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The results of such a two-mode experiment'?

are shown in Fig. 2, in which the /=2 and /=3
modes, respectively, play the roles of mode

1 and mode 2 in Fig. 1. In the top picture nei-
ther of these modes is Landau damped, but
the =1 mode (driven by the nonlinear inter-
action of the /=2 and ! =3 modes) is heavily
Landau damped; energy flows from the two
high-frequency modes into the /=1 mode so
that the mode-coupling coefficients @;; in (1)
are negative, as noted above.'® In the center
picture the /=2 mode is Landau damped, but
the amplitude of the /=3 mode has increased,
as predicted by Fig. 1. In the bottom picture
the /=2 mode is quenched and the /=3 mode
is starting to show the effects of Landau damp-
ing (displacement of the line CC’ toward the
origin in Fig. 1).

It is of interest to examine these results in
the light of an observation by Lamb® that the
possibility of multimode operation in the heli-
um-neon laser depends on the fact that the con-
stituent elements (excited atoms) are distribu-
ted in velocity, so that each mode can be driv-
en by a different velocity class, with only a
small amount of interaction (weak coupling).
This is in contrast with single-stream or fluid-
like strong-coupling systems (such as the van
der Pol vacuum-tube oscillator) in which mul-
timode oscillation is not allowed under the con-
ditions described here (incommensurate frequen-
cies and “soft” self-excitation®). The present
plasma “microinstability” (with the artificial
damping used in these experiments) is evident-
ly similar to the laser case, with the different
unstable modes being driven by different reso-
nant-electron velocity classes; this feature is
a specific consequence of the fact that the plas-

ma electrons are distributed in velocity. It
also appears that the collective effect of non-
linear mode interactions can have an important
influence on individual mode amplitudes. Fi-
nally, this work points up the desirability of
having available a theoretical calculation of
the self-damping coefficients (a;;) and the mode-
coupling coefficients (a;;) for the universal in-
stability in the weakly nonlinear case.

A more detailed report of this work is in prep-
aration.
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Recently Schiiler! reported the appearance
of structure at about 0.35 eV in the infrared
reflectivity for a holmium film in the temper-
ature range where holmium has a spiral spin
arrangement with periodicity along the ¢ axis.
Following the ideas of Miwa,? Schiiler suggest-
ed that the structure observed is due to the
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optical absorption corresponding to energy
gaps in the conduction bands at the magnetic
Brillouin-zone boundaries associated with the
spiral periodicity. It is the purpose of the
present note to point out (1) that there is a
definitive experiment for distinguishing wheth-
er this structure, or indeed any part of the
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infrared absorption for the heavy rare-earth
metals, is associated with the spiral periodic-
ity; (2) that, as reported below, this experi-
ment shows that for dysprosium, which also
has spiral spin structure, the infrared absorp-
tion is completely independent of any periodic-
ity associated with the spiral; and (3) that in
the light of recent band calculations®:* there

is an alternative explanation for the occurrence
of such low-frequency structure for the heavy
rare-earth metals.

The definitive experiment for seeing wheth-
er the infrared structure is associated with
the spiral periodicity rests on the fact that the
application of a magnetic field in the plane of
the spiral can be used to change the spin ar-
rangement to one differing only slightly from
ferromagnetic alignment along the field. This
change occurs quite sharply® at a critical field
H.. In general H, is not very large. If the
infrared structure is due to the extra spiral
periodicity, this structure can be extinguished
by applying a field greater than H. in the plane
of the spiral. This effect will occur very sharp-
ly as a function of field. Therefore one need
only examine the change in reflection or ab-
sorption at a given temperature in the spiral
regime on applying a field H>H,. Dysprosi-
um is particularly suitable for such a study
since H, is less than 10 kG throughout most
of the spiral temperature region® in Dy. We
have therefore examined transmission through
Dy films for a range of frequency between 0.25

and 0.85 eV.
The measurements were made in a cryostat

with calcium fluoride windows and special pole
pieces which allowed a field of 22 kG to be ap-
plied perpendicular to the light path and in the
plane of the film. The films studied had trans-
missions in the region of interest of a few per-
cent, and were a few thousand angstroms thick.
They were prepared by evaporation on sapphire
substrates in a separate vacuum system. For
protection during the transfer to the cryostat
the films were given a protective evaporated
layer of silicon monoxide 2000 to 3000 A thick.
Electrical measurements on auxiliary samples
indicated that such a coat was effective in pre-
serving the metallic nature of the film. No
change was observed in the film properties in
several days in the cryostat. However, after
one to two weeks’ exposure in air the transmis-
sion increased several times. As a final check
on the experimental technique, the difference

in transmission between a thick film and a thin
film was studied, and this showed the same
absorption as indicated in Fig. 1. A triangular
five-point smoothing procedure was used on the
raw data.

The results obtained on cooling below the
Néel temperature, TN= 179°K, are shown in
Fig. 1. The figure shows the transmission at
a given temperature normalized to that at 182°K
(just above TN). There is a distinct dip in the
transmission for the 87°K curve at about 0.44
eV and at a somewhat lower frequency for 123°K.
[The lowest temperature shown, 87°K, is quite
close to that (=85°K) at which bulk dysprosium
has a thermal transition to a ferromagnetic
phase.] Such structure is clearly absent for
the 235°K curve where Dy has no magnetic or-
dering. (Structure is also absent in the cor-
responding room-temperature curve which lies
between 1.3 and 1.5 on the scale of Fig. 1 for
photon energies between 0.3 and 0.8 eV.) It
is difficult to clearly distinguish whether there
is structure in the frequency range observed
at 138°K. For the spiral mechanism suggested
by Schiiler the absorption structure should go
to zero frequency at Ty, while for the mech-
anism based on the band structure of the con-
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FIG. 1. Relative transmission for dysprosium films
above and below the Néel temperature (179°K).
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duction electrons discussed below it will prob-
ably shift to very low frequencies as tempera-
ture increases toward Ty. As the structure
shifts to lower frequencies for temperatures
increasing toward Ty, it is increasingly ob-
scured by the free-carrier contribution to the
absorption. This probably accounts for the
difficulty in observing any well-defined struc-
ture at 138°K.

There is no measurable change in the curves
shown in Fig. 1 when a field of 22 kG is applied
in the plane of the film. Ideally, the experiment
would be done with single crystals. However,
the use of a polycrystalline film presents no
great obstacle. For a polycrystalline sample,
any given crystallite will have its ¢ axis at some
angle 0 to H. The main effect of the applied
field is to produce an effective field H siné in
the plane of the spiral which can distort the
spiral.” Then crystallites with 6 > ¢, are es-
sentially ferromagnetic, while those with 6 <¢,
are spirals. Here

Hc=sin"1(HC/H). (1)

Then the fraction of crystallites having a fer-
romagnetic arrangement for a given field is

/2 / /2
= in6do inody
fj(;c sin -/()‘ sin
H H 2 1/2
(F =@
c

f increases rapidly for H>HC. For example,
f=0.87 for H=2H,. For T=123°K, for dyspro-
sium® H,. is about 5 kG. Thus for an applied
field of 22 kG, H/H .24, giving f 20.97. Thus
in Dy, through most of the spiral region, one
can obtain almost complete ferromagnetic
alignment with a field such as the 22-kG one
used in the present experiment. Then, just as
for single crystals, one should be able to ob-
tain almost complete extinction of any optical
structure associated with the spiral periodocity
by applying a field of this magnitude. The fact
that there is no change in the infrared trans-
mission structure upon application of the field
clearly shows that the structure does not de-
pend on the spiral periodicity and the resulting
presence of magnetic Brillouin-zone boundaries.
There is an alternative explanation for the
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occurrence of such low-frequency structure

for the heavy rare-earth metals. Recent work
of Dimmock, Freeman, and Watson®:* indicates
that the conduction-electron bands for the heavy
rare-earth metals closely resemble those of
transition metals rather than being free-elec-
tron-like. This leads to a large density of states
at the Fermi level. The behavior for the rare-
earth metals from Gd to Tm is expected to be
similar in this regard. Since the situation for
the heavy rare earths is closely analogous to
that in nickel and iron with flat d-like bands
lying close to the Fermi energy, it is quite
reasonable to expect the same sort of low-fre-
quency optical structure as occurs for nickel®~'°
and iron.!® Indeed the frequency at which the
structure occurs for Dy and Ho is quite sim-
ilar to that for nickel and iron. The optical
structure in nickel is attributed to transitions
from a flat d band to the s band in the vicinity
of the Fermi energy.®! 1% If a similar mech-
anism is the cause of the low-frequency opti-
cal structure in Dy and Ho, similar structure
should occur for all the heavy rare earths in-
cluding gadolinium, which is an ordinary fer-
romagnet. One would expect the structure to
appear from very low frequencies on cooling
below Ty as the d band for minority spin elec-
trons in the ordered magnetic state is driven
increasingly above the Fermi energy by the
exchange with localized f electrons. The struc-
ture would shift to higher frequencies until the
maximum d-band exchange splitting is obtained
with thermal saturation of the magnetization.
We also note that there is an indication of an
additional dip in the relative transmission
curves for 87 and 123°K at about 0.6 eV. As

in the case of nickel,'?'3 additional structure

at such frequencies would be quite reasonable
for the model just discussed. To conclude we
point out that the application of a magnetic field
in the way done in the present experiment would
be expected to have virtually no effect on the
infrared structure for such a model. Thus our
present observations on Dy are completely con-
sistent with what one expects by considering

the recent band calculations®* for the heavy
rare-earth metals and the known behavior®-12
of Ni.

The authors are grateful to Dr. W. Engeler
and Dr. M. Garfinkel for the use of their cryo-
stat, magnet, and associated equipment. They
also wish to acknowledge interesting conversa-
tions with Dr. H. R. Philipp.
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This Letter describes an experimental tech-
nique that promises to be useful in the study
of the energy band structure of solids. The
technique is based on the fact that the optical
reflectivity of a substance is in general changed
by stress. The details of the changes depend
upon the type of stress, the band structure of
the material, and the wavelength of the light.
These changes are most pronounced near the
onset of direct interband transitions, and thus
can yield information about these transitions.
Since strain is a second-rank tensor, it is pos-
sible to obtain from single-crystal samples
not only the position in energy of these transi-
tions but also information about their location
in the Brillouin zone. Further, the magnitude
of the changes that are induced by a stress of
known magnitude gives infornration about the
deformation potentials of the bands involved.
The potentialities of piezo-optics for yielding
this type of detailed information have long been
recognized.! In practice, however, the results
have been severely limited by experimental
difficulties. Previous static measurements
of piezoreflectance® under uniaxial stress have

required large (~10~2) sample strains. Since
few materials may be strained this severely,
this technique has been of limited usefulness.
The experiment described below utilized os-
cillatory applied strain and synchronous de-
tection at a frequency that is high in compari-
son with fluctuations in the photodetectors and
other sources of instability. The resulting
improvement in stability allows measurements
to be made of relative reflectivity changes,
AR/R, as small as 5x107%. As a result, the
method is useful for studying a wide range of
solids. This sensitivity is similar to that re-
ported by Seraphin and Hess® in measurements
of electric-field-induced reflectivity changes
in Ge. The ultimate sensitivity of this type of
system is limited by photon shot noise. The
sensitivity limit quoted above was in fact due
to this source over much of the range covered.
Even greater sensitivity could therefore be ob-
tained if desired.

The experimental arrangement is shown sche-
matically in Fig. 1. The sample to be studied
is polished, and/or etched, and is mounted
directly upon a piezoelectric transducer. An-
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