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tribution of convoy electrons from solids disagree
with predictions of CTC theory and with the con-
jecture that convoy electrons from solids origi-
nate from electrons bound in the wake of the trail-
ing ion. It is evident from the present experimen-
tal results that further theoretical analysis of

this phenomenon is required, and it is hoped that
the present results will serve as a guide and
stimulus.
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'we recognize that the measurement of the FWHM of
a distribution that exhibits skewness introduces addi-
tional errors. However, an inspection of Fig. 1 con-
cerning the magnitude of this error should convince
the reader that the conclusions of this paper are not
affected by this uncertainty.

LRyor a cusp-shaped (Ref. 7) electron velocity distribu-
tion the electron energy or velocity analyzer always
measures an apparent FWHM, I, that is greater than
the actual FWHM, I'. We estimate I¥/I'=1+AE(4E§,)"!,
where AE/E is the FWHM of the energy resolution and
0, the acceptance half-angle, in radians, of the analy-
zer, For our analyzer, an acceptance half-angle of
1.3° and a measured energy resolution of <1x1072,
I”/T'=1.11 and hence the results are within the quoted
uncertainty.
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Using a special infrared scanning technique we have produced photographs of the elec~
tron-hole—droplet cloud in unstressed Ge. Contrary to past beliefs, the cloud of droplets
resulting from focused-laser surface excitation in neither spherical, hemispherical, nor
cylindrically symmetric about the excitation point. The observed concentration of drop-
lets along certain crystal-symmetry axes provides compelling evidence for a phonon wind

which pushes droplets into the sample,

The nonequilibrium excitonic phases in semi-
conductors are commonly produced by surface
excitation with photon energy much larger than
the band gap. In high-purity germanium at low
temperatures, the high-energy photoexcited car-
riers rapidly lose their kinetic energy by gen-
erating phonons, and within 10°° sec they bind
into free-exciton (FE) and electron-hole—~liquid
(EHL) phases.! These photoexcited states are
conveniently studied by their characteristic LA-

phonon-assisted recombination luminescence
near kv =714 and 709 meV, respectively, with
lifetimes 7p;=2-10 us and Tpy =40 ps. Below
2 K and at moderate excitation levels, nearly

" all of the excitons have condensed into the lower-

energy liquid phase.

The spatial distribution of electron-hole drop-
lets produced by continuous point excitation has
been a subject of considerable interest and im-
portance. An argon laser beam with Av=2.41 eV
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is absorbed within about 0.02 yum of the Ge sur-
face,? yet electron-hole—droplet luminescence is
observed up to ~1 mm from the excitation point
by slit-scan experiments.3”® Rayleigh-Gans scat-
tering experiments® have shown that focused laser
excitation produces a cloud of many droplets,
each drop with dimension ~2 pum. The radial ex-
tent of the cloud increases with excitation level
and is orders of magnitude larger than expected
for simple diffusion of droplets from the excita-
tion region within their 40-p s lifetime.”

We describe here infrared imaging experiments
which give a detailed picture of the spatial dis-
tribution and time development of the electron-
hole—droplet cloud in the sample. We find large
anisotropies in the shape of the droplet cloud
which coincide with anisotropies in both the elec-
tron-phonon deformation potential and the expect-
ed phonon flux from a point source. The data are
thus interpreted in terms of a phonon wind, em-
anating from the excitation point, which pushes
droplets into the sample.

Simple diffusion or ballistic motion of droplets
into the sample can be ruled out by the experi-
ment of Fig. 1. These data show for the first
time the buildup of the electron-hole—droplet
cloud just after the continuous laser excitation
has been switched on. The full-width at half-
maximum (FWHM) of the luminescence profile,
plotted versus time in Fig. 1(b), displays an ex-
pansion rate considerably slower than the sound
velocity, v,=5.6x10° ¢cm/s, and quite dependent
on the laser excitation level. This is consistent
with laser Doppler velocimetry measurements?®
using cw excitation. Given a carrier-phonon
momentum relaxation time 7,=107° s, these
data imply that a typical force of about F=Mv /T
=~ 3x107'® dynes per electron-hole pair is pushing
the droplets into the sample for these excitation
levels. The velocity and therefore the force de-
crease with distance from the excitation point.

The imaging experiments are similar to that
of Fig. 1 except that the image of the crystal is
scanned in fwo dimensions across a small aper-
ture while the laser continuously excites the sam-
ple. The scanning is accomplished by two galvo-
driven mirrors with orthogonal axes of rotation.
Luminescence light collected through the aperture
passes through a spectrometer and is detected by
a cooled Ge photodiode. This signal modulates
the intensity of a storage oscilloscope. The x and
v deflection of the scope are modulated by the
galvo-drive voltages, resulting in a spatial map
of the luminescence from the crystal. This tech-
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FIG. 1. (a) Time-resolved luminescence profiles
showing buildup of the droplet cloud after the laser is
switched on, The image of the crystal is scanned slow-
ly across the spectrometer entrance slit for a selected
boxcar delay time # and gate width 10 us. (b) Full
width at half-maxima of the profiles vs time. The rate
of cloud expansion depends upon excitation level and
distance from the excitation point at x=0. Time resol-
ution =15 us.

nique has much better sensitivity at 1.75 pm
than an infrared PbS vidicon and permits simul-
taneously both spectral and spatial resolution.

A photograph of the oscilloscope face is shown
in Fig. 2(a). Here the crystal'! is excited on a
(100) face by a focused argon-laser beam and the
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FIG. 2. (a) Photograph of the electron-hole—droplet
cloud as viewed through the (100) face opposite the
focused excitation. (b) Profiles obtained by scanning
the crystal image in x for several y positions of the
aperture, showing more quantitatively the structure of
the cloud.

luminescence viewed through the opposite (100)
face. This figure also shows the 709-meV lum-
inescence profiles obtained from several x scans
at different y deflections. The picture reveals
striking anisotropies in the electron-hole—drop-
let cloud, consistent with the crystal symmetry
but in contrast to previous ideas of a spherical,
hemispherical, or ellipsoidal droplet distribution.

The shape of the EHL cloud is a function of la-
ser focus and crystal orientation, as shown in
Fig. 3. Figure 3(a) shows a crystal viewed through
a (111) face and excited on the opposite face by
a focused beam with diameter d=0.2 mm. The
distribution in Fig. 3(c) is obtained with excita-
tion beam diameter d= 2 mm, approximately the
size of the observed cloud region. Figures 2
and 3 display two major features of the cloud
shape: broad “lobes” which occur along (111)
axes extending into the crystal from the excita-
tion point and sharper “flares” extending along
(100) crystal axes. The flares are most apparent
for sharp laser focus, whereas the (111) lobes
more gradually lose their definition as the laser
is defocused. The density and shape of the cloud
is similar for excitation by a Nd-doped yttrium-
aluminum-garnet laser athv=1.17 eV, indicat-
ing that a large fraction of the thermalization
phonons from Ar-laser excitation is not involved
in the cloud expansion process.'?

The (111) lobes are most clearly displayed in
the side view of a crystal with (100) excitation
face, as shown in Fig. 4. The viewing direction,
(001), is perpendicular to the laser beam, thus
giving the third dimension corresponding to
Fig. 2. This photo shows distinctly how the drop-
lets are pushed into the crystal preferentially

a) (1) face b) (100) face

c) defocused laser

FIG. 3. (a) Photograph of a cloud produced by fo-
cused excitation of a (111) crystal face. (b) (100) face
crystal with (010) axis rotated 45° from Fig. 2(a). The
excitation spot is slightly larger than in Fig. 2(a).

(c) Loss of structure produces by defocusing the laser
beam.

along the crystal symmetry axes.

The idea that a flux of nonequilibrium phonons
can push electron-hole droplets was proposed by
Keldysh'® and experimentally investigated by
Bagaev et al.,'* who observed a displacement of
the EHL cloud by a separate source of phonons.
Hensel and Dynes® have demonstrated that ballis-
tic phonons generated by a heat pulse are ab-
sorbed by a cloud of droplets which was produced
by volume excitation. They concluded that the

Ge
Crystal

Laser
excitation

FIG. 4. Side view of the cloud showing that droplets
are pushed into the crystal preferentially along (111)
axes. The excitation face has been polished without
etching to define the crystal surface better. Conse-
quently, the droplet production efficiency is about 3x
lower than Fig, 2.
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longitudinal (LA) phonons traveling along (111)
are much more strongly absorbed than transverse
(TA) phonons and that droplets may be propelled
several millimeters by heat pulses.

The force on a droplet due to phonon absorption
depends upon the carrier-phonon coupling (i.e.,
absorption probability), the phonon momentum
7§, and the phonon flux, w(§). For a given phonon
the absorption probability depends quadratically
upon the deformation potential. For EHD in Ge,
Markiewicz'® gives expressions for the screened
deformation potential E; for electrons in the ith
conduction-band valley. Figure 5(a) is a polar
plot of 25 ; -, 4 E;|? for longitudinal phonons prop-
agating along directions in the (110) plane, show-
ing a broad peak along the (111) axis. Results
for the valence band and for transverse waves
are much more nearly isotropic. In addition,’
the absorption probability and transferred mo-
mentum increase with § up to a cutoff 2k, which
is a maximum along (111). This contribution to
the anisotropy depends in part upon the unknown
energy distribution of nonequilibrium phonons.

The phonon energy flux resulting from a uni-
form phase-space distribution is -also highly
anisotropic.’®* This is because the group and
phase velocities are not collinear for nonspher-
ical w(g) surfaces, as illustrated in Fig. 5(b).
This “phonon focusing” can be described by an
enhancement factor A which is the energy flux
normalized to that of an isotropic medium. Sta-
tistical calculations!” show that for LA phonons
in Ge, A is a smoothly varying function of angle
with a broad peak along (111). Maris™ finds
analytically that A =0.21, 1.52, and 2.49 for

{110) a) ;'”) <1oY b)

100)

FIG. 5. (a) Polar plot of Z|E;|? in the (110) plane,
displaying the large anisotropy in the deformation po-
tential for electrons in EHD in Ge. Black dots are en-
hancement factors for the LA-phonon flux (arbitrary
units). (b) Schematic of noncollinear phase and group
velocities producing an enhanced LA-phonon flux along
(111).
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(100), (110), and (111) directions, respectively,
as plotted in Fig. 5(a). The above considerations
lead us to conclude that the (111) lobes are pro-
duced mainly by a wind of LA phonons.

We further suggest that the flares are caused
by a sharply focused flux of TA phonons. Such a
distribution along (100) crystal axes is predicted
by Maris’s calculation, and has been strikingly
verified in heat-pulse experiments by Hensel and
Dynes.!®

The observed anisotropies in the EHL cloud
shapes are a necessary consequence of the pho-
non-wind hypothesis and, together with cloud
buildup, velocimetry, and heat-pulse measure-
ments, provide clear evidence for the important
role of phonons in determining the electron-hole—
liquid distribution in germanium.
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Ionic Model for Cr, Mn, and Fe Impurities in Cu
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We report studies of the temperature dependence of the Knight shift of Cu atoms near
to Cr atoms in dilute C«Cr alloys. Comparison with C«Mn and CuFe leads us to propose
electronic structures for these important systems. We confirm the general picture of
Hirst: The atoms have integral numbers of 3d electrons and obey Russell-Sanders cou-
pling, but the sign of the crystal field is opposite to that of Hirst, and Fe has seven rath-

er than six 3d electrons.

We report NMR studies of the temperature de-
pendence of the Knight shift of Cu atoms near to
Cr atoms in dilute CuCr alloys. The results, to-
gether with those for CuMn and Cu Fe, leads to
a detailed picture of the electronic structure of
these important systems which also accounts for
the magnetic susceptibility.

Differences in a fundamental description of the
3d atom are at issure here. Hirst argues a sin-
gle configuration 3d" describes the atom, the
number of 3d electrons being integral. There
are well-defined orbital and spin quantum num-
bers L and S given by Hund’s rules. The Frie-
del-Anderson picture, on the other hand, per-
mits nonintegral numbers of d electrons analogous
to band theories of ferromagnetism, and as usual-
ly employed does not lead to Hund’s rules.

Deductions about Co in metals have been made
by Narath' and by Dupree, Walstedt, and Warren?
who studied the Co Knight shift and spin-lattice
relaxation time. Both found that Co acts much
like a Co?* 3d” (*F) ion in an insulator, thus sup-
porting the Hirst picture. Our results add Cr,
Mn, and Fe to Co as 3d atoms which obey the
Hirst picture.

In the Hirst picture® the orbital and spin angu-
lar moment of the magnetic atom couple to those

of the conduction electron through an interaction
which in general form is written

Hpix = Z; Ikk'acham'c’ck'm’o'TCkmO, (1)

k"i’Z."".’:;'
where a,,,oT creates an impurity electron, ck,,“,'r
creates a conduction electron with a wave vector
of magnitude 2, and m and o specify the 2 com-
ponent of orbital and spin angular momenta, re-
spectively. I, gives the strength of the interac-
tion. The Fermi contact interaction Hy couples
the conduction electrons to the neighboring Cu
nuclear spins and together with H ;, produces
an extra Knight shift, AKX, We find,* to a good
approximation,

AK/K =g(r)x5(T), ()

where x5(T) is the spin susceptibility of the im-
purity. g(r), which gives the spatial dependence,
is independent of T. Thus measurement of AK
enables one to deduce the temperature dependence
of x5(1).

For CuCr we have followed the temperature
variation of AK from 8.0 to 334 K for two neigh-
bor shells and from 8.0 to 278 K for a third shell
(Fig. 1). For CuFe® and CuMn® AK/K obeys a
Curie-Weiss law; a plot of K/AK is a straight
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FIG. 2. (a) Photograph of the electron-hole—droplet
cloud as viewed through the (100) face opposite the
focused excitation. (b) Profiles obtained by scanning
the crystal image in x for several y positions of the
aperture, showing more quantitatively the structure of
the cloud.
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FIG. 3. (a) Photograph of a cloud produced by fo-
cused excitation of a (111) crystal face. (b) (100) face
crystal with (010) axis rotated 45° from Fig. 2(a). The
excitation spot is slightly larger than in Fig. 2(a).

(c) Loss of structure produces by defocusing the laser
beam.,
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FIG. 4. Side view of the cloud showing that droplets
are pushed into the crystal preferentially along (111)
axes. The excitation face has been polished without
etching to define the crystal surface better. Conse-
quently, the droplet production efficiency is about 3x
lower than Fig. 2.



