
QQI, UME 35' NUMBER 16 PHYSI GAI, RK V I K%' LKTTKRS 20 OCTOBER 1/75

possible binding sites.
From the determined threefold binding site at

1.25+ 0.1 A, the oxygen-tungsten chemisorption
bond length is found to be 2.08+ 0.07 A, which is
very close to the sum of covalent radii of oxygen
and tungsten (rw+ ro=2.12 A). The oxygen-tung-
sten bond length determined here is consistent
with the trend observed for c(2x 2) and p(2&& 2)
oxygen chemisorption on nickel. " Given an ex-
perimentally measured" work function change of
4y = 0.7 eV, we estimate the amount of charge
transfer from tungsten to oxygen to be q/e = 4.4/o,
where e is the electron charge.

*Work supported in part by the National Science Foun-
dation Grant No. GH-40626.
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Submillimeter photoconductivity in doped germanium has been studied with a lamellar
grating spectrophotometer. The observed photoconductivity is ascribed to a shallow
trapping state such as D or A+. However, our spectral peak energies and shapes are
quite different from those previously reported by Gershenzon, Qol'tsman, and Mel'nikov.

Submillimeter photoconductivity in doped- Ge
and -Si crystals has been investigated by Ger-
shenzon and co-workers" using backward-wave
tubes (BWT). In the case of Ge, they observed
photoconductive response peaks in the energy re-
gion of 1-2 meV depending on the kind of impuri-
ty used as dopant. They ascribed the responses
to electrons (holes) bound to neutral donors (ac-
ceptors); that is, to D (A') states.

In the present experiment, we study the photo-
conductivities in Ge crystals doped with As, Sb,
and Ga impurities using a Fourier transform
spectrometer with a lamellar grating, and ob-
serve photoeonductivity spectra having peaks
near 3 meV and spreading widely from 1 to 7
meV. However, we do not observe any photo-
conductivity structure at the energy positions
reported by Gershenzon, Gol'tsman, and Mel'ni-
kov. ' The observed photoconductivity is con-
firmed to be due to a trapping center and it is iri-

ferred that the D (A') state is also the most
probable candidate for the center.

The spectrometer used was a Beckman LR-100
lamellar grating spectrophotometer designed to
operate over the region 3-70 cm '. A combina-
tion of a low-pass filter and a cooled quartz fil-
ter was used to emphasize the required spectral
range and to reduce the room-temperature back-
ground radiation above 250 cm '. The measured
relative photoconductivity intensities were cali-
brated by measuring the spectral distribution of
the light source (mercury vapor lamp) just at the
front of the sample using a Unica, m Golay-cell
detector. The accuracy of the wavelength scale
of the spectrometer was verified by measuring
the absorption spectra of a hexa-iodobenzene
(C,Q) powder disk. The Ge specimens for the
measurements were cut and shaped into about
4 && 5&-0.5 mm' pellets, mechanically polished,
and CP-4 etched after being tapered to avoid in-
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terference-fringe effects in the photoconductivity
measurements.

Figure 1 shows the submillimeter photoconduc-
tive responses of several Ge crystals with dif-
fer ent impurities. These spectra could be ob-
served only at temperatures below 4.2 K. In the
uppermost part of Fig. 1 [Ge(As)], the spectrum
obtained in Ref. 1 is reproduced for comparison.
Though the peak position in all the spectra is al-
most independent of the kind of impurity, the
spectral shape depends strongly upon the impuri-
ty used as dopant. Furthermore, photoconduc-
tivity could not be observed from a high-purity
sample (7&&10" cm ' impurity concentration).

For the case of n-type Ge, the following two
experimental results suggest that the observed
photoconductive response must be due to a trap-
ping center:

(1) An experiment was performed for the pur-
pose of examining the effect of the background
radiation on the submillimeter photoconductivity
by placing a Reststrahlen powder filter (TlCl
+ Tli+NaF) or a Ge filter in front of the sample
to reduce the radiation capable of ionizing the

donors. The change of the photoconductive re-
sponse was almost inversely proportional to the
resistivity change of the specimen, implying that
reduction of the conduction electrons results in
a proportional reduction of the electrons trapped
in the trapping center.

(2) The temperature dependence of the photo-
conductive response was measured on a sample
containing 6.2x10' cm ' Sb. In this case, ultra-
sonically cut "bridge"-shaped specimens were
employed for simultaneously measuring the re-
sistivity and the Hall coefficient of the sample
as a function of temperature.

Figure 2 shows the temperature dependence of
the photoconductive response for the Ge(sb) sam-
ple. In this figure, all the spectral photorespons-
es are normalized at 10 meV, assuming that the
number of carriers excited from the 1s ground
state to the conduction band is independent of
temperature. By this normalization, we can ig-
nore the temperature dependence of the carrier
lifetime and mobility and can assume that the
relative photoresponse at the peak near 3 meV
is proportional to the number of carriers excited
by the submillimeter radiation.

In this figure alone, the spectra are not cali-
brated for the spectral distribution of the source
because only the temperature dependence of the
number of excited carriers at the main peak is
required. Since a low-pass filter was used, the
spectral distribution of the light-source intensity
was modified as shown by the dashed curve in the
figure. The apparent photoconductive response
due to the excitation of 1s electrons to the con-

&.0

0

C0
~ 05O

CL

-3
m

K

I I I I I I

2 3 4 5 6 7 8
Photon Energy( mev)

th
C0
Cl
LA

lX

&05—

'U
C0
0
0

0 I

1

0

I I I I

0.45 0.50 0.55 0.60 0.65
1y(K )

2 3 4 5 6 7 8 9 &0 » &2

Photon Energy (meV)

FIG. 1. Submillimeter photoconductivity spectra of
doped germanium crystals. The dashed curve in the
uppermost part is a reproduction of the result reported
by Gershenzon, Gol'tsman, and Mel'nikov (Ref. 1).
The arrow in the middle part indicates the electron af-
finity of the trapping state obtained from the tempera-
ture dependence of the photoconductivity.

FIQ. 2, The temperature dependence of the submil-
limeter photoconductive response in Sb-doped Qe, T&

= 1.76, T2 = 1.64, and Tg = 1.57 K. The dashed curve in-
dicates the spectral distribution of the light-source
intensity modified by a low-pass filter. The inset
shows a plot of the relative photoconductive response
at the main peaks (I) against reciprocal temperature.
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duction band at 10 meV is observed as a relative-
ly weak peak and the peak near 3 meV appears
as a relatively strong one in the figure.

Spectral humps can be seen also at 4.5, 6, and
-8 meV in Fig. 2. Although the -8-meV hump is
believed to be due to the so-called "photo-ther-
mal ionization"' of the donors, the origin of the
other humps is uncertain.

The inset in Fig. 2 shows a plot of the relative
photoconductive response (which is proportional
to the number of the excited carriers) at the
main peaks (-3 meV) against reciprocal tempera-
ture. The photoconductivity increases exponen-
tially with decreasing temperature.

Let us assume that the conduction-band elec-
trons are generated from the donor ground states
by the room-temperature background radiation,
that they exist in a steady state, and that the
electrons trapped in the trapping centers are in
thermal equilibrium with the conduction elec-
trons. Thus, the density of the electrons in trap-
ping centers, n~, is given by

x —exp + 1.

Here X~ is the density of trapping centers, n, is
the density of conduction electrons, 8' is the en-
ergy separation between the bottom of the con-
duction band and the trapping center, and mD*,
the density-of-states effective mass, is given by

m, *= (m, *m,*')'i', (2)

where m, * is the longitudinal conduction-band
mass and m, * is the transverse mass.

For the Ge sample with 6.2x10" cm ' Sb, the
resistivities and the Hall coefficients were also
obtained as a function of temperature. The car-
rier density in the conduction band under illumi-
nation of background radiation is 7.56x10 cm '
at 2.16 K and 4.91x10' cm ' at 1.57 K, while the
Hall mobility is almost independent of tempera-
ture, -2.0&&10' cm'/V sec.

Using Eg. (1) we estimate the electron affinity
of the trapping center, 8', to be 1.56 meV. This
value is very close to the photoconductivity
threshold obtained by extrapolating the low-ener-
gy slope of the main peak in the middle curve in
Fig. 1. With the assumptions that the trapping
centers are the D states and that Nr=ND (the
donor density) and by use of the known effective
masses of Ge, we can calculate the number of
trapped electrons in the above condition to be 3.3
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FIG. 3. The impurity concentration dependence of
the submillimeter photoconductivity spectra of Sb-
doped Qe at 1,5 K. The impurity concentrations are
(curve a) 6.2x10'4 cm, (curve b) 2x10 cm 3, (curve
c) 1.1x10 cm, and (curve d) 3.7x10 cm 3.

&10" cm ' at 1.57 K. Thus, these experiments
confirm that the observed center must be a trap-
ping center of some kind.

High-energy electron bombardment of Ge gen-
erally increases the density of acceptors so that
in n-Ge the crystal becomes strongly compen-
sated. The photoconductivity experiment was re-
peated with an electron-irradiated Ge(As) sample
with compensation ratio k =-0.4 and donor den-
sity ND = 6&&10" cm '. lt was very difficult to
observe the photoconductivity signal with the
sample. However, when the sample was illumi-
nated by relatively weak radiation corresponding
to the interband transition, the photoconductivity
recovered. This phenomenon can be interpreted
as follows: The trapping centers cannot bind
electrons in the presence of the strong electric
field due to the ionized donors and acceptors,
while under the interband illumination, electrons
and holes are created and they neutralize the
ionized donors and acceptors and the response
recovers.

Though the above experiment suggests a trap-
ping center such as the D states, the deduced
electron affinity (1.56 meV) is about three times
as large as that predicted for the D state by
Lampert and others from a simple analogy to
the II state' assuming a simple isotropic ener-
gy band. Apart from this discrepancy, however,
our results are consistent with those expected
for the D state and also with the results ob-
tained by Gershenzon, Gol'tsman, and Mel'nikov'
except for the spectral peak energy and the spec-
tral shape. Consequently, it is most probable
that the trapping center is indeed the D state.
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The following experiment tends to support this
conclusion.

Figure 3 shows the change in the photoconduc-
tivity spectra with increasing impurity concen-
tration. The position of the peak is seen to shift
to higher energies.

Such a shift has been predicted by Nishimura'
for the D state. He showed, by using the tight-
binding approximation, that the interaction be-
tween the D states leads to the formation of the
D band, and the energy separation between the
conduction band and the D band spreads with in-
creasing density of neutral donors.

The authors would like to express their sincere
thanks to Mr. Y. Matsumura for assistance in

arranging the spectrometer system.
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A full series of combined cyclotron- and spin-resonance transitions is observed in mag-
netophonon oscillations inn-InSb under hot-electron conditons. These originate from the
emission of LO phonons. Probabilities of combined resonances induced by polar and non-
polar coupling with optical phonons are calculated for the spin-orbit interaction mecha-
nism.

The magnetophonon effect, also known as Gure-
vich-Firsov oscillations, ' serves as a powerful
tool in the investigations of band structure and
its behavior in a magnetic field, as well as of the
nature of electron-phonon interaction in semi-
conductors. The magnetoresistance oscillations,
due to inelastic transitions induced by optical
phonons between Landau sub-bands with the same
spin orientation, occur at magnetic fields cor-
responding to the condition Nw, = w~, N= I, 2, ...,
with u, = eH/m*c and ~~ denoting cyclotron fre-
quency and phonon frequency, respectively. The
results obtained by some authors on InSb and

InAs, ' and previously attributed to transitions
involving a change in spin orientation, can be
shown to occur at the wrong fields for spin-flip
transitions if the band nonparabolicity is taken

into account, but at the correct field for the first
extremum in a series N~, = 2~~.34 The latter
condition has been interpreted by Stradling and
Wood4 as due to two-phonon scattering processes.
It seems, however, that the additional extrema
can be reinterpreted in terms of one-phonon pseu-
doresonances proposed by Peterson, ' which occur
at (2N+ 1)&u, = 2u&~. Recently Morita, Takano,
and Kawamura' reported combined-resonance
transitions in the transverse photoconductivity of
InSb, not attempting, however, to propose the
physical mechanism responsible for the spin-
flip.

Here we report direct evidence of phonon-in-
duced electron transitions between Landau sub-
bands with different spin orientations, observed
in the magnetophonon effect under hot-electron
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