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Two transitions have been observed in ZnTe:As and in ZnTe:P. These are interpreted as the —3/2— —1/2
and —3/2— + 1/2 transitions of holes bound to the shallow arsenic and phosphorous acceptors. The deduced
bound-hole gyromagnetic ratio is similar in each case: g,,, = 0.61 4-0.04; g3j, = 0.634+0.04 for ZnTe:P
and g;,, = 0.374-0.04 and g;;, = 0.394-0.04 for ZnTe:As. These ZnTe:P values are in excellent agreement
with the shallow acceptor g value g, = 0.59 4 0.05 obtained by Dean et al. from luminescence Zeeman
studies, but both As and P values are significantly smaller than the values for- free holes obtained from
theory (0.9240.15, Hollis) and experiment (0.9-1.1, Hollis and Scott, spin-flip scattering; 0.89 + 0.10,
Venghaus et al., magnetoreflectivity). The difference between free- and bound-hole g values is interpreted in
terms of Hollis’s valence-band theory for ZnTe, which shows that g, decreases with increasing wave vector

near the Brillouin-zone center.

I. INTRODUCTION

Since the original study of impurity electronic
Raman scattering in semiconductors was made by
Henry et al.' in 1966, this technique has been ap-
plied to silicon,>® GaAs,* GaP,® and Ge.® Raman
studies of semiconductor transitions in which the
impurity-spin state changes have been, however,
relatively rare. The first impurity spin-flip scat-
tering experiment was done on CdS by Thomas and
Hopfield,”® who examined both donor and acceptor
transitions. Subsequent spin-flip experiments on
CdS have dealt exclusively with donors.*"!” Accep-
tor spin-flip scattering has been reported in sev-
eral papers on ZnTe,'®2?! however, these have
emphasized free-hole spin flip. Very recently a
preliminary report of acceptor spin flip in ZnTe:P
was published®® and a detailed analysis of acceptor
spin-flip scattering in GaP:Zn by Chase et al.?®

II. ZnTe STUDIES

In the present work we extend our earlier spin-
flip studies'®** of nominally pure ZnTe to well
characterized samples of ZnTe:As and ZnTe:P.
These materials have been previously studied by
Raman spectroscopy in zero applied field.2*2% The
principal result from the present work is the hole
g value. Our spin-flip values for both free holes
(gyy ~0.9-1.0) and shallow bound holes (g, =0.62
+0.04) agree extremely well with very recent re-
sults of Dean et al.*® (g, =0.59+ 0.05) and Venghaus
et al.*" (g,,=0.89+0.10).

A. Experimental

Samples were cut from large boules of ZnTe
grown for earlier experiments®%2® having (0.01-

18

0.05)% As or P by weight. Specimens were ~1X5
X5 mm. They were red and transparent. Excita-
tion was ~40 mW at 520.8 nm from a Kr-ion laser.
Samples were immersed in liquid He below the

A point, at 1.6~1.8 K. Right-angle scattering geo-
metries were employed. Other experimental de-
tails are in Ref. 21,

Spectra were obtained with a 0.85-m focal length
double grating monochromator operating with
20-pm-slit widths and ~0.6-cm™! spectral reso-
lution. About 3X10° counts/sec were obtained for
the g=0.40 line of ZnTe:As under these conditions.

B. Theory: g values

The valence band in zinc-blende structures such
as ZnTe is fourfold degenerate at the Brillouin-
zone center, approximating an atomic p;,, wave
function.” Consequently, the free-hole spin levels
will be quantized into M=-3, -3, +3, +3 states by
an external magnetic field. The energies of these
spin states are given by the spin Hamiltonian

=upgW, H +J H +J H,)
+Upg' Ui H, +J3H, +J3H,) (1)

The J} terms produce unequal splittings between
states; i.e., the —3 -+ % energy spacing is not
equal to the +3~+3% or -3 -2 transition. Some
authors have described this effect by using two
different gyromagnetic ratios, denoted g,,, and
&3/2 and given by

81/2=8+18, (2)
83/2=8+ 'g'g'- (3)

The effect of these considerations upon EPR spec-
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FIG. 1. Sbin—flip scattering in ZnTe:As at various

fields. The transitions at 2 Aw/upH ~ 0.40 and 0.77 are

—3——3 and —-¥—+1%, respectively; 40 mW at 520.8 nm;

T=1.8 K; 30um slits; 10% counts/sec; full scale.

tra is well known: two strong nearly degenerate
transitions are observed near Zw = pugH [to be pre-
cise, at Tw=pH(3g,, — 38,/,) and fiw=puHg,,,] and
a very weak transition at Zw=3g;,,uH. The Raman
transitions are different, however: AM=0, +1,

+ 2 are all allowed.

At the temperatures of our experiments (~1.6
K), the —3-spin level will be preferentially popu-
lated. (No experiments were performed above 2.1
K because of liquid-helium bubbling.) Consequent-
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FIG. 2. (a) Spin-flip scattering in ZnTe:P from Ref.
22. The transition at 2 Aw/pgH=0.64 is —3— -3 and at
hAw/pgH=1.25is —3—+%. In Ref. 22 the latter was
erroneously assigned as —3—+%. (b) Energy-level dia-
gram for spin-% system.

ly, only-the —3 -~ -3 and -} -+ § transitions are
expected to be measureable. The data are in ac-
cord with this hypothesis. ‘

Figure 1 illustrates representative ZnTe:As data
at fields up to 12 T, and Fig. 2(a) shows earlier
data on ZnTe:P. We do not resolve in Fig. 1 the
splitting of the -3 - -3 and —% -+ transitions

TABLE I. Gyromagnetic ratios for shallow bound holes in ZnTe.

£ Value?

Technique Ref.

£1/2=0.37+0.04
83/2=0.39£0.04
&£1/2=0.61+0.04
83/9=0.63+0.04
£=0.59+0.05

ZnTe:As spin-flip

ZnTe:P spin-flip

Present work

Present work

Zeeman luminescence 26

#These g values are not in good agreement with the free- (heavy-) hole values known from
other work for the shallowest Landau level, The free-~hole g values are summarized in

Table II.
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TABLE II. Gyromagnetic ratios for free heavy holes
(shallowest Landau level, K =0).

g-values Technique Ref.
&y =0.92+0.15 Kohn- Luttinger 20
theory ’
&hp=0.9-1.1 Spin-flip 21
experiments
&y =0.89+0.10 Free-exciton 27
magnetoreflectivity

(nearly degenerate). These data yield g values
summarized in Table I. Figure 2(b) shows schem-
atically the effect of the g’ term in Eq. (1).

The sign of g;,, — g,/, is definitely positive and
yields g’ = +0.01 in Eq. (1). This is the same sign
and magnitude found for shallow acceptors in Si.?

We believe that the difference between the value
2 ~0.9 in Table II and g,=0.6 in Table I can be
explained using the Hollis valence-band calcula-
tion, reproduced in Fig. 3. This figure shows that
the spin splitting of the uppermost Landau level
decreases from g,, ~1at ky =0 tozero at ky ~5x10°
cm™, at which point it changes sign. The bound
excitons studied in ZnTe have diameters of order
30 A. Consequently, the wave functions for holes
in these localized states will be derived from free-
hole wave functions from k=0 to k~ 5 A~3x10°
cm™'. The average g value over this region of the
Brillouin zone is much less than the k= 0 value of
0.9-1.0. The binding energies of P and As are dif-
ferent (~60 and 74 meV) and consequently different
g values are predicted from this argument, with
the shallower P having g nearer the free-hole val-
ue.

C. Cross sections

Both ZnTe:P and ZnTe:As samples were grown
with (0.01-0.05)% dopant by weight. If we assume
that each of the impurities has a bound hole at
1.6 K, the measured ZnTe:As intensities yield a
cross section of ~1.5%10"%' cm?/sr spin, by com-
parison with intensities for Ba,NaNb,O,;, for which
the absolute cross section is known. It is compar-
able to the value per spin obtained by Fleury and
Scott,’ and by Romestain and Geschwind®® for CdS
near resonance. The large cross sections in
ZnTe:As make this a good candidate for a spin-flip
laser,’ or for Raman spin-echo experiment.'

D. Spin temperatures

For ZnTe:As with an As concentration of 0.05%
by weight and 520.8-nm excitation (at resonance),
we find spin temperatures from Stokes to anti-
Stokes ratios to be =130 K at lattice temperatures

SCATTERING IN ZnTe . 873
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FIG. 3. ZnTe valence bands at H=10 T, from Ref. 20.

of 1.6-1.8 K. Farther off resonance we obtain
spin temperatures comparable to the lattice tem-
perature. Similar results were described in Ref.
21,

III. SUMMARY

The gyromagnetic ratios for holes bound to the
shallow acceptor P in ZnTe are found to be
0.61-0.63 (+0.04), in excellent agreement with the
value 0.59 + 0.05 from luminescence® for an un-
known acceptor at 149-meV binding energy. These
values are ~30% less than those for free holes,
known to be g, ~0.9 from spin-flip scattering,?
theoretical calculations,? and free exciton magnet-
oreflectivity.”” ZnTe:As exhibits smaller g values,
comparable to the 0.4 value for conduction elec-
trons in ZnTe calculated by Cardona.’* We do not
believe that the g~0.4 line in ZnTe:As is due to
photoexcited free electrons, because no likely ex-
citation mechanism would yield electron spin-flip
intensities much larger than hole spin-flip intensi-
ties in this material.

ACKNOWLEDGMENTS

We thank P. J. Dean and W. Hayes for reports of
work prior to publication of Refs. 23, 26, and 27
and for helpful discussions. Work at the Univer-
sity of Colorado was supported by NSF Grant No.
DMR-76-0456.



874 TOMS, HELMS, SCOTT, AND NAKASHIMA 18

Ic. H. Henry, J. J. Hopfield, and L. C. Luther, Phys.
Rev. Lett. 17, 1178 (1966).

G. B. Wright and A. Mooradian, Phys. Rev. Lett. 18,
608 (1967).

33. M. Cherlow, R. L. Aggarwal, and B. Lax, Phys. Rev.
B 7, 4547 (1973).

4G. B. Wright and A. Mooradian, Proceedings of the
Ninth International Confevence on the Physics of Semi-
conductors (Nauka, Leningrad, 1968), p. 1067.

°D. D. Manchon and P. J. Dean, Proceedings of the Tenth
Intevnational Confevence on the Physics of Semicon-
ductors, edited by S. P. Keller, J. C. Hensel, and F.
Stern (U. S. AEC Div. Tech. Info., Oak Ridge, Tenn.,
1970), p. 760.

83, Doehler, P. J. Colwell, and S. A. Solin, Phys. Rev.
B9, 636 (1974).

™D. G. Thomas and J. J. Hopfield, Phys. Rev. 175, 1021
(1968).

83. 3. Hopfield and D. G. Thomas, Light Scattering Spec-
tra of Solids, edited by G. B. Wright (Springer, New
York, 1969), p. 255.

%J. F. Scott, T. C. Damen, and P. A, Fleury, Phys. Rev.
B 6, 3856 (1972); P. A. Fleury and J. F. Scott, ibid.
3, 1979 (1971).

103. F. Scott and T. C. Damen, Phys. Rev. Lett. 29, 107
(1972).

g N. Economou, J. Ruvalds, and K. L. Ngal, Phys.
Rev. Lett. 29, 110 (1972).

125 F. Scott, Physics of Quantum Electvonics, edited
by S. F. Jacobs, M. Sargent III, J. F. Scott, and M. O.
Scully (Addison-Wesley, Reading, Mass., 1975), Vol.
2, p. 123.

135, Amzallag, C. Dugautier, b, Moch, and M. Balkan-
ski, Solid State Commun. 12, 1303 (1973).

4p, Hu, S. Geschwind, and T. M. Jedju, Phys. Rev.
Lett. 37, 1357 (1976).

15R. Romestam, S. Geschwind, G. E. Devlin, and P, A.
Wolff, Phys. Rev. Lett. 33, 10 (1974).

18R, Romestain, S. Geschwind, and G. E. Devlin, Phys.

Rev. Lett. 35, 803 (1975).

3. F. Scott, P. A. Fleury, and T. C. Damen, Proceed-
ings of the Thivteenth Intevnational Confevence on Low
Tempevature Physics, edited by K. D. Timmerhaus,
W. J. O’Sullivan, and E. F. Hammel (Plenum, New -
York, 1974), p. 310.

8R. L. Hollis, J. F. Ryan, D. J. Toms, and J. F. Scott,
Phys. Rev. Lett. 31, 1004 (1973).

R, L. Hollis, J. R. Ryan, and J. F. Scott, Phys. Rev.
Lett. 34, 209 (1975). )

2R, L. Hollis, Phys. Rev. B 15, 932 (1977).

2R, L. Hollis and J. F. Scott, Phys. Rev. B 15, 942
@977).

223, F. Scott, R. L. Hollis, S. Nakashima, H. Kojima,
and T. Hattori, Solid State Commun. 20, 1121 (1976).

BL. L. Chase, W. Hayes, and J. F. Ryan, J. Phys. C
(to be published).

g, Nakashima, H. Kojima, and T. Hattori, Solid State
Commun. 15, 1699 (1974).

255, Nakashima, H. Kojima, and T. Hattori, Solid State
Commun. 17, 689 (1975).

%p, J. Dean, H. Venghaus, J. C. Pfister, B. Schaub,
and J. Marine (unpublished).

2"H, Venghaus, P. E. Simmonds, P. J. Dean, and D. .
Bimberg (unpublished).

R, Romestain and.S. Geschwind, Light Scattering in
Solids, edited by M. Balkanski, R. C. C. Leite, and
S. P. S. Porto (Flammarion, Paris, 1976), p. 280.

%M. Cardona, J. Phys. Chem. Solids 24, 1543 (1963).



