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By use of an yttrium aluminum garnet laser operating at 2.1 pm, polarized transmis-
sion Raman spectra of Ge(As) have been measured for impurity concentrations spanning
the Mott transition. The valley-orbit Raman line broadens markedly at the transition;
its line shape has been fitted using the London-Heitler method. The spectrum in the
metallic regime constitutes the first observation of single-particle scattering from inter-

valley fluctuations,

Though many experimental techniques, includ-
ing transport! and spin-resonance?® measure-
ments, have been employed to data to study the
Mott transition, none has yielded information on
the role of the discrete excited electronic impuri-
ty states in the transition. In contrast, Raman-
scattering measurements, when applicable, yield
information on the various properties of the ex-
cited states, including the width, symmetry, and
energy, and thus complement the more tradition-
al experimental methods. Accordingly, we re-
port here the first Raman study of the Mott tran-
sition, The subject of this study is Ge(As).

As-doped Ge is an ideal system to probe the
metal-nonmetal (MNM) transition in doped semi-
conductors because of its large valley-orbit split-
ting.® In addition, the absorption coefficient of
As-doped Ge shows* a sharp minimum near 2.1
um; the crystal remains practically transparent
to 2.1- um exciting light, even in the metallic
regime. Thus, the experimental setup used to
record transmission Raman spectra of Ge(As)
employs as its basic component an ABC-YAIG
(yttrium aluminum garnet doped with various con-
centrations of Er, Tm, Ho, and Yb) laser 2.1-
um excitation source. The apparatus is similar
to that described by Doehler, Colwell, and Solin®
with one exception: The system sensitivity has
been significantly improved by equipping the PbS
detector with a narrow-band cold filter and cold
baffles, Typical integration times have been re-
duced from 100 to 10 sec.

The first-order Raman spectrum of Ge doped
with 6.5 X10% ¢m ™% As impurities is shown in Fig.
1(a). The feature at 35 cm ™! arises from the val-
ley-orbit 1s(A,) to the 1s(7,) Raman transition;
its symmetry characteristics have already been
reported.® As the concentration is increased
[Figs. 1(b)-1(e)], the line grows in magnitude
while the integrated intensity remains proportion-
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al to the impurity concentration for concentra-
tions between 6.3 X10%® and 5.5X10' cm ™, Ata
concentration n=5.4X10' c¢m ™ the line develops
a tail on the low-energy side while at »=1.7x10'7
cm ™3 a tail also appears on the high-energy side.
At n=5.5X10'" cm ™3, the linewidth is ill defined,
and the spectrum acquires a new shape. It shows
a broad single-particle-like continuum® that in-
dicates a delocalization of states in which the
electron wave functions extend over many donor
sites.

The MNM transition in Ge(As) is known from
conductivity measurements” to occur at an im-
purity concentration between 2.5 X107 and 3.0
X107 em ™, At T=0 K, the single-particle spec-
trum should show a sharp cutoff on the Stokes
side of the laser line at w_ =qVy, where q is the
wave vector transferred during the scattering
process and Vi is the Fermi velocity. Atxn=5.5
X107 em™, Tem™ <w, <127 cm™., The spread
reflects the effective-mass anisotropy. Though
instrumental and lifetime effects and the nonzero
temperature smear the spectrum of Fig. 1(j), it
is consistent with the above-mentioned range of
cutoff frequencies.

A number of coupling mechanisms can give rise
to Raman scattering from single-particle excita-
tions. To our knowledge, only two such mech-
anisms have been observed experimentally,
charge-density fluctuation (CDF) coupling and
spin-density fluctuation (SDF) coupling.® The
former is observable only in the parallel-polari-
zation configuration, whereas the latter is ob-
servable only in the crossed-polarization config-
uration. With a judicious choice of crystal axis
orientation and polarization configuration, the
single-particle CDF and/or SDF contributions to
the Raman spectra can be separated from the val-
ley-orbit contribution. However, light scattering
from intervalley fluctuations,®® which has not



VoLUME 34, NUMBER 10

PHYSICAL REVIEW LETTERS

10 MARrcH 1975

xnfod yu[wg zufoi

x"ifool yu{ia z«u{nio)
T-85K

n=25x IO|7cm'3
Z(XY) X

»
-
0 2

o >
% n=10x10"Tom > EO
> 7(YyY)x 5
2 <
= >
[+a} —
g° 50
> 0=5.4 x10"%ni3 o
3 ronx | =
i
=

1o

0251103
Z(XY)x

(o)

n=6.3x10'%ri3
Zxvyx |
M I T AT GO BT

RAMAN SHIFT (CM1)

xufiod yufoo] znfood
Z(XY)X T=10K

o=
Jlll
5 40 30 20 10 0 -0 20 -30-40 8 70 60 50 40

n=5.5x10'Ton’3

n=44x107cm3

n=30x10"7 o3

n=25x107en3

n=17x10'7 o 3

20 10 0 -0 -
RAMAN SHIFT (cmi)

FIG. 1. Raman spectra of As-doped Ge as a function of impurity concentration. The system gain for spectra (a)
to (e) was approximately twice the gain for spectra (f) to (j). The abscissa is linear in wavelength rather than wave

number,

been previously observed, has been predicted to
have the same polarization selection rules as the
valley-orbit Raman line. Our measurements in-
dicate that the single-particle spectrum of Ge(As)
does indeed have polarization properties identical
to those of the valley-orbit line and is not due to
either CDF or SDF, but to intervalley fluctua-
tions.

The line shapes at n=1.7X10!" and 2.5 X107
cm ™3 [Figs. 1(f) and 1(g)] are particularly inter-
esting because they suggest that the spectra con-
sist of a broadened valley-orbit line superim-
posed upon a single-particle spectrum, the sin-
gle-particle spectra being similar in shape to the
spectrum for #z=5,5X10'" ¢m ™2 but uniformly re-
duced in amplitude. The existence of the back-
ground, therefore, indicates that a substantial
fraction of the electrons are delocalized even at
a concentration level below n.. The existence of
anti-Stokes scattering is also an indication of de-
localized electrons. Note that the peak of the val-
ley-orb.* line moves to lower wave-number shifts
as the concentration is increased, even above 7.
If the spectra for n>n_ were due only to free
electrons, we would expect the peak to move to

higher wave-number shifts as the concentration

is increased since the characteristic frequency,
w,, is proportional to n'/3. The data of Fig. 1(f)
were taken at a temperature at which metallic
conduction is observed in high-concentration sam-
ples.” For such samples, the electrons are de-
localized within the “impurity band.” Note that
the dc conductivity for n=1.7X10'" ¢cm ™2 ig still
characteristic of a semiconductor.”

In order to explain the concentration dependence
of the line shapes observed in Fig. 1, we apply
the Heitler-London (H-L) method (for calculating
the dependence of the ground-state splitting on
the separation of a pair of hydrogen atoms) to As
impurities in germanium.!® H-L showed that as
two hydrogen atoms are brought together, the 1s
ground states split into a symmetric (bonding)
state and an antisymmetric (antibonding) state,
the energies of which can be calculated exactly.
In the effective-mass approximation, the ground-
state wave function of the As impurity has a hy-
drogenic 1s envelope. Therefore, we assume
that the H-L method is also applicable to As im-
purities in Ge provided we correct for the dielec-
tric constant and for the effective masses appro-
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priate to the host crystal. In this approximation,
the 1s(A,) and the 1s(7,) states behave in the
same fashion. Clearly, the 1s states of Ge(As)
will broaden as will the valley-orbit Raman line
if there is a distribution of interparticle As-As
distances. Let E (7) and Eg(7) be the energies of
the As antibonding and bonding states, respec-
tively. E,(7) is a positive, monotonically de-
creasing function of » while Eg(7) exhibits a well-
known negative minimum at v, =1.5ay, where ay
is the Bohr radius. Both functions tend to 0 as
Let #»(w) be the inverse function, defined
as the value of » =, for which E (7) =w or Egr)
=w. The function is single-valued for » =27,, the
region of interest, and defined on the interval
Efr,) Sw SE,(r,). Letus now assume a Poisson

Y=o,

distribution in the As-As interparticle distances.!!

The probability of not finding a neighbor closer
than 7» is given by

P(v) =exp[- (47n/3)7r*]. (1)

The probability of finding a neighbor within » and
v +dr is then equal to - (dP/dr)dv, i.e., dP/dr
is proportional to the pair distribution function
G(7). The density of states D(w) in the 1s(4,)
“band” is then given by

D(w) dw < P(r{w)) = P(r(w +dw)) (2)
or

D(w) x G(r(w)) dr/dw. (3)

Since the density of states in the 1s(T,) “band”
is assumed to be identical to that in the 1s(A4,)
“pand,” the valley-orbit line shape is given by
the joint density of states:

Lo(w) < [D()D(t - w +44) dt, (4)

4A being the valley-orbit splitting. The line shape
thus calculated is symmetric whereas the mea-
sured line shape shown, for example, in Fig. 1(g)
is agymmetric. Therefore, the asymmetric back-
ground has to be taken into account explicitly.

The single-particle spectrum for n =2.5 X107
cm ™ will have a shape quite similar to that for
n=5,5X10" ¢cm ™ because w, varies only as n'/3,
Let Iy(w) represent the spectrum shown in Fig.
1(j). We have attempted to fit the line shape in
Figs. 1(f)-1(i) using the following function:

I(w) =al ,H(w) +bl,(w), (5)

where I,5(w) is I,,(w) convolved with the spec-
trum shown in Fig. 1(a) to account for instrumen-
tal and lifetime broadening; a and b are adjust-
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able parameters. The result is shown in Fig. 2.
In Fig. 2(b), a, b, the Bohr radius, and the val-
ley-orbit splitting are adjustable parameters.
The optimum Bohr radius was 27 A in good agree-
ment with the effective Bohr radius given by
(aH)e'ff = (aH)e.m. [Eobs /Ee.m.}l/z [Vls /n]1/3 =28.5 A.
Here Eg (E..m,) is the observed (effective-mass)
binding energy and n, is the effective semicon-
ducting concentration defined by Mikoshiba.!?
The fits to the line shapes shown in Figs. 2(a),
2(c), and 2(d) were obtained by leaving the Bohr
radius fixed at 27 A. Also shown in Fig. 2(b) is
the best fit to the line shape of Fig. 1(g), assum-
ing only a valley-orbit contribution to the Raman
intensity. Though the fits to the line shapes of
Fig. 2 involve at least three adjustable parame-
ters, none of the spectra of that figure can be
successfully fitted without the inclusion of both
valley-orbit and single-particle scattering con-
tributions to the Raman intensity. Nevertheless
at higher concentrations, clusters containing
more than two As atoms will certainly contribute
to the linewidth of the valley-orbit components.
Thus the H-L approximation described above
probably underestimates the linewidth at higher
concentrations.

In conclusion, the MNM transition has been the
subject of considerable recent theoretical contro-
versy between Mott'? on the one hand and Cohen
and Jortner™ (CJ) on the other. In Mott’s model,*
the valley-orbit line would be homogeneously
broadened by the temporal fluctuations of the mo-
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FIG. 2. Calculated fit to the Raman line shapes of
Ge(As) shown in Fig. 1 assuming, for the circles; val-
ley-orbit superimposed upon a single-particle back~-
ground; for the triangles, only a valley-orbit contribu~
tion, Note that the abscissa is linear in wavelength
rather than wave number.,
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mentarily singly occupied donor sites, fluctua-
tions which are expected to occur in the highly
correlated electron gas.!® In the CJ model, den-

sity fluctuations produce an inhomogeneous broad-

ening of the valley-orbit line. Although the crude
calculations described above are based on density
fluctuations and therefore seem to favor the CJ
model, the observed Raman line shapes might be
fitted equally well by assuming the existence of
only temporal fluctuations. Hopefully, our Raman
data coupled with a more sophisticated theoreti-
cal interpretation will serve to distinquish be-
tween the models of Mott and CJ.
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The dispersion relations for magnetic excitons propagating on the hexagonal sites of
double-hep Pr provide clear evidence for a pronounced anisotropy in the exchange. The
energy of the excitations decreases rapidly as the temperature is lowered, but becomes
almost constant below about 7 K, in agreement with a random-phase-approximation cal-
culation. No evidence of magnetic ordering has been observed above 0.4 K, although the
exchange is close to the critical value necessary for an antiferromagnetic state.

For a number of years there has been a contro-
versy about the existence of magnetic ordering in
Pr, the only element to display the characteristic

magnetic behavior of a singlet ground-state sys-
tem with weak exchange interactions. An anti-
ferromagnetic structure below a Néel tempera-
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