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TABLE I. Comparison of deformation-potential
constants D„and D~' .

(eV) (eV)

2.2 + 0.3'
2.1 ~ 0.3
1.9 + 0.4

4.7 + 0.4
3.4 + 0.4

4 9d

Present result for P-Ge14.
Present result for P-Ge16.

cRef. 17.
dRef. 13.
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determined separately, from fitting of the curves
[Figs. 1(a) and 1(b)j along the abscissa and the
ordinate, respectively. The static deformation-
potential constant obtained here is very close
to the one determined from the piezospectro-
scopic effect, ~ while the dynamic one is close
to the value obtained from therma1 conductivity
measurements. ' The present results reconcile,
therefore, the apparent discrepancy in the two

values obtained from measurements in the two

regimes a*q «1 and a*q ~ 1. These results are
summarized in Table I.
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We report observations in diamond of buildup of acoustic phonons well out in the Bril-
louin zone. The acoustic phonon generation accompanies strong pumping by harmonic 4
= 0 optical phonons. Phonons are detected by their effect on impurity fluorescence. The
Orbach phonon breakdown mechanism is calculated to play an important role.

In this Letter we report experiments in diamond
in which the injection of k =0 optical phonons at
1332 cm ' by a stimulated Raman technique is ob-
served to be accompanied by intense lattice exci-
tation near half the optical phonon frequency.
Both the optical phonons and subharmonic excita-
tion are detected by strong hole burning in the
spectrum of anti-Stokes fluorescence from local-
ized impurity centers, a phenomenon not pre-

viously reported. We attribute the subharmonic
excitation to decay of injected optical phonons in-
to pairs of oppositely direct acoustic phonons with
large k vector (4(3 (9 A). The subharmonic pho-
nons are observed under conditions for which co-
herent parametric phonon generation' is expected
to be significant.

The experiments were carried out at 77'K in
natural diamond crystals (type I) selected for
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FIG. 1. Diamond N3-center anti-Stokes fluorescence
at 300 and 77'K. Curve E is measured at 77'K; curve
T is thermal-equilibrium fluorescence calculated from
measured 77'K Stokes fluorescence spectrum. Inset
is schematic one-electron energy-level scheme.

strong N3 impurity-center fluorescence. This
center has been identified as a substitutional,
nearest-neighbor, nitrogen-aluminum pair, "and
has a sharp no-phonon transition at 4150 A (fre-
quency vo) corresponding to recombination of an
exciton bound at the ionized donor-acceptor pair4
(Fig. 1, inset). The prominent phonon-assisted
Stokes fluorescence continuum (and mirror-image
anti-Stokes absorption) displays several broad
one- and two-phonon maxima comparable to the
no-phonon line in intensity. ' ' The expected ther-
mal intensity ratio of anti-Stokes (v, & v, ) to
Stokes (v~ =2v, —v, ) fluorescence is R(v„T)
=exp[h(v, —v, )/kT].

The observed anti-Stokes fluorescence of a
strongly A'3-luminescent diamond (specimen C2)
excited by 3663-A Hg light is shown in Fig. 1.
The 300 K spectrum is in satisfactory agreement
with the 300'K Stokes spectrum multiplied by the
thermal ratio R(v, T). On the other hand, the
77 K spectrum shows a broad nonthermal "back-
ground" with a branching ratio of -2&10 ' of the

no-phonon intensity, in excess of the level calcu-
lated from the Stokes spectrum and R(t „T). This
nonthermal background is attributed below to hot
luminescence. "At the frequency v, +1332 cm '
of 0 =0 optical phonon-assisted fluorescence, the
77'K background has an intensity equivalent to
thermal fluorescence at 270'K. It was verified
that extraneous contributions from stray light and
other sources were & 20%%uo of the background level.
In two other specimens, C3 and C4 having -20
and 10% the N3 fluorescence of C2, respectively,
and our only other available specimens having
N3 fluorescence adequate for low-level measure-
ment, we observed the same background to no-
phonon ratio, as for C2. With pulsed 3776-A ex-
citation at 77 K the lifetimes' of the fluorescence
at v, and at v, +1332 cm ' were «10 ' sec; the
background fluorescence was a linear function' of

0
3776-A power for excitation intensities up to 10
Wcm 2.

Pump phonons at v~ =1332 cm ' were injected
by driving' the optical branch at k =0 by two light
beams differing in frequency by -1332 cm ', both
incident on the diamond crystal along [001] and
polarized along [110]. The driving beams were

0 0
-20-nsec pulses at A, =7460 A and As =8285 A gen-
erated by stimulated Raman scattering'0 (SRS) of

0
Q-switched 6943-A ruby laser light in a benzene
oscillator cell' and a liquid-nitrogen" amplifier
cell, respectively. The fluorescence excitation

0
was a collinear 3776-A pulse derived from the
same laser by second-harmonic generation and
SRS, polarized along [110], and delayed to arrive
at the crystal in coincidence with the driving
pulses. Fluorescence was observed along [110].
Care was taken to attain nearly single transverse-
mode generation of all the sources. The peak in-
tensity of the pump beams was (1-3)~10' W cm ';
the 3776-A excitation intensity was fixed at -1
x106 W cm 2

Coherent generation of k =-0 optical phonons by
this technique has been reported previously and
is well understood. ' From the measured Raman
scattering cross section"'" for the 1332 cm '
line one calculates a peak SRS gain y=2 cm ' at
As for incident intensity 3X10 W cm at &,. The
peak phonon power deposition I'~ into the optical
branch near k =0 in terms of the intensity Is at
As and the refractive index n is P~ =yIsvgnvs, or
3&&10 W cm for Is =3~10 W cm ' The vibra-
tional energy stored near k =0 has a lower limit
determined by an effective phonon lifetime equal
to the inverse Raman scattering linewidth"'4
4vs =1.5 cm '; for I'~ =3 &10' W cm ', the mini-
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mum stored energy is 3 &&10 4 J cm '.
The effect of phonon injection on the anti-Stokes

background fluorescence spectrum was measured
between vp and v, +1600 cm ' with a scanning pho-
tomultiplier. Points on Fig. 2 showing the frac-
tional change in fluorescence were obtained by
averaging the results of 60 laser shots, with and
without 1332-cm ' phonon pumping, under fixed
uv excitation conditions. The effect of the inject-
ed phonons is to reduce the fluorescence in a
spectral region of +40 cm ' centered at v, +1332
+ 10 cm '; as I'~ was increased from 0 to 10' W
cm ', the hole depth at v, +1332 cm ' increased
to 35%, roughly quadratically' with P~. It was
carefully verified that hole burning did not occur
in the absence of either the 7460- or 8285-A driv-
ing beams; the hole burning was a function of
I,ls and independent of I,/Is.

Above a threshold P~-10' W cm ', the hole
burned at vp+1332 cm ' was accompanied by a
second hole of width -80 cm ' centered at v, +660
+ 10 cm . At higher pumping intensities the sec-
one hole broadened asymetrically, the center
shifting to higher frequencies. Figure 2 shows
observations near threshold and at the highest
phonon flux, 10' W cm ', where the hole is cen-
&ered near v, +770 cm '.

From the spectrum and branching ratio of the
nonthermal background fluorescence, together
with the observations that (1) spectral hole burn-
ing occurs at frequencies separated from v, by
v~ and v/2, (2) the hole widths are comparable
to the no-phonon linewidth, and (3) the hole depth
is a function only of I,ls-P~, we conclude that (A)
the background fluorescence is in large part hot
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FIG. 2. Fractional change in fluorescence with opti-
cal phonon injection. Hole bundng is observed at fre-
quency separation of injected phonons (1332 cm ~) and
near subharmonic frequency.

luminescence" either of the N3 centers them-
selves or of neighboring centers which can readi-
ly exchange electronic excitation" with N3 cen-
ters; and (B) the hole burning results in large
part from direct (one-phonon) interaction with the
luminescent centers of injected phonons" at v~

and secondary phonons near v/2.
To distinguish between fluorescence quenching

and possible induced-absorption" hole-burning
mechanisms, a pulsed absorption spectrum was
taken near v, + v~ under the same phonon excita-
tion conditions as above. In this experiment, ' ab-
sorption was found to account for a negligible
fraction of the hole burning in Fig. 2.

The surprising observation that phonon injection
quenches rather than enhances hot luminescence
is difficult to explain on the basis of W3-center
fluorescence alone. Apparent quenching due to
interference" between hot luminescence and fluo-
rescence enhanced by the injected phonons ap-
pears to be ruled out since the initial and final
states for conceivable contributing processes are
not identical. Quenching of hot luminescence
from levels at v, + v~ can in principle arise from
nonradiative transitions vp+ vp vp stimulated by
the injected v~ phonons. The importance of such
processes can be estimated by comparing the in-
jected phonon density with the lattice-mode densi-
ty. From phonon dispersion data" one estimates
N=3 ~10' LO and TO modes in a bandwidth Avs
=1.5 cm ' at v~. On the basis of a phonon lifetime
of 10 " to 10 " sec, only 5X10"to 5 &10 6 pho-
nons cm 3 are injected during the experiment.
Even with the assumption that v~ phonons may
equilibrate with long lived" TA subharmonic ter-
minal-state phonons near v/2 to give an effective
lifetime as long as 10 sec, one estimates a
maximum injected phonon density of -5 & 10"pho-
nons cm '&N. We conclude that explanations
based on stimulated one-phonon transitions within
the vibronic manifold of the electronically excited
A'3 level appear to be unlikely.

The actual quenching mechanism is undoubtedly
complex; however, several facts suggest that en-
ergy exchange with neighboring impurity sites
may play a significant role. We note (1) the low
quantum efficiency' (& 1%) for IU3 fluorescence in
our specimens, (2) the evidence from "edge" and
x-ray excited luminescence" for presence of
centers with emission spectra including the hot-
luminescence band, (3) the absence from the hot-
luminescence spectra of characteristic one-pho-
non peaks, (4) that internal Auger processes are
not expected to contribute to nonradiative decay, ""
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and (5) the negative temperature dependence' of
the hot luminescence near 77'K All of these ob-
servations are in fact consistent with neighboring
sites as the origin of the hot luminescence; a
quenching mechanism is then provided by phonon-
assisted transport" of electronic excitation from
a few such luminescing sites with energy vo+ v~

to a greater number of A3 sites with energy vo.

Spontaneous phonon-assisted transport is expected
to be relatively ineffective because of the near-
xero phonon group velocity and short phonon life-
time24; the injected phonons, on the other hand,
are driven coherently over the whole crystal.

Information about the v/2 subharmonic phonons
is available from neutron dispersion data. " Along
principal symmetry directions the wavelength &

of 666 cm ' TA and LA phonons falls in the range
4.6 & & &8.7 A. The mean free path of high-k TA
phonons at T =77'K«T~ is expected to be bound-
ary limited in perfect crystals; in our crystals
containing" -10'0 N atoms per cm ' the lifetime
may be considerably less as a result of TA- LA
conver sion.

Coherent parametric acoustic phonon genera-
tion, ' i.e., phonon breakdown, is expected to oc-
cur under our experimental conditions. The
strength of the cubic anharmonicity is expressed
by the Hamiltonian (1)

II =Q, [A(k)c,c,'c, t+c.c.],

where A(k) is the anharmonic interaction con-
stant, and co, c„are annihilation operators for
pump and subharmonic phonons. In terms of the
pump-phonon lifetime ro, lAI2 = 8v'v~( kr Vo) ',
where k and v, are, respectively, the wave vector
and effective velocity of the terminal phonons,
and V the interaction volume. The critical pump-
phonon density for phonon breakdown is

n /V =k'(4r '
~A~ V) ' =k 2r (4' w 2) '

which represents a threshold optical phonon pow-
er of P~ =1k'co~(4'~~, ') '. We note that P~ is in-
dependent of the optical phonon lifetime ~„but
strongly dependent on the acoustic phonon lifetime

For values 7, =10 ' sec (limited by the pulse
duration), v~=10' cm sec ', k, =108 cm ', and
~~/2mc =1332 cm ' we calculate a threshold
P~(calc) of 2 && 10' W cm ' compared to the experi-
mental value of P~(exp) Z 10' W cm '. The latter
is consistent with a lifetime 7~-10 ' sec or an
acoustic phonon mean free path -10 ' cm.

These experiments demonstrate that strong
buildup of acoustic subharmonic lattice vibrations

occurs at optical phonon excitation levels readily
achieved by pulsed-laser SRS. The acoustic pho-
nons produced (4&A &9 A) are well out in the
Brillouin zone and are accessible to direct ob-
servation by x-ray diffraction. Analysis of the
pumping threshold level suggests that phonon
breakdown is in fact being observed. Our experi-
ment also shows the feasibility of detecting pho-
nons throughout the Brillouin zone by their effect
on phonon-assisted fluorescence from suitable
impurity centers.
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We show that in the long-wavelength region the magnetoelastic effect allows both the
free-lattice and the frozen-lattice mode to exist in the heavy rare earths Tb and Dy. The
former may be more easily detected by ferromagnetic resonance at low frequencies and
low temperatures, and the latter predominates at high frequencies and high tempera-
tures.

There is strong magnetoelastic interaction in
the heavy rare earths Tb and Dy as evidenced by
the large lattice distortions in the ordered mag-
netic phases. '~ It has been suggested that this in-
teraction is responsible for the ferromagnetic -to-
helical ordering transition in these materials. 4'"

One would naturally expect this interaction to
manifest itself in the magnon spectrum. Turov
and Shavrov' argued that when a Iong-wavelength
magnon is excited in the ferromagnetic phase, the
lattice strain does not folIow the precession of
the spins. Therefore, enough energy must be
supplied to the spins in order to pull them away
from the strain axis. This results in a 1arger
magnon energy gap than that due to the magnetic
anisotropy alone. Cooper4 suggested that the lat-
tice strain could follow the spins, so the magnon
energy gap would be entirely due to the anisotro-
py. He showed by detailed numerica1 calculation
that the contrast in behavior between the free-
lattice and the frozen-lattice magnon modes be-
comes more acute when a magnetic field is ap-
plied in the hard direction in the basal plane.
When the field is just strong enough to overcome
the anisotropy field, the free-lattice-mode gap
would be reduced to zero, whereas the frozen-lat-
tice-mode gap would remain finite. This should
allow a definitive test of the two theories by fer-
romagnetic resonance experiments. The experi-
ments reported so far are controversial. ' "
Generally speaking, the experiments performed
at high frequencies (100 6Hz) proved conclusively

the validity of the frozen-lattice model, ' "while
the low-frequency experiments (10 6Hz) gave
somewhat dubious indications that the free-lattice
mode might exist. Neutron-diffraction experi-
ments supported the frozen-lattice model. '

We report here our theoretical study on the in-
fluence of the magnetoelastic interaction on the
long-wavelength magnon energies. The micro-
scopic local-interaction model proposed by Even-
son and Liu' is particularly suited for this study.
This model assumes one or two ion interactions
as in the macroscopic theory of Callen and Cal-
len" but allows the spin functions to couple to the
local lattice distortions. A consequence of this
model is that when the spins are aligned ferro-
magnetically, the lattice distortion is in agree-
ment with the macroscopic theory; while in the
helical spin configuration there is a periodic lat-
tice distortion within a surface layer of the mate-
rial, and the bulk of the material remains uni-
formly strained. This gives a microscopic justi-
fication of the lattice-clamping effect of Cooper. 4

The skin depth for the periodic lattice distortion
is measured by the inverse of the wave vector of
the spin alignment.

The same idea applies when a spin wave is ex-
cited. When a spin precesses around its equilib-
rium position, it tends to drag the lattice distor-
tion with it. For an infinite-wavelength magnon
the lattice distortions of all the cells move in
phase, so that add up to a macroscopic strain
which follows the motion of the spins. However,
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