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can be observed with picosecond light pulses in

diamond or in any other crystal with a similar
density of states in the acoustic branches. Con-
siderably larger light intensities are required
(and experimentally feasable); but saturation of
the stimulated Raman scattering limits the pho-
non density N„and crystal damage restricts the
practical light flux.

The authors gladly acknowledge an informative
discussion with Professor H. Bilz and Professor
H. Schmidt. They are indebted to the Diamond
Research Laboratories, Johannesburg, for the
loan of the diamond crystals investigated here.

~G. P. Vella-Coleiro, Phys. Rev. Lett. 23, 697 (1967).
2J. Shah, R. C. Leite, and J. F. Scott, Solid State

Commun. 8, 1089 (1970).
M. J. Colles and J. A. Giordmaine, Phys. Rev. Lett.

27, 670 (1971).
D. von der Linde, A. Laubereau, and W. Kaiser,

Phys. Rev. Lett. 26, 955 (1971).
~ R. R. Alfano and S. L. Shapiro, Phys. Rev. Lett. 26,

1247 (1e71).
"In crystals such as diamond the measured decay {de-

phasing) time is equal to the energy relaxation time of
the TO phonon.

R. Orbach, IZEE Trans. Sonics Ultrason. 14, 140
(1967).

S. A. Akhmanov, Mater. Res. Bull. 4, 455 (1969);
R. L. Carman, F. Shimizu, C. S. Wang, and N. Bloem-
bergen, Phys. Rev. A 2, 60 (1970).

BA, K. McQuillan, W. R. L. Clements, and B. P. Stoi-
cheff, Phys. Rev. A 1, 628 {1970).

SW. Kaiser and W. L. Bond, Phys. Rev. 115, 857
(1e59).

~OD. von der Linde and A. Laubereau, Opt. Commun.
s, 279 (1e71).

~~R. S. Krishnan, Proc. Indian Acad. Sci., Sect. A 26,
399 (1947); F. Stenman, J. Appl. Phys. 40, 4164 (1969).

~ S. A. Solin and A. K. Ramdas, Phys. Rev. B 1, 1687
(1e70).

~3This number is in good agreement with x-ray data;
see for example, R. W. James, The OPtical ProPerties
of the diffraction of X Rays (G, Bell and Sons Ltd. ,
London, 1959). The acoustic modes (Debye approxi-
mation) give an amplitude of ~ 10 ~ A (77'Kj. Zero-
point energy of 2hv in one optical brance gives rise to
an amplitude of ~ 5 x 10 2 A.

G. Dolling and R. A. Cowley, Proc. Phys. Soc., Lon-
don 88, 463 (1966); R. Wehner, H. Bork, W. Kress,
A. R. Goodwin, and S. D. Smith, Solid State Commun.
5, 307 (1967); J. L. Warren and J. L. YarneO, Phys.
Rev. 158, 805 (1967).

~~The decay of the acoustic phonons has been neglected
for times of the order of several 10 sec; TA phonons
are believed to have relaxation times larger than 10 9

sec at low temperatures. Bee R. Orbach and L. A. Vre-
devoe, Physics (Long Is. City, N. Y.) 1, 91 (1964).

High-Temperature Spin-Fluctuation Resistivity in AlMn

E. Babid, R. Krsnik, B. Leontic, Z. Vucic, and I. Zoril
Institute of Physics of the University of Zagreb, Zagreb, Yugoslavia

C. Rizzuto
Istitmto di Scienze FVsiche and Gmppo Nazionale di Struttura della Materia del

Consiglio Nazionale delle Ricerche, Genova, Italy
(Received 29 June 1971)

The resistivity of AEMn alloys of concentrations up to 5% is found to decrease linearly
in temperature above 50 K, while at lower temperatures it follows the same T2 behavior
observed at lower concentrations. The linear behavior of p(T) rules out the possibility
that Al Mn is a Kondo system with TK ~ 500 K. Possible explanations in terms of local-
ized spin fluctuations are suggested.

The AlMn alloy system can be defined as non-
magnetic: It does not, in fact, show either a tem-
perature-dependent magnetic susceptibility or the
other characteristic electronic properties (e.g.,
the Kondo effect or a "giant" thermopower) shown
by dilute magnetic alloys. It has, however, been
shown that this system, together with AlCr,
shows "weak" magnetic behavior in several low-
temperature properties. It has been possible, in

particular, to observe a very weak resistivity
minimum, followed at low temperatures by a
quadratic temperature increase in the resistivity
obeying a law of the type

P(&) = P(o)(~ —(&/&)'],

where p(0) is the zero-temperature resistivity
and 8 a characteristic temperature whose value
wa, s found to be 530+30 K '
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These results were interpreted" as due to the
presence of localized spin fluctuations (LSF's) in
the nearly magnetic virtual bound states (vbs's)
formed on the Mn impurities; this interpretation
has, successively, been found to apply to results
on specific heat, ' superconductivity, ' and NMR."
The question immediately arose, however, '
whether at high temperatures, i.e., at T-H, such
a system would behave as a "proper" magnetic
alloy displaying, for example, a Kondo effect
with T K -8, as suggested by the analysis of the
residual resistivity of Al-transition-metal alloys
made by Schrieffer' and also by some experimen-
tal results on atomic form factors by neutron
scattering experiments. ' The possibility is also
particularly appealing because in most Kondo sys-
tems, at T«TK, a T' dependence has indeed
been observed subsequently. '"

Unfortunately, the low solubility of Mn in Al,
and the predominant contribution of nonmagnetic
deviations from Matthiessen's rule, ""have un-
til now allowed only a qualitative estimate" of
the LSF resistivity at T -8; and the same diffi-
culty has arisen in the few other systems" which
show similar behavior. We present here the
first experimental data on the LSF resistivity of
A/Mn from liquid-helium temperatures up to
above 500 K. They have been obtained on super-
saturated alloy samples of concentration between
2 and 5 at.%, which have been prepared by ultra-
rapid quenching of the molten alloy in a newly
developed mill device. " Samples of this kind

have recently been investigated in their residual
reisitivity, "superconducitvity, "and thermoelec-
tric power, "and have been found to obey very
closely the low-temperature behavior observed
in more dilute alloys. "" Moreover, very accu-
rate measurements now in progress on AlMn and
ALCr show" that their low-temperature resistiv-
ity displays a concentration-independent T' be-
havior with a 8 in agreement with the value quot-
ed above. '

In Fig. 1 are shown experimental results of the
resistivity measured as a function of T The.
measuring accuracy for R(T) was 1/10'; the tech-
nique employed has been described in Ref. 15.
The accuracy in determining the absolute values
of p is limited to 20% by the difficulty in evaluat-
ing the size factor (the commonly used residual
resistivity ratio is of no use, the resistance mini-
mum being well above room temperature).

By means of very high-accuracy measurements
down to lower temperatures and concentrations, "
the low-temperature part of the curves has been
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FIG. 1. Resistivity of ~Mn as a function of tempera-
ture for three representative samples. For the sample
with c =4.5 at. Mn, the dashed line indicates the T2

dependence p(T)=p(0)(1- (T/8) ], with 8=500 K; the low-
temperature increase above the T2 law is spurious and
has been found not to inQuence significantly the resis-
tivity behavior about 40 K.

explained as the overlap between a low-tempera-
ture spurious dependence, due possibly to more
nearly magnetic pairs and clusters of Mn atoms,
and the T' dependence observed at lower concen-
trations (a similar condition has already been ob-
served also in other systems. ' The T' behavior
has been plotted in Fig. 1 for the sample with c
= 4.5 at. %%uowith thecurvegivenby formula(1 ),
using 8 =500 K. It is quite clear that the T' de-
pendence extends up to 45-50 K, but that above
this temperature the dependence of p(T) is linear
in T up to the highest temperature.

The phonon resistivity does not seem to give
any contribution to the high-temperature part,
and it has not been possible to detect any resis-
tance minimum up to the highest temperatures.
Any phonon contribution above room temperature
would vary linearly with temperature and would
not alter the linear temperature dependence of
the impurity resistivity. An evaluation of this
contribution is very difficult, the resistivity of
our alloys being about one order of magnitude
higher than the phonon resistivity in pure Al, and
this leads us to consider this contribution as
small.
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at low temperatures, and

p(T) = p(o)(1 —-'vT/T. ) (3)

at temperatures above 0.2T, . Formula (2),
which is identical to that derived by Caplin and
Rizzuto, ' compared with the low temperature re-
sults would imply T, = 900 K (in better agree-
ment with NMR data'), so that the high-tempera-
ture linear part should extrapolate to p(T) =0 at
T = 600 K, while the experimental linear part ex-
trapolates to zero at T = 3300 K (the phonon con-
tribution could alter this estimate by some 10%).
We have not, however, properly derived formu-
las (2) and (3) from the original ones, and fur-
ther theoretical investigation in that direction

The above results rule out the possibility that
AIMn is a Kondo system with 8=TK,. in this
case, in fact, we should observe a nearly lnT
dependence at least above 2TK,"whereas the ob-
served dependence goes from T' to T. Neither
are we in a logarithmic "tail, " because this would

imply a very high T K and would be in contrast
with the magnitude of the observed decrease.

We must now see whether such a temperature
behavior is explainable in terms of LSF scatter-
ing at finite temperatures. Theoretical calcula-
tions based on the LSF concept have been pub-
lished, "which yield a lnT dependence, but do
not seem to apply to our case. However, more
recently, Kaiser and Doniach" have found a uni-
versal curve for spin-fluctuation resistivity
when the local enhancement factor is large and
temperature independent. They found a resistiv-
ity which increases as T' up to approximately
0.2T, (where T, is the spin-fluctuation tempera-
ture) and then linearly with T above this value.
They also suggest that, when LSF's coexist with
a strong resonant scattering on the vbs's, then
the LSF scattering of the electrons would decrease
the resistivity by pushing the scattering off reso-
nance (i.e., by decreasing the phase shift from
w/2 to some lower value).

The above argument would seen to apply to our
case; however, we must note that we observe the
transition between T' and T behavior at T «0.16).
It is also difficult to evaluate how the above argu-
ment explains quantitatively the magnitude of our
observed decrease with T. If, in fact, the reso-
nant scattering [i.e. , p(0)] is "pushed off reso-
nance" by an amount such as to equalize the LSF
scattering we should have a behavior of the type'

p(T) =p(0)[1 —~ '(T/T, )'j

seems to be worthwhile also taking into account
possible variations of the enhancement factor g
which are not, however, detected by susceptibil-
ity measurements. "

Another possible way to explain the experimen-
tal data, following the same approach as that of
Ref. 1, consists in taking into account the dynami-
cal splitting between the spin-up and spin-down
vbs's induced by the spin fluctuations, by intro-
ducing an effective energy width b, ' = b, /t) and then
using the Sommerfeld expansion to calculate the
scattering cross section. By assuming in a first
approximation that the effect of the thermal fluc-
tuations can be approximated by considering, in
place of one vbs of Lorenzian shape, two such
states shifted by +kT around EF, we obtain at
high temperatures a dependence which follows
closely a linear T dependence"; again, however,
the model is too crude to be pushed further.

Of interest also will be the extension of any
theory to the thermoelectric power measurements
on these alloys, which show a linear behavior in
T in the T' region of the resistivity, flattening
off gradually and becoming T independent above
100 K."

By relating the above findings with the observa-
tions of a T' term in the low-temperature resis-
tivity of Kondo alloys (T «TK), it seems possible
to suggest that, also in these last alloys, this
term is indeed caused by thermal fluctuations of
the "nonmagnetic" compensated state; in this
case, however, the relevant parameter, T,&, is
related to the "binding energy" kTK.
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Electric-field-induced scattering by normally Raman-inactive LO phonons is observed
in the IV-VI-compound {NaCl structure) semiconductors PbTe and SnTe with Pb fi&~s on
p-type samples to induce energy-band bending. The observed Raman peaks correspond
to unscreened q ~ 0 LO phonons. A discussion of the mechanisms contributing to the sur-
face field-induced Raman scattering in these materials is presented.

We have investigated electric-field-induced
Raman scattering by LO phonons in the cubic IV-
VI-compound semiconductors PbTe and SnTe
using metal films to induce surface electric fields
via energy-band bending. These semiconductors
are centrosymmetric crystals, and furthermore
all atoms are at centers of symmetry. There-
fore, all q =0 vibration modes have odd parity
and are Raman inactive. Using cleaved p-type
samples of PbTe and SnTe coated with semitrans-
parent films of Pb, we observed Raman peaks
in backscattering corresponding to q =0 LO pho-
nons. Scattering was observed only for parallel
polarization (i.e., e,. Ile„where e, and e, are
the polarization vectors of the incident and scat-
tered radiation). The observed peaks show reso-
nant enhancement at the E, energy gaps. The
peaks do not appear in the absence of the Pb
films.

It is known that the position of the Fermi level

at the surface of ionic crystals relative to the
band edges is not strongly pinned, and that the
energy bands can be "bent" by the presence of
metal films at the crystal surface. ' In the spe-
cific case of PbTe, Nill et al. ' have shown that
Pb and other metals having low work functions
produce an inversion layer at the surface of P-
type crystals. We note, on the basis of their
barrier data for Pb on PbTe, that the width of
the space-charge region is -360 A, and that the
electric field within the space-charge region
ranges as high as 10' V/cm. Similar character-
istics are expected for SnTe; however, we have
no estimate of these parameters since barrier-
height data are not as yet available.

The bent bands and the associated electric
fields modify the Raman-scattering selection
rules by lowering the symmetry of the crystal
and its atomic and electronic excitations. In the
presence of the surface eIectric field E„, the LO
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