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it is reasonable to assume that the two terms of
Eq. (9) arise from different physical processes.
As it has been already pointed out, the constant
B is almost equal to the factor n,M?/pV? of Eq.
(3) for soda silica and Pd-Si. So the second term
of Eq. (9) may result from the resonant interac-
tion between the ultrasonic wave and the two-lev-
el systems. The last point but not the least is
that the first term of Eq. (9) does not seem to be a
relaxation term. It gives a large variation of the
sound velocity (in comparison with the variation
of the sound veldcity in crystals in the same tem-
perature range), and may be due to the strong
anharmonicity of the disordered lattice.

The author is indebted to Professor J. Friedel,
R. Maynard, H. Ishii, and J. Szeftel for enlighten-
ing discussions.
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Stimulated Phonon Emission
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Inversion, through direct absorption of far-infrared laser light, of a three-level elec-
tronic system of V** ions in dilute solution in Al,O, leads to stimulated emission of 24.,7-
cm™! phonons. Stimulated phonon emission manifests itself in the presence of ballistic
flow of longitudinal phonons along the ¢ axis of Al,0;, but this flow is not observed under

spontaneous phonon emission,

We report direct observation of the stimulated
emission of 24.7-cm™! (0.74 THz) phonons. Stim-
ulated phonon emission is achieved by inversion
of a three-level electronic system of V** ions in
Al,0, and is detected through an analysis of the
time-of-flight spectrum of the phonon propagation.

The lowest-lying three electronic states of the
3d"' configuration of A1,0,:V** have been known for
some time,’ "3 as have the group-theoretic selec-
tion rules for electric-dipole transitions among
these states.* As indicated in Fig. 1, the ground
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state (numbered 1 in the figure) transforms as
the E,,, (A, /, in McClure’s notation*) representa-
tion of the C, double group; the first excited state
(numbered 2) appears at 28.1 cm™* (0.84 THz)
above the ground state with a half-width of ~2
cm ™! at liquid helium temperature and is known
to transform as E,;,, and the next excited state
(numbered 3), which appears at 52.8 cm ™! (1.58
THz) above the ground state with half-width of
~3.5 cm™, also transforms as E,,. Electric-di-
pole absorptive transitions from the ground state
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FIG. 1. Energy-level diagram and group-representa-
tion assignments for the lowest three levels of the d'
configuration of V!* in AL,O,, and transition rates.

to the |E,,(1 -~2) and to the ,E,,(1 -3) excited
states have been observed by Wong, Berggren,
and Schawlow? and confirm the selection rules
and polarization requirements for the electric
component E of an exciting photon field as shown
in Table I in which 1 represents E perpendicular
and | represents E parallel to the ¢ axis of the
ALO, crystal. Relaxation of an electron from one
of the upper states may occur by emission of ei-
ther a photon or a phonon. However, since the
density of terminal states in the phonon field ex-
ceeds that in the photon field by ~10°, phonon
emission is by far the more likely event.

Following Blume and Orbach,® the rate of spon-
taneous phonon emission produced by nonradiative
decay from the electronic state j to the state i,
as given by the orbit-lattice interaction, is

Aii=(277/h’)r2 KT ) [ V(DT m) [T )|

xKn+1|eT, m)|n) Pog,

in which the ¥ refer to the initial and final elec-
tronic states; pj; refers to the density of phonon
states at the transition energy Zv,;, and » to the
occupation number of phonons of that energy
V(T')C(T, m) is an orbital operator which trans-
forms as the mth component of the I'th represen-
tation of the point group of the V** ion site, and
€(T, m) is the strain associated with a phonon,
which transforms in the same way as the orbital
operator. From this it can readily be shown that

TABLE 1. Selection rules for photon absorption and
phonon emission,

Ey/2 Es/e
Ei/2 L+l L
Eg/y L Il

1460

PHONON INTENSITY (ARBITRARY UNITS)

222 Zﬁ k bolometer

laser
beam

1 L 1 L 1 L1 L 1 L 1
6

TIME ( zesec)

FIG. 2. Phonon intensity, as measured at the bolome-
ter, as a function of elapsed time after the onset of the
laser pulse and as a function of laser intensity. The
phonon signal is shown in terms of an arbitrary linear
scale. The laser intensity, I, increases relative to the
bottom curve as 1:1.9:2, The three curves have been
arbitrarily displaced from each other, The inset shows
the sample and laser beam geometry.

only the transitions 3 -2 or 2 -3 can couple pho-
nons with strain components perpendicular and
parallel to the c axis, whereas the other transi-
tions can couple phonons with components only
perpendicular to the ¢ axis. In other words, Ta-
ble I gives the selection rules for both photon ab-
sorption and (one-) phonon emission,

We have observed® phonon emission when far-ir
laser light is absorbed by the crystal as described
below. A partially doped crystal of Al,O, was pur-
chased from Hrand Djevahirdjian.” The sample
was polished to a rectangular shape roughly 0.7
cmX0.7 cm X1.7T em. The c¢ axis of the crystal
corresponds to the 1.7-cm dimension. Approxi-
mately one-third of the volume of the crystal is
doped with 0.3% (nominally by weight) vanadium
(see cross-hatched area in inset of Fig. 2); the
remaining part of the sample is undoped. For
this concentration, ionizing irradiation converts
approximately 5% of the total vanadium to the V**
ionization state,® the remainder being mostly V3*,
One face of the sample is attached to a thin-walled
cylinder so as to form the bottom of the helium
reservoir of an optical Dewar. All other faces of
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the sample are in vacuum.

A focused (~0.25 mm diam) beam from an op-
tically pumped far-ir laser is used to excite the
system. The beam is positioned within the crys-
tal so as to be just inside the doped region and at
the interface between the doped and undoped re-
gion (see inset to Fig. 2). A 250-nsec (base
width), 52.6-cm™ pulse from a CO,-laser-pumped
CH,F laser is used to excite the 52.8-cm™ (E,,
—~E,,; i.e., 1-3)absorptive transition. Based
on the absorption data of Wong, Berggren, and
Schawlow,? and on the steady-state temperature
rise of the crystal, we estimate that from 10 to
100 W are absorbed depending on the incident pow-
er. The arrival time of the phonons at the un-
doped end of the crystal is monitored with a Sn
superconducting bolometer of 1-mm? cross sec-
tion. Observations are made with the bolometer
near its transition temperature (i.e., near 3.7°K).

Phonon signals are not detected if the laser
beam is focused in the undoped region of the crys-
tal. In contrast, a signal is observed with 28.8-
and 52.6-cm™! laser light focused in the doped
region, and provided the electric component is
perpendicularly polarized to the c¢ axis.® (Weaker
phonon signals are observed if the laser frequen-
cy is <70 cm ™! but outside of the strong 28.1-
and 52.8-cm ™! absorption bands.) The dependence
of the time-resolved signal on the intensity, I, of
52.6-cm ™ laser light is shown in Fig. 2. At low
intensities only a very small signal arrives at a
time interval consistent with ballistic flow of
longitudinal phonons (~1 usec), followed by a
sharp onset in the signal consistent with the arri-
val time for ballistic flow of transverse acoustic
phonons (~2 usec). The signal continues for tens
of microseconds indicative of the presence of dif-
fusive phonon flow in addition to the ballistic flow.
Increase of the incident light intensity by factors
of 1.9 and 2 results in the appearance of an in-
creasingly stronger peak in the ballistic longitu-
dinal phonon region, together with a smaller rise
in the peak in the ballistic transverse phonon re-
gion,

We consider first the results obtained at low la-
ser intensity. At 3.7°K the thermal populations
of the two excited states are N,,=1X10"°N, and
N, ;=9X%X107°N,, where N, is the number of V**
ions in the excited volume of the crystal. So long
as the optically induced excitation does not invert
the relative populations of the three levels, re-
laxation is dominated by spontaneous emission of
phonons. The latter emission occurs either by
the generation of 52.8-cm ™ phonons or the gen-

eration of 24.7-cm™ followed by 28.1-cm ™! pho-
nons. Little is known about the relative strengths
of the pertinent transition matrix elements. As-
suming that the matrix element for the transition
3 -1 approximately equals that of 3 -2, and fol-
lowing the analysis by Blume et al.® for Al,0,:Cr¥,
yields a branching ratio for the transition 3 -3
-2 of ~10. Since only the 24.7-cm™' phonons
from the 3 -2 transition can contribute a longi-
tudinal component along the ¢ axis, the spontane-
ous emission signal is dominated by the 52.8 cm~
phonons which travel ballistically at the TA ve-
locity along the ¢ axis. The small, broad signal
observed at low intensity in the longitudinal re-
gion is composed of the contribution from the
small number of 24.7-cm™ phonons and by 52.8-
and 28.1-cm ™ phonons which travel in directions
other than the ¢ axis but within the 30° accep-
tance angle and for which the selection rules of
Table I do not apply.

As the light intensity is increased, it becomes
possible to invert the relative populations of the
.E3., and | E,,, states, and thereby produce net
stimulated phonon emission between these states.
In order to demonstrate this point we make re-
course to the level scheme of Fig. 1. We denote
spontaneous and stimulated processes by A;; and
W;;, respectively, with 7 and j referring to the
level numbers. In the figure, the rate of stimu-
lated absorption of the laser light is given by W,..
the rate of spontaneous emission of 52.8-cm™!
phonons by A, etc. If the electron population
in the ,E,,, state is to exceed the thermal popula-
tion, the absorbed laser power, P, must exceed
the losses out of that state; that is,

1

P =W 3N, hvi 3> Ay Nohv, g,

in which we have neglected A,, relative to A,, be-
cause of the branching ratio noted above. Neglect-
ing, in addition, losses out of the ,E,, state, we
find that the threshold for inversion is reached
when N, =N, .. The spectral lines for the 1 -3
and 1 —2 absorptive transitions have been shown
to be homogeneously broadened by Wong et al.?
as have similar lines'® for the isoelectronic case
of AL,O,:Ti**. The linewidth for the 1 -3 transi-
tion implies that A, =~3.3 X10"! sec™ which, to-
gether with N, ~1X10', requires that P exceed
31 W, which is in fair agreement with our esti-
mate of the absorbed laser power.

The conditions for sustained inversion are fur-
ther specified in terms of the rate equations for
the number of ions N; in the ith energy state eval-
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uated under steady-state conditions. These are

st/dt=O=W13N1+W23N2 - (A5 + Wy,Ng, (la)
AN, /dt =0== (W, + A, N, + (W4, + AN, (1b)
N,+N,+N =N, (1c)

In Eq. (1la) we again neglect A, relative to A,, be-
cause of the branching ratio, and in Egs. (1a) and
(1b) we neglect W,,, W,,, and W,, because the re-
quired inversion is much harder to achieve or
the required stimulating field is not present.
Equations (1a)-(1c) specify that for inversion,
i.e., for N, -N,>0, it is required that W,,+A4,,
>W,,+A,,. Since W;; =W;; when the degeneracies
of the two states are equal,’! the requirement re-
duces to A,,>A,,, a condition which is met in
terms of the relevant density of terminal states
provided that the transition matrix elements are
roughly equal.

The experimental observation that the longitu-
dinal peak in the time-resolved spectrum is nar-
rower than the transverse peak can be under-
stood as follows. If we neglect the small contri-
bution from off-axis ballistic phonons, it is clear
from Table I that the L peak comes only from
24.7-cm™! phonons, whereas the T peak is a su-
perposition of contributions from 52.8-, 28.1-,
and 24.7-cm™! phonons. However, the probability
of strong resonant phonon scattering, through re-
absorption and reemission at V** ions, is down
by the factor N,/N,~107° for 24.7-cm™* as com-
pared to 52.8- and 28.1-cm™! phonons. The 24,7-
cm™! phonons are subjected, therefore, primar-
ily to the weaker, nonresonant elastic scattering
at the mass defect which the vanadium ions, re-
gardless of valence, represent. The magnitude
of this scattering rate, 7,z ?, is not known ex-
cept that an analysis® of diffusive phonon flow in
this system places it somewhere between the rate
of resonant scattering 7, ~2X10'° sec™ and ~2
X107 sec ™! found for nonresonant scattering of
low-frequency phonon decay products. In order
that sufficient interaction exist between the 24.7-
cm ™! phonons and the 3 —1 resonance to cause
stimulated emission, we would have to require
that 7z '(24.7 cm™)~107% to 107° sec™!. In any
event 7yg"!, which at fixed phonon frequency var-
ies'? with the group velocity as ~v ™3, is accord-
ingly smaller for longitudinal than for transverse
phonons. The broader ballistic T peak arises,
therefore, from the enhanced probability for
small-number scattering events prior to detec-
tion for transverse as compared to 24.7-cm™
longitudinal, phonons.'® Indeed we observe ex-
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perimentally that the additional transverse peak
smears out faster than the L peak as the excita-
tion volume is moved further into the doped re-
gion of the crystal. The strong impurity scatter-
ing (plus phonon-phonon scattering®) is further
evidenced in the strong and prolonged diffusive
tail in the time-of-flight spectrum and from the
observation that displacement of the excitation
volume of less than 0.1 mm into the doped region
completely removes the ballistic L and T peaks.

We contend that we have observed stimulated
phonon emission of 24.7-cm™* phonons. On the
other hand, we have so far failed to observe an
expected anisotropy in the phonon intensity from
the geometry of the gain region. An attempt was
made to detect a forward directionality in the sig-
nal by passing the laser light at various positions
parallel to the ¢ axis from the doped end of the
crystal toward the bolometer, thus producing a
cylindrical excitation volume (gain region) per-
pendicular to the direction shown in the inset of
Fig. 2. Failure to detect a directionality stems
in part from saturation of the bolometer by the
laser light and possibly from the losses in the
gain volume due to defect scattering.

The authors are indebted to J. M. O’Connor for
his aid during the early parts of the experimenta-
tion and to L. L. Chase and W, L. Schaich for
helpful discussions. The work was supported by
National Science Foundation Grants No. 72-02070
and No. 76-23571. One of the authors (W.G.) ac-
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Observation of Nondipole Electron Impact Vibrational Excitations: H on W(100)
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High-resolution inelastic electron spectra have been measured for a saturated cover-
age of atomic hydrogen adsorbed on W(100). The fundamental modes corresponding to H
occupying a C,, point-group—symmetry bridge site plus an overtone (v = 0— 2) of the in-
tense symmetric stretch are resolved at angles off the specular direction. The intensity
of these modes (normalized to the elastic peak) exhibits resonantlike behavior as a func-

tion of the impact energy.

Traditionally, high-resolution electron-energy-
loss spectroscopy studies of the surface vibra-
tions of chemisorbed atoms or molecules have
been interpreted in terms of long-range dipole
scattering.!”® The assumption of dipole scatter-
ing from an adsorbate on a metal surface leads
to the following predictions: The inelastic inten-
sity is strongly localized (within ~+2°) about the
specularly reflected beam direction, and only
those vibrational modes with a dynamic dipole
moment perpendicular to the surface are excit-
ed.!”® The latter consequence of dipole scatter-
ing is referred to as the “surface dipole selection
rule.” It predicts that the relative intensities of
the observed vibrational modes in electron scat-
tering should be similar to those observed in an
infrared absorption experiment.!

There is strong evidence supporting this dipole
scattering model, especially for adsorption of
atomic hydrogen on tungsten. The inelastic spec-
tra for hydrogen adsorbed in all of the high-sym-
metry sites—on-top, bridge, or four-centered
sites—exhibit only a single energy loss which is
associated with the excitation of the stretching
mode perpendicular to the surface.* All of these
measurements were taken in the specular beam
direction, where the dipole scattering cross sec-
tion is the largest. In this Letter, we show that
all of the fundamental modes relating to H occupy-
ing a C,, point-group—symmetry bridge site [see

inset, Fig. 1(b)] can be observed when the meas-
urements are made off the specularly reflected
beam direction. The scattering mechanism is
clearly nondipole as witnessed by the observation
of modes which are forbidden by the “surface
dipole selection rule,” by the observation of an
overtone mode and by the large momentum trans-
fer associated with collection angles far from the
specular direction.

Figure 1(a) shows a typical electron-energy-
loss spectrum for hydrogen chemisorbed on
W(100) at saturation coverage (B, phase, 2x10'°
atoms/cm?),’ in the specular divection for an im-
pact energy E,=9.65 eV and an angle of incidence
6;=23%°% A single loss at 4v, =130 meV is ob-
served and corresponds to the symmetric stretch
vibration normal to the surface (A, mode).” Pre-
vious measurements®® have reported the single
loss peak at 130 meV and much weaker loss peaks
at 70 meV ® and 79 meV.® The low-energy losses
were attributed to CO contamination® or a “bend-
ing mode” of the B, (low-coverage on-top site)

H phase. In contrast to the spectrum shown in
Fig. 1(a), taken in the specular direction, Fig.
1(b) shows that off the specular direction a mul-
titude of modes are observed (80, 130, 160, and
260 meV). This spectrum was taken under the
same incident-beam and hydrogen-adsorption
conditions. The 160-meV peak is clearly resolved
at other angles of incidence and collection.!® All
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