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a growth rate for benzene of about 3x107 sec™.

In summary, it has been demonstrated that
the light-medium coupling can lead to rapidly
growing instabilities, and hence to large den-
sity fluctuations. Any small-scale structure
in the laser beam, either present initially or
caused by inhomogeneities in the medium, will
thereby be enhanced, resulting in large inten-
sity changes and so in anomalous gain.

*This research was supported in part by the Ad-
vanced Research Projects Agency (Project DEFEND-
ER) and was monitored by the U. S. Army Research
Office, Durham under Contract No. DA-31-124-ARO-
D-257.
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EFFECT OF SPIN-ORBIT SCATTERING
ON THE UPPER CRITICAL FIELD OF HIGH-FIELD SUPERCONDUCTORS

L. J. Neuringer and Y. Shapira
National Magnet Laboratory,* Massachusetts Institute of Technology, Cambridge, Massachusetts
(Received 31 May 1966)

We present experimental evidence for the
effect of spin-orbit scattering on the bulk up-
per critical field, H.9, of high-field supercon-
ductors. We have measured the temperature
variation of H9 for three concentrated titan-
ium alloys, viz. Ti-58 at.% V, Ti-44 at.% Nb,
and Ti-52 at.% Ta. For each of these alloys
the Pauli spin paramagnetism (PSP) should
limit H 9 to a value lower than that predicted
by the Ginzburg-Landau-Abrikosov-Gor’kov
(GLAG) theory. It is found, however; that the
measured values of H.9 are substantially high-
er than those predicted by Maki’s theory® for
the effects of the PSP on Hp9. More signifi-
cantly, the observed deviation of the data from
Maki’s predictions shows a systematic trend,
namely, the higher the atomic number (Z) of
the column-V constituent [V(23)—~ Nb(41) ~ Ta(73)],
the greater is the deviation. This trend is the
first evidence to support the recent theoreti-
cal conjecture?3 that spin-orbit scattering coun-
teracts the effect of PSP on H;9: Values of
the spin-orbit scattering times, deduced from
the data using the theory of Werthamer, Hel-
fand, and Hohenberg? (WHH), are found to de-
crease rapidly with increasing Z, as expect-
ed,* and are also in order-of-magnitude agree-

ment with theoretical estimates.

It has been pointed out independently by Clog-
ston® and by Chandrasekhar® that the PSP places
an upper limit on H;9. Subsequently Maki®
showed, by a detailed calculation, that the PSP
lowers the upper critical field at temperature
T from the GLAG value H.9*(T) to a value H.o(T),
and that it also modifies the temperature vari-
ation of Hp9. Kim, Hempstead, and Strnad’
and the present authors®?® have shown experi-
mentally that while H,9(0) is lower than H.9*(0),
it is higher than predicted by Maki’s theory.
Moreover, it was found®?® that the effect of the
PSP on the temperature variation of H¢9 is
smaller than predicted by Maki. To explain
these findings WHH? and Maki® have suggested
that spin-orbit scattering, which was not in-
cluded in Maki’s original treatment,! must be
considered. In particular, they have shown
theoretically that spin-orbit scattering coun-
teracts the effects of PSP on H.9. The pres-
ent work was undertaken for the purpose of
testing the validity of this explanation. In the
theories of WHH and Maki, the spin-orbit scat-
tering is characterized by a parameter which
involves the spin-orbit scattering time 7g.

Since the magnitude of 7g is not known accu-
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rately, it is difficult to compare experimen-
tal results on any one particular alloy with
theory. On the other hand, because the spin-
orbit scattering is expected to increase rap-
idly with atomic number,* we have chosen to
test the theory by studying several alloys with
widely different Z.

In Maki’s theory the relative importance of
the PSP is characterized by the parameter
a defined as

a:w/?HCZ*(O)/Hp, (1)
where
Hp =18400T _ G, (2)

and T is the transition temperature in °K.
In the limit of short electronic mean free path
(dirty limit), H;9*(0) is given by?
ch*(0)=—0.69(dch/dt)t: 1=0.69HO, (3)
where {=T/T.. In the present work the param-
eter o has been determined experimentally
from the measured values of T and H, by us-
ing Egs. (1)-(3). Alternatively, when the elec-
tronic specific-heat coefficient v of the normal
state is known,'® the field H9*(0) can be deter-
mined from the expression’

H *(0)=3.1x10%
g (0)=8.1X10% yT G, (4)

where p), is the normal-state dc resistivity
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FIG. 1. Temperature variation of H.9. The values
of @ are calculated from Egs. (1)-(3) and the mea-
sured values of T, and Hj.
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in @ cm and y is in erg deg™2 cm ™3, This gives

@=2.4p 7. (5)

According to Maki, in the absence of spin-or-
bit scattering, the reduced field k(t)=H 9(t)/
H, decreases with increasing «. In particular,

R(0)=0.69(1+a?) V2, (6)

To describe the effects of spin-orbit scatter-
ing, WHH have introduced the parameter Agq
defined as

Asozh/37rch'rS. (7)

In their theory the reduced field #(¢) is (in the
dirty limit) a unique function of @, gy, and
t. Qualitatively, 4(f) increases with increas-
ing Ago.

Experiments were performed on vacuum-
annealed specimens of Ti-58 at.% V, Ti-44
at.% Nb, and Ti-52 at.% Ta. The variation
of the electrical resistance of these alloys
with magnetic field intensity H was measured
over the temperature interval 1.3°K<T < T,.
The current through the sample was always
transverse to the applied magnetic field which
was produced by a solenoid capable of gener-
ating a steady field up to 150 kG. With low
current densities (J~0.1-30 A/cm?) the super-
conducting-to-normal resistive transitions
were sharp (2-5 kG wide). For a given current
density J, the field Hy(J) at which the resis-
tance was equal to half its normal value was
defined as the resistive transition field. In
general, H,(J) was found to decrease slight-
ly with increasing J, and the field H,(0) was
obtained by extrapolating H,(J) to zero current.
We chose to identify H.9 with H,(0).*

The temperature variation of H.g for the three
alloys is shown in Fig. 1. For comparison with
theory it is preferable to plot 2(f) vs {. Such
plots are shown in Fig. 2 together with the tem-
perature dependence expected from Maki’s orig-
inal theory (Ago=0) for =0, 0.8, and 1.5.

It is apparent from Fig. 2 that A(t) is different
for the three alloys.

Examination of Table I, which lists the phys-
ical properties of the specimens, indicates
that the three alloys have comparable values
of H,9*(0), a, py, and To. In particular, since
a does not vary appreciably from alloy to al-
loy, the marked variation of z(f) from one ma-
terial to another cannot be attributed solely
to the effect of PSP. Comparison of the data
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FIG. 2. Variation of the reduced field k =H;9/H
with reduced temperature ¢t. Data points for ¢>0.9
have been omitted. The dashed curves are taken from
Maki’s theory with Ago=0. The solid curves are from
the WHH theory.

in Fig. 2 with Maki’s curve for @ =0 (no PSP)
indicates that the PSP affects the magnitude
and temperature dependence of %(t) for Ti-58
at.% V and Ti-44 at.% Nb. However, the de-
viation of the data points from the curve a =0
is smaller, in all cases, than predicted by
Maki’s original theory® which neglects spin-
orbit scattering. It is also clear that this de-
viation is largest for Ti-58 at.% V and small-
est for Ti-52 at.% Ta, which is precisely what
is anticipated if the spin-orbit scattering, whose
effect increases rapidly with increasing Z,
counteracts the influence of the PSP on H.9.

A more quantitative analysis was made by
fitting the data in Fig. 2 to the WHH theory.

Table I. Physical properties of concentrated Ti al-
loys.

Tc Py Hy Hc2*(0)
(K)  (uQem?  (kG) ka)b  ac

Ti-58 V 7.52 59 221+8 1536 1.56
Ti-44 Nb  8.99 53 227+16 157+11 1.34
Ti-52 Ta 7.86 51 194+5 134+3 1.31

34.2°K, H>H_g-
P prom Eq. (3).
CFrom Egs. (1)-(3).

We have chosen to regard o as a fixed param-
eter determined by Eqgs. (1)-(3) and the mea-
sured values of T and H,. On the other hand,
Aso was adjusted to give the best agreement
between theory and experiment.!? For Ti-58
at.% V the best fit to the data is obtained with
Xgo=0.7, while for the Ti-44 at.% Nb data,
Ago=4.5. These theoretical fits are shown

in Fig. 2 by the solid curves. In the case of
Ti-52 at.% Ta, the data points lie slightly above
Maki’s curve with @ =0 (which also is the curve
for any finite @ when Ago==). As a consequence
it is impossible to obtain a good fit to the da-
ta with any value of Agp,'® although the best

fit is with Agg=. Examination of the values

of Ago for the three alloys shows that it increas-
es rapidly with atomic number, as expected.
The spin-orbit scattering time 75 can be esti-
mated from the best value of Agy using Eq. (7).
In this fashion one obtains 7¢ = 1.5X 107! sec
for Ti-58 at.% V, and 7g~2X10~* sec for Ti-
44 at% Nb. From the Abrikosov and Gor’kov*
treatment of spin-orbit scattering, one expects
that the order of magnitude of 75 is given by

/1~ (Ze?/he), (8)

where 77! is the total collision frequency of
the electron and we have assumed 7g > 7. For
the specimens used in the present work we
estimate 7~1071% sec. Equation (8) then gives
T ~107*2 sec for Ti-58 at.% V and 75 ~107%3
sec for Ti-44 at.% Nb. These estimates agree
to within an order of magnitude with the values
of 7¢ deduced from the observed temperature
variation of H.9 using the WHH theory.

From a technological point of view, the pres-
ent work suggests that the limitations®® imposed
by the PSP on the generation of high magnetic
fields by superconductors may be overcome
by using suitable high-Z alloys.

We are grateful to J. K. Hulm and W. T. Reyn-
olds of the Westinghouse Research Laboratory
for kindly providing the samples. We are al-
so indebted to P. C. Hohenberg for helpful dis-
cussions and for making available to us the
computer program for the theoretical fits.
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specific-heat data are available only for one of the
three alloys, viz. Ti-58% V [c¢f. C. H. Cheng et al.,
Phys. Rev. 126, 2030 (1962)]. Using these data, Egs.
(4) and (5), and the uncertainties in our determination
of p,, and T, one obtains Hpo*(0)=161+5 kG and o
=1.66+0.05. The quoted uncertainties do not include
possible errors arising from the determination of y
and from the slight dependence of y on the annealing
procedure. We regard the values of ch*(O) and ¢ list-
ed in Table I as more reliable.

UThis choice is somewhat arbitrary inasmuch as the

resistive transition has a finite width. However, be-
cause the resistive transition is rather narrow and be-
cause the width of the transition does not depend strong-
ly on temperature, any other reasonable choice of H.9
(say, the onset of resistivity) would not change the
main features and conclusions of the present work.
2The parameter Ago can be determined most accurate-
ly when o is large and Ag, is small, as is the case for
Ti-58% V. For Ti-44% Nb the data indicate that Ay, >2,
with a best value of Ag,~4.5. This result differs from
the value Ago=1.5 obtained by WHH,? who have fitted
our data to their theory. This apparent discrepancy
arose because in converting the measured H.9 to %,
WHH used a value for H, which is higher than the aver-
age one, In addition, these authors calculated o from
Eq. (5) using an estimated value for y. The conclusion
that Agg for Ti-44% Nb is significantly larger than for
Ti-58% V is valid, however, in any case.

BThere are several possible reasons for this discrep-
ancy: (a) Effects of finite mean free path tend to in-
crease h; (b) strong coupling effects tend to increase h;
(c) if one identifies H.o with the field at which the onset
of resistance (at low current densities) takes place,
rather than with H,(0), one obtains slightly lower val-
ues of h.

LIGHT SCATTERING BY SPIN WAVES IN FeF,

P. A. Fleury, S. P. S. Porto, L. E. Cheesman, and H. J. Guggenheim
Bell Telephone Laboratories, Murray Hill, New Jersey
(Received 27 May 1966)

The optical properties of spin waves (mag-
nons) in the transition metal fluorides have
recently received considerable attention. Most
recently the direct absorption of infrared ra-
diation by two magnons,!»? as well as magnon
sidebands of optical absorptions, have been
observed.®”® In addition it has been proposed
that magnons might exhibit a Raman effect.”®
We report here the first observation of light
scattering by magnons in both first and second
order. We identify the first-order, or one-
magnon, scattering by the magnitude and tem-
perature dependence of the frequency shift of
the scattered light, by the polarization selec-
tion rules observed to govern the scattering,
and most strikingly, by the disappearance of
the scattered light when the sample tempera-
ture is raised above the Néel temperature.

The identification of the second-order, or two-
magnon, scattering is similar, though not quite
so definite, because of possible interactions
with low-frequency optical phonons. We shall
discuss the two scattering processes in turn.
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In these experiments the sample, a 5X5X7
mm? oriented single crystal of FeF,,° is illu-
minated with ~50 mW of linearly polarized,
4880-A light from an argon ion laser. Cool-
ing is achieved by flowing He gas over the sam-
ple at a rate determined by a feedback system
containing the carbon resistor which monitors
the sample temperature. In this way the sam-
ple temperature is maintained to within 0.5°K
of a desired value above 10°K. Light scattered
through 90° is passed through a Czerny-Turn-
er double monochromator onto a cooled S-11
photomultiplier. The photomultiplier output
is then amplified and displayed on a chart re-
corder °

FeF, has the rutile structure (D) and be-
comes antiferromagnetic for T< Ty = 78.5°K.
Although the magnon dispersion curve has not
been measured, it is known from antiferromag-
netic resonance (AFMR) experiments'? that
the frequency of a zone-center (¢ =0) magnon
at T=0 is 52.7 cm™'. One may then estimate’

the zone-edge magnon frequency to be ~77 ecm™!.



