavior are typical for spin-flip scattering
from electrons in wide-gap semiconductors.
Since electrons in the conduction band or in donor
levels are not subject to the peculiarities of the
degenerate valence band, there are no complicated
linewidth of line-shape effects, unlike the case for
holes in the valence band (see Sec. VI). It there-
fore seems likely that feature B is due to spin-
flip scattering from electrons in donor levels pop-
ulated by photoexcitation from the laser light.

(The lifetime of free electrons is expected to be
too short to contribute much to the scattering spec-
trum. ) The g value for such electrons in ZnTe is
not known from other work. An early theoretical
estimate" of the conduction-electron g value has
yielded a much lower value of g =0.4. Shallow
donor levels would be expected to have comparable
g values.

Sample ZnTe-1 is noteworthy in that spin-flip
scattering from bound electrons, bound holes,
and valence-band heavy holes are simultaneously
observed. The possibility of the simultaneous
existence of populated donor and acceptor levels
has been discussed by Thomas and Hopfield. 4

V. DISCUSSION

In this section, details of the spectra are dis-
cussed, including the scattering polarizations,
photoexcitation of the system by the laser light,
and the effective spin temperatures produced by
photo excitation.

A. Polarization

The polarization character of the spin-flip ex-
citation depends on the selection rules in the scat-
tering matrix element. According to Yafet, "the
appropriate rule for single-particle spin-flip
scattering from both electrons and holes is that

Here, the e, 's are the polarizations of the incident
light and the &,'s are the polarizations of the
scattered light. The magnetic field is in the z
direction. For linearly polarized light, the only
allowed polarizations are y(xz)x and y(zy)x in the
experimental geometry of Fig. 1. The polariza-
tions y(zz)x and y(xy)x are forbidden.

Experimentally, these rules are obeyed for the
case of spin-flip scattering from conduction elec-
trons in CdS, ' ZnSe, ' and InSb, "at 5.3 p, m. They
do not hold" for InSb at 10.6 p. m.

TABLE II. Summary of polarization data.

Wavelength

5208 A

5309 A

Pol ar ization

Zg

xg
xg

ZP

xg
xg

ZnTe-1
(130 kG)

0

1
10

0
1

0
10

ZnTe-2
(148 kG)

6
10

ZnTe-3
ZnTe-4
(130 kG)

0

1
10

0
0

10
0
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The polarization data for the present experiment
are summarized in Table II. All data have been
corrected for the spectrometer response. The
spin-flip intensities are arbitrarily normalized
to a scale of 1-10. For 5208 A, the scattering is
predominantly xz in character for the three crys-
tals studied. This is in agreement with theory.
However, the weak zy scattering is not in agree-
ment. Also, in ZnTe-2, there is anomalously
strong xy scattering. For 5309 A, ZnTe-4 has
large xy scattering, but no xz or zy scattering.
The zz scattering component is small for all sam-
ples at both wavelengths in accordance with theory.
Thus the data clearly suggest a departure from the
theory of Yafet, as well as differences among the
samples which can only be due to the effects of
different impurity levels in the samples.

For conduction electrons in InSb, Patel and
Yang" obtained strong spin-flip scattering for all
polarizations, using 10.6- p, m laser radiation.
Their observed Landau level transitions also did
not follow Yafet's theory. They suggest that col-
lective charge-density fluctuation modes at the
spin frequency could account for some zz scatter-
ing, but not for their observed xy scattering. They
conclude that the zz and xy scattering components
in their data cannot be accounted for by a single-
particle spin-flip process. They did not investi-
gate the sample dependency of the polarization
selection rules.

For spin-flip scattering in CdS and ZnSe, Fleury
and Scott' report that the polarization selection
rules agree with Yafet's theory. In a later paper, "
however, it is reported that all polarizations be-
come strong when the samples are cooled below
about 80 K." They attribute this to entrapment
of the conduction electrons at donor sites. It is
possible that the anomalous scattering in InSb is
also temperature dependent, but temperature
studies were not carried out in the experiments of
Ref. 33.

In the present experiment, it seems likely that
varia, tions in the scattering polarization from sam-
ple to sample indicate varying environments for the
holes undergoing the spin-flip scattering. Exciton
effects cannot be discounted, since the majority
of holes in the experiment are produced by photo-
excitation.

The possibility of beam depolarization due to the
band Voigt effect" was also considered, but no
definite conclusions were reached. This effect
becomes divergent as the laser energy approaches
the band-gap energy, which is the case in this ex-
periment. Thus small deviations in the polariza-
tion of the incident and scattered light from the
true x and y directions could lead to elliptically
polarized components with nearly random phases.

The presence of impurities differing from sample
to sample producing bound exciton levels can also
effect the amount of the Voigt phase shift. "

B. Photoexcitation

EMPTY
CONDUCTION
BAND

donors
(electron
traps)

FORBIDDEN
GAP

absorbed
photons

time

+ PARTIALLY
~ F IL LED

CONDUCTION

P~ BANDtr= ir and
non-radiative

} tronsitions

visible~» photons

acceptors I

FILLED
VALENCE
BANDS

holes

] ~~l~~lzEg ~ PARTIALLY
F ILL E D

VALENCE
BANDS

FIG. 7. Photoexcitation process. {Left) with no light
on the sample, the valence band is completely filled with
electrons. (Right) with laser excitation, long-lived hole
states are created in the valence band by the action of
trapping levels in the gap.

Holes in the valence band can be produced both
thermally and by photoexcitation of the system by
the incident laser light. In order to estimate"
the thermal population of valence-band holes, one
can compute the probability of thermally exciting
an electron from the valence band to the lowest
known" acceptor level E~ =48 meV in ZnTe at
T =2 'K. If this is done, one finds a vanishingly
low population of holes in the valence band. Ex-
perimentally, from Table I, the measured hole
concentration for sample 4 at 90 K is n„= 1.0
&& 10"/cm'. The thermal hole population at 2 'K
will probably be several orders of magnitude
lower than this. Thus the population of thermal
holes was quite low at the temperatures at which
the experiment was performed.

On the other hand, 100 mW of green laser light
corresponds to a photon rate of approximately
3 X 10"photons/sec. This light was focused into
a volume of perhaps 10 cm' inside the samples.
Since the energy of the laser light is very nearly
equal to the band-gap energy E~, the cross section
for hole-electron pair production can be quite
high, say, 10% efficiency. Thus approximately
10" to 10"pairs/cm'/sec are produced in the
region of interest. The presence of electron trap-
ping levels within the energy gap with lifetimes
of the order of 10 ' sec can result in steady-state
populations of valence-band holes of n„= 10"/cm'
to 10"/cm', or perhaps five or six orders of mag-
nitude greater than the population of thermal holes.

The photoexcitation process is illustrated
schematically in Fig. 7. In this manner, long-
lived hole states are created in the valence band.
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These holes can then undergo spin-flip scattering
by the laser light. Electrons held up in the vari-
ous trapping levels can also undergo spin-flip
scattering. This scattering is observable if the
lifetime of a given state is long enough to prevent
excessive broadening of the spin levels. Bound
electron spin-flip scattering (such as feature I3 in
sample 1) is thus seen to occur from some donor
level with a lifetime of 10 ' sec or longer. Such
processes could also contribute to the unresolved
scattering from g= 1.5 to =2.5 sample 4.

By the model of Fig. 7, impurity type and con-
centration can directly influence the number of
valence-band holes available, and hence the spin-
flip scattering intensity. The data are in qualita-
tive agreement with this model, since the ob-
served intensities increase with increasing im-
purity concentrations. It is to be emphasized that
the impurity levels themselves need notbe directly
involved in the heavy-hole spin-flip scattering, but
do provide a mechanism for the photoproduction of
.dholes in the valence band, which can then undergo
spin-flip scattering. It is not possible at this time to
make further quantitative estimates without well-
characterized samples with known impurity types
and concentrations. The actual presence of speci-
fic impurity levels in the samples was studied by
means of luminescence from bound exciton levels.
Analyses of the Zeeman splitting of extremely
shallow bound excitons gave hole g values compati-
ble with the heavy-hole spin-flip results. "

C. Spin temperature

For the pure samples of ZnTe, almost no anti-
Stokes scattering was observed, indicating that
the spin system was in thermal equilibrium with
the lattice.

For ZnTe-1, which contained several impurities,
small values of the Stokes-anti-Stokes ratio were
found when the laser light approached resonance
with the band gap. If a simple two-level system
with spins & and P is assumed, and the viewpoint
is taken that the energies E and E~ represent the
total energies of all the spins in states a and P,
and further that some mechanism exists which
allows the two spin systems to equilibrate with
each other, then an effective spin temperature can
be computed from the Boltzmann factor relating
the populations of the two levels. " The results
for ZnTe-1 are given in Table III. Here, the ef-
fective spin temperature is given for each scatter-
ing feature at the three wavelengths used. (Fea-
tures B and C were only observable with 5208
or 5145 A exciting radiation. )

The results for feature A (bound-hole spin flip)
are particularly interesting. Far away f rom reso-

TABLE III. Effective spin temperatures for ZnTe-i.

Feature
Wavelength A (g=2. i2) I3 (g= i.74) C (g= i.07)

5208 A
5309 A
5682 A

27 'K
i6'K
i.8 'K

i0'K 6'K

(Lattice temperature = i.8 'K)

VI. SIMPLE LINE-SHAPE MODEL

All possible transitions between the various
valence-band levels are allowed in the Raman ef-
fect. ' Thus, in principle, one should be able to
observe transitions between principal quantum lev-
els (Landau level scattering)'; transitions from
the light- to heavy-hole bands and vice versa;
transitions in which the spin is flipped and the
Landau level is changed, ' and finally, pure spin-
flip transitions where the principal quantum num-
ber n remains unchanged. This plethora of scat-
tering effects is not observed for the following
reason: Mobilities in II-VI semiconductors are
usually poor, and at low temperatures are re-
stricted by screened ionized impurity scattering. 4'

Even at high-field values, ~p is much less than
unity, where co, is the cyclotron resonance fre-
quency and 7 is the collision lifetime. Thus, for
example, in sample ZnTe-4, even the measured
peak mobility of 500 cm'/V sec at 120 '-K will re-

nance, the spin systems and the lattice are in
thermal equilibrium with each other and with the
bath of pumped liquid helium (1.8 'K). As the
laser energy approaches the band-gap energy, the
scattering intensity increases in accordance with
a resonant denominator, a large number of elec-
tron-hole pairs are produced by photoexcitation,
and the upper spin level of the acceptor state be-
comes excessively populated, raising the effective
spin temperature. The rate at which the upper
spin level spontaneously decays into the lower
spin level is limited by the spin-lattice relaxation
time.

At 5208 A, features 8 and C also have elevated
spin temperatures, although not as much as fea-
ture A. It should be remarked that for n-CdS,
Thomas and Hopfield' found that their bound-elec-
tron spin flip showed incomplete thermalization
even at very low laser powers, whereas the bound-
hole spin flip showed complete thermalization.
They concluded that the spin-orbit coupling in the
valence band results in a, much stronger coupling
of the holes to the lattice than for the bound elec-
trons.
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suit in "smeared-out" Landau levels. In this case,
the collision lifetime is much shorter than the
time required for a hole to execute a single cyclo-
tron orbit. Qn the other hand, the spin-lattice re-
laxation time may be 10' times greater than the
collision time. 4' This fact, along with the effects
of motional narrowing, 4' result in well-defined
spin levels. Thus we expect to observe sharp
spin-flip lines, and only broad, unresolved Landau
level lines. Qf the many possible spin-flip transi-
tions, most will be excluded by the Pauli principle
at the temperatures and photoexcitation levels of
our exp eri.ments.

There have been a number" ""of theoretical
investigations of the spin-flip line shape in the
narrow gap material n-InSb. The considerations of
these papers are not wholly applicable to the pres-
ent case of spin-flip scattering in the ZnTe val-
ence band. In n-InSb spin-flip scattering, there
are no valence-band complications; it is necessary
only to consider the quantum limit case at T =0,
and the collision time is generally'2'44 considered
to be independent of the field. The small band gap
and large g value in InSb do, however, make the
spin-flip linewidth and line shape more dependent
upon field and excitation wavelength than in ZnTe.

A complete microscopic theory of the spin-flip
line shape in ZnTe will not be presented here.
Instead, a simple theoretical model is discussed,
which accounts for most of the observed line-shape
effects.

The basic spin-flip lineshape in the absence of
k„-dependent effects is assumed to have a simple
Lorentzian form whose width is a function of the
magnetic field:

r =a+ bH+O(H')+ ' ' ',
where a and b are material-dependent and tem-
perature-dependent constants. The fundamental
dependences of a and b on these parameters de-
pend on the formulation of the exact theory. The
term a is expected to increase with increasing
temperature and effective carrier concentrations.
The work by Auyang4' (S. Y. Yuen) on the spin-flip
linewidth in InSb includes these dependences as
pa. rt of her basic diffusion theory.

The second term in Eq. (13) arises from the
assumption that scattering from screened ionized
impurities is the dominant process limiting the
hole lifetimes. The magnetic field tends to
"stretch out" the impurity wave functions along
the field direction, decreasing their cross sec-
tions for scattering holes. Also, the cyclotron
orbit radii of holes decrease with increasing field,
limiting the number of collisions. Because of
motional na, rrowing, the spin-flip linewi. dth will
increase with increasing collision time. Motional

narrowing occurs because an increase in the colli-
sion frequency results in an increa, se in the fluc-
tuation frequency of local magnetic fields seen by
the individual spins. This tends to inhibit dephas-
ing of spins in a group of spins which starts out in
phase with each other. Argyres and Adams ' have
shown that the collision time varies approximately
linearly with the magnetic field. The constant b

will depend on the screening length of the ionized

impurities, and will not be evaluated here.
The more important contributions to the spin-

flip line shape in ZnTe arise not from the form
of I', but from the k„dependence of the energy
levels (see Ref. 14). Thus, considering the shal-
lowest heavy-hole level (n =2), the spin-flip line
for a fixed value of AH will have the complex form

1

,(k„)- r/2' ' (i4)

f(k )
(1 fg)fa~ &u~&-8

(1 f)f p, cg&t-
where

1

exp(LE —e (k„)jk Tj+1
and

1

exp([E~ —e,-(k„)]/k, r'f+ 1
'

(16)

(18)

Combining Eq. (16) with Eq. (14) and integrating
over k„, the spectral line shape results:

S((u) =1m G(~, k „)f (k„)dk„. (19)

The finite width of G(v, k„) serves to account ap-
proximately for the rounding-off of the density of
states near k~ =0."

Figure 8 shows the results of numerical calcu-

where I' is given by Eq. (13) and the spin-flip fre-
quency m, (k„) is given by

~.(kH) = le.(kH) —&i(kH) I(.-.) (is)

where e (kH) and ez(kz) are the energies of the
spin-split n = 2 heavy-hole level. The resulting
spectrum will contain contributions from all val-
ues of kH, weighted by the appropriate probability
factor. As we have seen, the presence of photo-
excitation processes results in high effective
spin temperatures and limits the utility of describ-
ing the system in terms of Fermi statistics, since
the spins are not in thermal equilibrium with the
lattice. If it is assumed, however, that Fermi
statistics are approximately valid at low effective
spin temperatures, then the joint probability that
the lower spin level is occupied by a hole for a
given value of f~„ is
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with increasing temperature. Unfortunately, the
experimental arrangement did not allow for varia-
tion of the temperature. An interesting prediction
due to the kH dependency is that the Stokes
and anti-Stokes peaks need not appear equidistant
from the laser line. The anti-Stokes peak will
lie a few tenths of a wave number closer to the
laser line than the Stokes peak. This effect was
observed in several experimental runs (see Fig.
5). Other Haman studies of broad features have
shown similar effects. "

The theoretical model, although incomplete,
does provide general agreement with experiment.
It is hoped that this work will at least inspire the
development of a microscopic theory in the near
future.

VII. CONCLUDING REMARKS

I I I I I I I

-9 -8 -7 -6 -5 -4 -5 -2 -I 0

ENERGY SHIFT (cmi)

FIG. 8. Theoretical heavy-hole spin-flip line shape
in ZnTe at various magnetic fields.

lations using Eg. (19), for various values of the
magnetic field. Values of a = 0.8 cm ', b = 1 x 10 '
cm '/G, Ez 2.0 cm ', a——nd T =2.0 'K were used
for the plot. The spin-flip line shape is highly
asymmetric, with a tail on the low-energy side of
the peak. The position of the peak is negligibly
shifted from the nominal k„=0 frequency. A max-
imum peak height is reached at around H =100 kQ
and then falls off at increasing fields, although at
high fields the integrated cross section remains
approximately constant. The theoretical curve at
H =20 kQ was not observable in the experiment
due to strong Rayleigh scattering, and the 180 kQ
curve is above the capabilities of the magnet. The
remaining curves are to be compared with the ex-
perimental results on feature C in Fig. 3. Agree-
ment between the theoretical model and the ex-
periment is quite good, although detailed compari-
son is hampered by the width of the laser line and
the magnetic-field effects on the bound exciton
luminescence in the experimental traces.

The model is capable of predicting several ef-
fects, the details of which will not be presented
here. For example, a linewidth which increases
with increasing impurity concentration is pre-
dicted. This arises partly from the a term in Eq.
(13) and partly from an increase in the Fermi en-
ergy E~ due to increased carriers. The effect is
in qualitative agreement with experiment. The
model also predicts a linewidth which increases

This paper considerably expands on the first
experimental observation of spin-flip scattering
in Zn Te reported by us in 1973." This was the
first spin-flip scattering experiment to be per-
formed in a P-type material. The main result has
been the identification of spin-flip scattering from
valence-band hole states (heavy holes), predicted
theoretically by Yafet in 1966." Whereas the de-
tailed assignments of Ref. 11 have been modified

by further experimental and theoretical work since
1973, the overall interpretation remains substan-
tially correct. Measured heavy-hole g values for
ZnTe varied from g= 0.9 to =1.1 depending on the
sample. In addition to some measurement uncer-
tainties, the variation in g value is thought to ori-
ginate partly from exciton effects. It is also pos-
sible that small amounts of strain were inad-
vertantly introduced to the samples, which should

slightly affect the g values.
Spin-flip scattering from impurity states was

also observed. These scattering features behaved
differently in several ways from the heavy-hole
scattering and were not accounted for by theory.
A bound hole g value of g =2.12 and a bound elec-
tron with g = 1.74 were observed in one of the sam-
ples. The bound hole g value agrees with those of
other measurements. " The g value for electrons
in ZnTe is unknown from other work, so this ap-
pears to be the first determination of an electron
g value in ZnTe. The scattering state is thought
to be that of a shallow donor, but the g value
should approximate that of the conduction elec-
trons. The present experiment is also the first
spin-flip scattering from photoexcited states in a
semiconductor.

In the course of the spin-flip work, a new sec-
ond-order light scattering process was discovered
which gives 1ine spectra at -uxo+(dsF, w'here coLo



952 R. L. HOLLIS AND J. F. SCOTT

is a longitudinal-optical phonon frequency and e»
is a hole or electron spin-flip frequency. This
scattering is only present when the excitation en-
ergy is greater than the band gap energy. This ef-
fect was reported previously" and will not be dis-
cussed here.

It is perhaps appropriate to compare the tech-
nique of spin-flip scattering with that of electron
paramagnetic resonance (EPR)." Title" has ex-
plained the difficulty of using EPR to measure g
values for mobile holes in zinc-blende structures:
Small random strains produce splittings which vary
across the sample; the EPR signal is consequently
smeared out beyond detectibility limits. Spin-flip
scattering is not severely affected by this broad-
ening; indeed, transitions 4 cm ' wide are shown
in Fig. 2. These could not be detected by conven-
tional EPR techniques. Furthermore, intense pho-
toexcitation is required to produce observable hole
populations-a requirement difficult to satisfy with
conventional EPR equipment. We believe that
spin-flip scattering of laser light can be a power-

ful new tool for investigating the valence-band
structure of semiconductors as well as the mag-
netic properties of defect complexes.

Possible extensions of the present work include
varying the temperature, varying the geometry,
and applying uniaxial stress to the sample. Stim-
ulated scattering should be possible if enough in-
put power is available. " The magnetic properties
of bound states could be studied by resonant spin-
flip scattering techniques employing a dye laser.
Outstanding theoretical problems also remain.
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