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that the vortex-wave spectrum of a type II super-
conductor in a magnetic field larger than the

lower critical field H~y has two frequency

branches. For small k values the spectrum is
parabolic in k, and for large k values it is linear
for both branches. At k =0 the energy of the low-
frequency branch is zero, and the high-frequency
branch has a gap of magnitude Scoo, where cv,
= eB/cm~. The vortex system is excited in four
elliptically polarized modes, two of which are
energetically degenerate. Therefore, one should
be able to observe a resonance in a type II super-
conductor at the cyclotron frequency. From the
line width and the line shape of the resonance, in-
formation regarding the internal field gradient
of the periodic vortex lattice could be obtained.
An experiment of this kind would be a direct test
of Abrikosov's theory.

The specific heat contribution of the vortex wave
spectrum has been calculated. Near absolute
zero (T «To =I(uo/kg), it is proportional to T'
At "high temperatures" when OT»S~„ it is in-
dependent of temper ature. This "high-temper a-
ture" contribution is proportional to a postulated
cutoff temperature 8~ which limits the vortex-
wave spectrum to wave vectors below a value
k~. The vortex-wave specific-heat contribution
is, of course, in addition to the ordinary elec-
tronic specific heat which is associated with de-
pairing of the electrons in the superconducting
state.

The author is indebted to T. G. Berlincourt for
introducing him to type II superconductivity and
for his valuable advice, to P. G. de Gennes for

a copy of his lecture notes, ' and to J. A. Cape,
R. R. Hake, and T. %olfram for discussions.
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In the following discussion we shall assume that C may
be neglected with respect to ~2 in Eq. (5).
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The connection of the complex index of refrac-
tion with the optically active lattice vibrations of
a solid by dispersion theory is generally accepted.
Ref lectivity measurements have been used exten-
sively, together with Kramers-Kronig analysis,
and subsequent fitting to dispersion formulas, to
characterize normal mode spectra at the center
of the Brillouin zone. The parameters are res-
onance frequencies u~, oscillator strengths fq,
and damping constants y&. Since damping con-
stants cannot represent the details of the inter-
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action between photons and optical and acousti-
cal phonons, some investigators have proposed
making the damping constants frequency depen-
dent. It is the purpose of this paper to present
data on a number of cases where the classical
dispersion treatment breaks down completely,
as has been observed on some alkali halides. '
Only by replacing the "constant" damping term
by an exponentially varying, frequency-dependent
term can reasonable agreement be obtained with
dispersion theory. It was observed that in the
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FIG. 1. Transmittance of five BaTi03 single-crystalline samples of different thicknesses as a function of wave-
length. The dashed lines indicate the background absorption.

near infrared in materials such as BaTiO„
SrTiO„TiO~, SiO„A120~, MgO, MgF2, and

CaF„ the absorption index, k (the imaginary
part of the complex index of refraction), varies
exponentially as a function of wave number,
while standard dispersion theory predicts a fre-
quency dependence as co '.

Single-crystalline samples of thickness ranging
from about 1 cm to 10 ' cm were prepared with
parallel and highly polished surfaces and mea-
sured in transmission with the "Infracord" at
room temperature. In the cases of MgF„CaF„
and MgO, commercially available hot-pressed
polycrystalline material was used. The mea-
surements on Si02 were carried out with fused
quartz. The transmittance data were evaluated
according to the approximate formula T = (l -R)2
xexp(-Kd), where T is the transmittance, R is
the ref lectivity, K is the absorption coefficient,
and d is the thickness of the sample. Since a
sufficient number of samples of different thick-
nesses were measured, the ranges of validity
for this formula overlap.

In Fig. 1, the "Infracord" traces for BaTiO,
are shown as an example. The evaluation is
made in terms of the absorption index, A, which
is related to the absorption coefficient, K, by A

=KA/4v. In the course of this evaluation, the
absorption was divided into a "background ab-
sorption, "ky, and a "peak absorption, "4k, with
k = kg+ bk. The background absorption is indi-
cated in Fig. 1 by dashed lines. In Fig. 2, the
data of Fig. 1 are shown as a function of wave
number in terms of Ay and &Aj, the maxima of
&k (dashed circles). The definition of a back-
ground absorption may appear arbitrary. It
should be noted, however, that for most of the

broad absorption peaks, &AY
is usually smaller

than kk and exceeds the background absorption
only slightly on a few occasions. This is true
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FIG. 2. Absorption index k of BaTi03 as a function
of wave number calculated from data shown in Fig. 1.
The points surrounded by dashed circles are the ab-
sorption peaks &A, =4(maximum) -k(background). Their
wave numbers are 840 cm, 980 cm, 1255 cm ', 1485
cm ~, and 1960 cm '. The curved solid line is k(m)
calculated from dispersion theory (see reference 1).
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for all the materials under investigation with the
exception of quartz, where some 4k& exceeds ky
appreciably at several frequencies. From an ex-
perimental standpoint, k~ can be represented ac-
curately in this frequency range by

kb=k exp(-(u/(u ).

The dispersion data of Spitzer et al. ' were used
to calculate k(&u) in this range T. his result is
indicated by the curved solid line in Fig. 2. An
estimate of the frequency dependence of k in
classical dispersion theory may easily be ob-
tained from the dispersion formulas, as

k(~) = (~.f.r.)/2n~',
2 2 2

(2)

where n is the real part of the refractive index.
n is only slightly frequency dependent in the
range in question.

The same frequency dependence as in BaTiO,
was found with other materials, which are listed
in Table I together with their values for k, and
&uo according to Eq. (1). In view of the over-
whelmingly strong contribution of the temperature-
dependent "soft mode" in SrTiO, to the optical
properties, the transmittance was measured with
one sample between liquid nitrogen and 200'C.
No change of the absorption index, k, was ob-
served. Equation (1) holds, therefore, indepen-
dent of temperature.

In view of the presented evidence, the notion of
a damping constant as used in the dispersion
theory seems questionable. The experimental
results suggest a re-evaluation of the absorption
process. In this context, it may be significant
to note that the additional absorption peaks, 4kj,
are closely related to the background absorption
(Fig. 2). In the case of BaTiO„some of the

b, k& (Fig. 1) may be identified tentatively as har-
monics of the fundamental frequency co, = 492 cm '
For even modes (2&v, =980 cm ' and 4v, = 1960),
hk& is smaller than Ay by a factor of 2. 5; for the
odd order (3&@,= 1485 cm '), it is larger than kb
by approximately 50%. No convincing explana-
tion has yet been found to the two other absorp-
tion peaks (at 840 cm ' and 1255 cm ').

As an explanation of the "anomalous" behavior
of k(&u), it is tentatively proposed that the ex-
ponential, temperature-insensitive wavelength
dependence is the result of a multiphonon process
in which a photon is dissipated simultaneously in-
to n phonons such that

(d = (d. ~2'
2=1

and the sum of their momenta,
n

Z q. =o.
2=1

The absorption index, k, may be assumed pro-
protional to the probability W„(vi, q;) for this
event, which will depend upon the nonlinear cou-
pling between the different phonon branches and
their density of states. If one assumes, for the
sake of simplicity, that only one acoustical
branch couples strongly to photons of energy
400 and momenta q; close to the edge of the Bril-
louin zone, where their density of states is larg-
est, 1I'n(~, ', qq) is subject to the boundary con-
ditions ~ = mu, ',

n

&q. =o,
2=1

and I qi 1=m/a. If W(n+m) =II n+m then

Table I. The frequency dependence of the absorption
index in the near infrared of different solids according
to the relation k(~) =kp exp(-cu/ado).

II' = (p) =exp[-nln(p ')]

= exp[(-(o/(uo') ln(P ')]

Material

BaTiO&
SrTiO3
Ti02
SiO2
MgO
MgF&
CaF2

Form

Single crystal
Single crystal
Single crystal
Polycrystal
Polyc rys tal
Polycrystal
Polycrystal

ko

4. 6
17
20 ~ 9
8. 3
1 ~ 3

30.9
26

Gdp

(cm ')

158
153
149
205
139
103.9
83. 5

with &u, 'ln(p ') =&a,.
The assumption of a multiple-phonon process

leads therefore, at least in principle, to a fre-
quency dependence of the absorption index which
agrees with the experimental observation. It is
expected, however, that a more detailed theory
may give more meaning to the parameters ko and
~, and provide new insight into the nonlinear cou-
pling of normal modes in solds.

The work reported in this paper was sponsored
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We report here the observation of a strong dis-
persion in the spin-wave spectrum of yttrium
iron garnet (YIG). This was observed by micro-
wave pulse-echo measurements of the dependence
of the group velocity on magnetic field or fre-
quency. The echo delay time changes by a factor
of five when the field strength is varied by less
than 1 Oe, and decreases with increasing field.
This occurs under conditions for which the propa-
gation mode is purely magnetic, with no signif-
icant elastic interaction. The experiments were
performed on disks of YIG at about 9300 Mc/sec,
from 1.3'K to room temperature. The disper-
sion is attributed to the variation of the effective
demagnetizing factor with spin wavelength when

the wavelength becomes comparable to a sample
dimension. These measurements ean provide
information on the shape of the spin-wave spec-
trum in a previously unattainable regime. The
spin-wave vector at which this dispersion occurs
in our experiments is approximately 2000 cm ',
so the exchange contribution to the effective field
is only a fraction of 1 Oe.

The observed dependence of the spin-wave pulse-
echo delay time on applied field is shown in Fig. 1

for a YIG disk at 0.38 cm in diameter by 0.031
cm thick, cut in a (100) plane. The disk was in

a TE,~ rectangular cavity, excited with less than
1 mW of incident power at 9255 Mc/sec. The
magnetic field was perpendicular to the disk, and

the sample temperature was 1.5'K in this case.
The excitation and reradiation of these spin waves
is believed to occur in the nonuniform internal
field near the edges of the disk. ' ' Similar re-
sults were obtained on other samples of slightly
different dimensions and for various locations

within several types of microwave cavities. At
room temperature, the maximum observable de-
lay time for these echoes is only a few micro-
seconds.

The propagation of spin waves beyond the region
of generation had been reported earlier' for op-
eration near the acoustic crossover of the spin-
wave spectrum in a YIG disk magnetized normal
to its plane. There, the propagating wave vector
was near the crossover value, k~ =10' cm '

7

where the exchange field is about 100 Oe. Un-
der these conditions, the group velocity var ied

as the mode of propagation within the sample
changed from elastic wave to spin wave with in-
creasing magnetic field strength. We observe
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FIG. 1. Field dependence of pulse echoes observed
in a (100}YIG disk, 0.380 cm in diameter, 0.031 cm
thick, with perpendicular field. Time scale is 2 psec/
div, frequency 9255 Mc/sec, temperature 1.4'K. The
receiver gain is adjusted at each field for approximately
constant echo amplitude.
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