5Y14
122(2)200>= T {1—3(ev) (ve,) (ee,)—3([e X v]ex)?},

3710
122(3) 3000 =i

15
122(4) 400> = oy, (=47 (ev)'=30(ve) (vey) (eex) -

+35 (ve,)* (eex)'+5 ([exv]ex)?}.

{(ev) (lexv]en) =5 (een)_ (veq) ([ex view)},

DThe situation is similar to the one discussed in Refs. 7 in
connection with spin relaxation of photoexcited electrons and
excitons in a magnetic field.

2)Here and below we are interested in the asymptotic repre-
sentation of the function fy;( and of the other quantities f;15;3
in that energy region where the asymptotic representation of
the function fyy is valid. The latter takes place when® AE
> T and AE > 6€,

)1t should be noted that since Dy(g) ~ g€/ 7¢, the condition (44)
written for the Stokes region coincides with the condition for
the existence of the periodic distribution obtained from intuit-
ive considerations in Sec. 1.

)1t was shown in Refs. 3-5 that in GaAs the heavy diagonal
holes have the lowest energy at a given quasimomentum p,
and that the wave function of the ground state of the shallow
acceptor in the momentum representation is made up mainly
of wave functions of the heavy diagonal holes.
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Change of phonon energy in germanium at pressures up to

3 GPa

A. N. Voronovskii, E. M. Dizhur, and E. S. Itskevich

Institute of High Pressure Physics, USS‘R Academy of Sciences
(Submitted 29 March 1979)
Zh. Eksp. Teor. Fiz. 77, 1119-1123 (September 1979)

Tunnel spectroscopy is used to measure the phonon energies in germanium at pressures up to ~3 GPa.
It is shown that the restructuring of the germanium bands at ~ 1.8 GPa, wherein the minimum 4, of the
conduction band drops below the L, minimum, is accompanied by a change in the character of the
tunneling with phonon participation. The values of the Griineisen constants are obtained for the acoustic
modes of the phonons with wave vector in the [100] direction; they are found to be — 0.8 and 1.2 for

the TA and LA modes, respectively.
PACS numbers: 63.20.Dj, 62.50. + p, 71.25.Rk

The participation of phonons in electron tunneling
through a p-n junction which manifests itself by singu-
larities on the current-voltage characteristics, yields
information on the phonon spectra and the band struc-
ture of solids.!

In germanium at normal pressure, the tunneling is
accompanied by a transition of the electrons to the
valence band (T, /) in the minimum of the conduction
band L, (Ref. 2). Therefore, in accordance with the
momentum conservation law, the positions of the singu-
larities on the tunnel characteristics correspond to the
phonon energies on the boundary of the Brillouin zone
in the [111] direction (see Fig. 1).

The change of the phonon frequencies under hydro-
static compression to 1.8 GPa was investigated in Ref.
3 on a Ge tunnel diode (of n-type). In Ref. 4, using
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n-Ge samples with a Schottky barrier they investigated,
in approximately the same pressure range, the shift

of the singularities connected only with the optical
branches of the spectrum. Finally, Payne® investigated
the change of the phonon frequencies in a germanium
p-n diode under uniaxial compression. These data were
used to calculate the Griineisen constants in Ge in the
linear approximation.

Besides the change in the phonon frequencies, the
band structure of Ge also changes under pressure.
Various experiments have established that the minima
of the conduction band L,, T'y and A, under pressure are
shifted relative to the valence band at different rates
dE /dP, equal respectively to 5+ 107!, 14-107! and
—(0-2)-10"!t eV/Pa.® At a pressure ~1.5-1 GPa, as a
result, the minimum A, of the conduction band with
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FIG. 1. Engergy-band scheme for germanium. The arrows
at the band minima indicate the direction of their motion under
pressure. The data on the gap sizes are taken from Ref. 12;
b) dispersion-curve scheme for phonons in germanium accord-
ing to the data of Ref. 9.

k =27/a[0.85, 0, O]becomes an absolute minimum. This
change of the band structure should lead to the onset,
at these pressures, of a new tunneling channel, cor-
responding to emission of phonons with this wave vec-
tor, as a result of which one should expect a qualitative
change in the form of the tunnel characteristic. We
have attempted to observe this effect.

1. The investigations were made on the tunnel p-n
diodes with acceptor (Ga) density of the order of
~5x10'® em~3, The donor density, calculated by us by
starting from the value of the peak voltage, is ~2.3
X10! cm~3, This corresponds to degrees of degeneracy
~150 and ~50 MeV, in the p and # regions respectively.
The tunnel current was directed along the [111] axis of
the crystal.

The pressure-producing procedure was analogous to
that described in Ref. 7 (variant b), except that all the
parts were made of 45 KhNMFA steel, while the piston
was made of the hard alloy VK6. The pressure-trans-
mitting medium was a mixture of transformer oil and
pentane (40 and 60%, respectively).

This design permitted reliable operation in the range
up to 3 GPa, as confirmed by observation of the Bil-
Bill and Bill-Billl transitions. The pressure at helium
temperature was determined from the change of the
critical temperature T, of a tin manometer.

To register the tunnel characteristics d%//dU?(U) we
used a system similar to that described in Ref. 8, in
which provision was made for automatically maintaining
the modulating signal constant. The analog multiplier
in the system was based on a K140MA1 microcircuit.

565 Sov. Phys. JETP 50(3), Sept. 1979

The use of differential amplifiers at the input, and of
buffer decouplers at the output of the circuit, made it
possible to decrease the amplitude of the modulating
signal to 30-50 pV, with a good signal/noise ratio.
The operating frequency was 500 Hz. The sweep rate
in the measurement did not exceed 0.1 mV/min.

2. Figure 2 shows a typical experimental plot of
d?1/dU?(U) at different pressures. As seen from the
figure, the application of the pressure changes the po-
sition of the singularities and their relative amplitude.
In addition, at a pressure ~1.8-2.0 GPa there appears
a new singularity (TA’) approximate at displacements
~10 mV, with an amplitude that increases sharply with
increasing pressure. On the contrary, the amplitude
of the peak corresponding to the TA phonons decreases
with increasing pressure, so that the peak vanishes at
~3.1 GPa. The experimental curves obtained after re-
moving the pressure and repeated loading were per-
fectly reversible and had no hysteresis. It is interest-
ing to note that a similar singularity can be seen also
on the experimental curve in Ref. 3 at ~1.7 GPa, but
because of the insufficient pressure it was weakly pro-
nounced and, naturally, no importance was attached
to it.

The change of the energies of the corresponding pho-
nons with pressure, determined from our experiments
with account taken of the corrections for the parasitic
series resistance of the sample (~0.1 © at a junction
resistance ~3 ) is shown in Fig. 3, and the numerical
values of the parameters are listed in the table. The
same table gives the corresponding data obtained by
others.

Besides the already mentioned appearance of a new
singularity near 10 meV, the data of the table and Fig.
3 indicate the following circumstances.

a) The initial slopes dw/dP at P <1.8 GPa, deter-
mined by us, agreed with the data obtained by others
for all the phonon branches with the exception of LA.
for the LA branch, according to the data of Ref. 3,

I/
LA

FIG. 2. Experimental
74’ plots of d2I/dU%(U) at var-
ious pressures. 1—P =0,
2—1.93 GPa, 3—2.29
GPa, 4—2.49 GPa, 5—
3.12 GPa. T =1.5K,

<
§
N

Voronovskii et al. 565



3w, meV

s
wt”

FIG. 3. Pressure depen-
dence of phonon energy w
for various branches.

J
£, GPa

there is a small positive slope, while in Ref. 5 the sign
of the slope varies with the direction of the uniaxial
compression, whereas according to our data, dw/
dP(LA)=0.

b) The slope dw/dP for the LA branch changes
noticeably on going through the point P ~1.8 GPa, but
for the TA branch it remains unchanged.?

c) There are no noticeable changes of the slopes
dw/dP for the optical branches LO and TO in the entire
pressure range.

3. We believe that our results agree with the as-
sumptions made above concerning the change, under
pressure, of the character of the tunneling with par-
ticipation of the phonons in germanium. Namely the
singularities on the @2 /dU?(U) curves at P>1.8 GPa
should correspond to the energies of phonons with wave
vector k =27/a[0.85,0,0]. If we extrapolate to P =0 the
energies of the LA and TA phonons obtained at P>1.8
GPa, then the corresponding quantities agree well with
the energies of the acoustic phonons with k =2n/
a[0.85,0, 0], determined in experiments on inelastic
scattering of neutrons.’ In addition, the ratio of the
amplitudes of the peaks on our experimental curves,
obtained at the highest pressures, is similar to the
ratio of the amplitudes of the corresponding peaks on
the tunnel characteristics of silicon at P =0,!° as might
be expected when account is taken of the similarity
between the band structures of the germanium at high
pressure and silicon.

Thus, the pressure-induced change of the electronic
structure in germanium makes it possible to obtain in-
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TABLE 1.
] ®, meV dlne
10~ dw/dP y= y y e,
Phononbranch{—— | Dataofl | dlnv
Ourdata | Ro*S" | meV/Pa |y of Refs. 3.5 | Ourdats
TA —18£02+ [*
141) 7.85+0.05 786 |-13x02% {_0- s ] | _13+02¢
0,85, 0,0] 9.8+0,4 992 |-08z04ve - [ -0804*e
(extrapolation to ]
P=0)
L4 0.424008 * (]
[114] 27.55+0.4 R7.54 0£02* {0-5 h 0005 *
[0,85,0,0} 270£04 | 2688 4y ve - 12404 **
(extrapolation to
p=0)
LO 1.57£0.08 * [1]
(111] 31.050.1 036 | 62s02% | {184 '[ 5;1 1524004 *
1085,0,0] - 32.26 - oo -
‘TO 1.21£0.08 % [*]
[111] 36.0:0.1 3598 | 53x02% |]138%[4] 1.08£0.03 *
09*[5]
10,85, 0,0) - 3420 - = -

*P <1.8 GPa.
**pP = 1.8 GPa.
***xCompressibility data from Ref. 11.

formation on the influence of the pressure on the phonon
energy for one more set of points in the Brillouin zone.

On the other hand, the behavior of the LO and TO
peaks does not fit the considered scheme, according
to which at P>1.8 GPa we should observe new singu-
larities analogous to TA' or, at least, a change of the
slope dw/dP as in the case of the LA phonons.

It appears that the mechanism whereby the singulari-
ties corresponding to optical phonons are produced has
a more complicated dependence on the band structure
and on the degree of degeneracy of the semiconductor.
This, in particular, is evidenced also by the behavior
of the peak of the optical phonons O(000) with k
=27/a[000], observed in some studies®* and not ob-
served in others,*'!° including ours. Its appearance is
usually connected with the tunneling of the electrons in
the I'; state, and their energy, as indicated above, in-
creases very rapidly with pressure, so that its ampli-
tude should decrease sharply, as takes place in Ref. 3
but was not observed in the experiments of Ref. 4.
Thus, the cause of the difference in the character of
the participation of the acoustic and optical phonons in
the tunneling process in germanium remains unex-
plained.

The authors thank N. V. Zavaritskil for a useful
discussion and helpful remarks.

DThe fact of rearrangement of the band structure at P~ 1.8
GPa permits separate reductions of the results for the re-
gions P<1.8 and P>1.8 GPa.

{Tunnel Phenomena in Solids, collected translations from the
English, ed. by V. I. Perel’, Mir. 1973.
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Auxiliary surface polaritons in the region of resonance with

oscillations in a transition layer

V. M. Agranovich
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It is shown that an auxiliary surface wave is produced in the region of a resonance between a surface
polariton and oscillations in a transition layer and is due to spatial dispersion with respect to the
parameter kd (k is the wave vector of the surface wave and d is the thickness of the transition layer).
The law of dispersion of the surface waves is investigated and their propagation lengths are determined.
The additional boundary condition is obtained, corresponding to the case of a dielectric film in the
vicinity of the resonance of the surface polariton with the frequency of the longitudinal oscillations in the

film.

PACS numbers: 71.36. + ¢, 73.60.Hy
I. INTRODUCTION

The presence of the so-called transition layer on the
surface of a medium or on an interface between media
influences the dispersion law of the surface polaritons
(SP). Since the dispersion of the SP is presently de-
termined by various methods (the method of attenuated
total reflection, Raman scattering, and others), this
circumstance uncovers new possibilities of studying the
physical properties of the surfaces in thin films.! The
influence of the transition layer is particularly strong
when the frequency w, of the dipole oscillations in the
transition layer® lands in the SP frequency—restruc-
turing region. As shown earlier® (see also Ref. 1), in
this case a gap A is produced in the SP frequency spec-
trum, with a depth of the order of (d/x,)'/ 2, A,=2mc/
w,, d is the thickness of the transition layer. This ef-
fect of the splitting of the SP dispersion curve, as well
as the square-root dependence of A ond, was first ob-
served in Ref. 3 for the IR region of the spectrum in a
study of SP propagating along a sapphire surface covered
with an LiF film (A=20 cm™ at 4~100 A). The width of
the gap increases substantially in the visible part of the
spectrum.* In the last reference, the splitting effect
was observed for SP propagating along an aluminum
surface coated with silver films (d~20-60 A). The
splitting A at d =26 A turns out, in accord with the
theory, to be = 0.4 eV.

It appears that the resonance of the oscillations in the
transition layer with the SP is a rather common phe-
nomenon. In particular, its possible occurrence must
be taken into account also in the analysis of the spectra
of reflection of light from surfaces of molecular crys-
tals (e.g., anthracene®), and also in the study (see Ref.
6) of Fermi resonance with SP.

In view of the foregoing, further study of the dis-
persion of SP in presence of resonance with oscillations
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in the transition layer becomes vital, particularly an
analysis of the possible effects brought about by al-
lowance for spatial dispersion. For the nonresonant
situation this analysis was carried out in the author’s
earlier paper* (see also Ref.7, where energy dissipation
in the transition layer was taken into account with the
aid of a certain model). It was shown,' in particular,
that in the region of the Coulomb frequency w, of the
surface polariton on the interface with vacuum (the
frequency w, satisfies the condition g(w,)=-1, e(w) is
the dielectric constant of the substrate) the transition
layer produces an w (k) dependence linear in the wave
vector k of the SP, and this leads to the appearance of
an additional surface electromagnetic wave. In the fre-
quency region w=w, however, the damping is large,
and should hinder in particular the propagation of pre-
cisely this additional surface wave.

We note in connection with the foregoing that for SP
propagating along dielectric surfaces, a rather strong
damping can occur not only at w = w, but also at w<w,,
i.e., for the entire region of the SP spectrum. How-
ever, for SP propagating along metal surfaces the sit-
uation is, generally speaking, different. Inasmuch as
for waves of frequency w ~w, ~w,/V2(w,) is the frequency
of the volume plasmon) the surface-polariton field pen-
etrates markedly into the metal, the SP is strongly
damped in this spectral region. In the frequency region
w << w,/w/Z_ , however, the surface-wave field penetrates
only insignificantly into the metal, the damping of the
SP is weak, and its propagation length turns out to be
macroscopically large (on the order of several centi-
meters, see Ref. 8; a review of later experiments is
contained in the book of Ginzburg and the author®). As
will be shown below, the relative smallness of the damp-
ing is preserved in many cases, and in the region of the
resonance of the oscillations in the transition layers
with the SP, provided that the frequency of these os-
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