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ft is easy to show that SD(t) for a pure superconductor also vanishes like TlnT as T tends to zero.
However, it turns out that in the pure limit there is another contribution to the heat current which is
not considered in I and a more elaborate discussion is necessary. '

Finally, we mention that the extension of the present consideration to the high-field type-II super-
conductor" is almost evident. In this case the corrected entropy for a vortex line, can be expressed
by
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e0=2DeHc2(t), b=(3Tso) ', and I= pB. Here p, is the Bohr magneton and Tso is the spin-orbit life-
time. SD(t) given in Eq. (21) also vanishes like T as T tends to zero.

In conclusion I would like to thank C. Caroli for calling my attention to the difficulty associated with
SD and useful correspondences.
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Resistivity and Hall-effect measurements in Euo 9&Gdo 05S give evidence for the onset
of a well defined conduction band with critical scattering coexisting with magnetic im-
purity states.

The anomalous properties of Eu-chalcogenide
alloys, Eul ~A~X (where R is a trivalent rare
earth and X is one of the following: 0, S, Se, Te)
have been the subject of considerable experimen-
tal and theoretical investigation. '& Among these,
perhaps the most striking are the anomalous

temperature and field dependence of the resisti-
vity. In particular, an explanation of the data
on single-crystal samples with x - 0.01 has been
given based on a magnetic impurity state (MIS)
and conduction by means of hopping. The activa-
tion energy for this process is determined by
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the s-f exchange interaction between impurity
electrons and neighboring Eu ions. This energy
decreases precipitously near and below T~ due
to the magnetic properties of MIS. ',4

It is to be expected, in analogy with the com-
mon semiconductors, that as the trivalent rare
earth (in this case Gd) concentration is increased,
the conduction process will change from hopping
to bandlike. For Ge and Si the start of this
transition can be characterized by the ratio of
the mean distance between impurity sites, 8&

(R& =Nz ' 3, where ¹qis the number of impuri-
ties per cm'), to the effective Bohr ra.dius of the
impurity electron, aQ. Experiments indicate
that the formation of a band begins at Rf/a 0-5.'
In contrast to Ge and Si, the impurity state in
Eu chalcogenides is restricted primarily to near-
est neighbor (nn) sites. An estimate of a, can be
made, however, by determining the percentage
probability of the MIS wave function beyond the

O

nn site. 4 This yields a value of aQ -2.4 A.'
Since the number of impurities per cms for
doped EuS is 1.89& 10'2x', this implies that the
impurity states start to merge with the conduc-
tion band at the critical impurity concentration
xc-3%. It must be noted that this argument
has neglected the effects of s fexchange int-er-
action on band formation. Nonetheless, the ex-
istence of a relatively well-defined conduction
band is to be expected for a 5% Gd concentra-
tion.

Measurements were carried out on small sin-
gle crystals of EuQ 956dQ Q58 These samples
were grown in a 2/o excess of Eu metal to re-
duce compensation. It is not established that
this procedure has the desired effect but it will
be assumed in the discussion which follows that
compensation is negligible. Ordinary ac tech-
niques and the usual five-probe configuration

were employed.
Figure 1 displays the temperature depend-

ence of the resistivity. Two characteristics of
the experimental data are to be noted in particu-
lar: (1) The high temperature results indicate
a linear dependence of the resistivity on tem-
perature (see insert Fig. 1); (2) the resistivity
has a, sharp peak at 49'K (the ferromagnetic or-
dering temperature, Tz, is not well defined in
these samples but appears to be a little small-
er than the paramagnetic Curie temperature,
8-50'K). In Fig. 2 are plotted the results of
Hall measurements in the paramagnetic region.
In magnetic materials the Hall resistivity, e H,
is known to have the general form

e =R H. +R M(H. ),0

where RQ =normal Hall constant, R, = anomalous
Hall constant, H~ =internal field, and M= sample
magnetization. Furthermore, Hz =Hz -19M,
where X= 4.91 = demagnetization factor for this
configuration and II+ is the applied magnetic
field. Therefore, with the definition of the sus-
ceptibility M=yH„Eq. (1) becomes, in the para-
magnetic region,

=R, +[R, NB,I)-
—= Ro+ [R,-NR, jy*.

As Fig. 2 indicates, a value for RQ = -2.85 ~10"
0 cm/Oe is found by extrapolation of ) * to 0.
The foregoing analysis implies temperature in-
dependence, in the paramagnetic region, of RQ
and R,. F»m the slope of the curve, a value of
R, may be calculated from the low-field Hall-ef
feet data in the ferromagnetic region. There the
analysis follows from Eq (1), w.ith eH/M=R1
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FIG. 1. Temperature dependence of the resistivity
p in Euo ggQdp p58.

FIG. 2. Slope of curves of Hall resistivity eH versus
applied field H~ in the paramagnetic region, plotted
against the effective susceptibility X*.
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for all values of II~ &NMz(T) [M~(T) = saturation
moment at temperature T]. Reference is made
to Fig. 3, in which is plotted the experimental
Hall resistivity as a function of applied magnetic
field in both the paramagnetic and ferromagnetic
regions. IR, ~

increases from 28?&10" to 34x10"
Q cm/G in the temperature range from 5 to 30'K.

It should also be noted that the high-field
slopes of the 5, 20, and 30'K curves in Fig. 3
are equal, within the experimental error, to the
slope at 296'K. Since Eq. (1) may be rewritten
as

e =RH +[R -NR ]M,0 a 1 0

it is clear that, above saturation, the slope deH/
dII+ is approximately Ro. Thus, no change in
carrier concentration is observed in Eup gsGd, OSS

throughout the entire temperature range investi-
gated.

The free-electron concentration, n = 2.2&10
cm ', may be calculated from the well-known
formula R, =10 '/ne; or n/N~-0. 24. This im-
plies that only 24% of the excess electrons occu-
py the conduction band whereas under the as-
sumption of negligible compensation the other
769a remain in MES. This conclusion is reason-
able in the light of experimental evidence in com-
mon semiconductors' which suggests that for
concentrations x~ &.x &10xz both localized and
band states coexist. Therefore, at x=0.05, the
conduction band is only beginning to form. Since
the bottom of the conduction band is expected to
have s character at the I" point, ' the effective-
mass approximation will be used with the effec-
tive mass m* equal to the free-electron mass
m, . A simple calculation then leads to kF (the
Fermi wave vector) =1.8&&10' cm ' and EF (the

Fermi energy) =0.13 eV. Thus below room tem-
perature the system may be treated as a degen-
erate Fermi gas.

Since the exchange interaction I~y is estimated
i;o be 0.04 eV, ' the exchange splitting, 2I~yS
=0.28 eV, is larger than EFJ =0.21 eV. In
the ferromagnetic state, therefore, all free elec-
trons lie in the spin-up band. These considera-
tions do not, of course, affect the interpretation
of the normal Hall-effect measurements which
depend only on the number of electrons.

The assumed s character of the conduction
band is also consistent with the relatively small
value of R,. Although the microscopic mecha-
nisms giving rise to 8, are still a subject of ac-
tive debate, it is established that the interaction
should occur through the orbital angular momen-
turn of the conduction electron which, in an s
band, is proportional to 0' for small values of k.
Note that in ferrites, with similar conduction-
electron concentration in a d band, R, is two or-
ders of magnitude larger. ' The notion of the co-
existence of conduction electrons and MIS is sup-
ported by the fact that the change in paramagnet-
ic Curie temperature from pure EuS (9=16.'K) is
4~exp = 34 K in contrast with a rise of, at most,
10'K predicted theoretically' for the effect from
conduction electrons alone.

The resistivity p may be written as the sum of
the residual term p;, the phonon term p, and
the magnetic scattering term pm. Among sev-
eral types of scattering centers the most signifi-
cant contribution to p~ comes from neutral Gd
impurities. Kith a knowledge of a, the scatter-
ing potential is evaluated and p~ in the ferromag-
netic state is obtained, i.e. ,

2 2 -3
p. =1.4(m*/m ) (6/e) &&10 0 cm,
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FIG. 3. Field dependence of the Hall resistivity eH
for various temperatures.

where & is the effective dielectric constant for
the scattering process and should take on a val-
ue bracketed by the optical and static dielectric
constants, e, and ~z, respectively. For pure
EuS one finds" &, =5 and &~ =11. The experimen-
tal value, p I=1&&10 3 0 cm (see Fig. 1), com-
pares favorably with Eq. (4). The same calcula-
tion appli s to the paramagnetic region and
yields pi /pf =0.94. Therefore pf makes an al-
most constant contribution to the resistivity over
the entire experimental range.

In principle the contribution to phonon scatter-
ing in the high-temperature region may come
from two sources, acoustic phonons, ppA, and
longitudinal optical phonons, pp~o. The former

1759



VOLUME 21, NUMBER 26 PHYSrCWI. REVIEW I.ZTTZRS 23 DECEMBER 1968

(except for relatively low temperatures) leads
to the well-known linear dependence on T,

A (m+' D ' T 4-
P

where D is the electron-phonon coupling con-
stant and 6 the Debye temperature (eEuS = 208
'K"). The insert in Fig. 1 exhibits the experi-
mental results and confirms acoustic phonon

scattering to be the relevant mechanism. The
contribution of optical phonons is apparently
well screened by the conduction electrons. An

estimate of p&A may be made by extrapolating
the high-temperature linear dependence to O'K

(as indicated by the dashed curve in Fig. 1).
The result is p A-0. 56&&10 3 0 cm at 300'K,
which yields a reasonable value for the electron-
phonon interaction, D -5.5 eV.

The foregoing analysis leaves a magnetic con-
tribution to the resistivity, p~, whi. ch is con-
stant down to approximately 200'K, then rises,
peaks near 7'~, and drops to 0 at O'K. Such a
temperature dependence was first predicted by
de Gennes and Friedel'2 who suggested that criti-
cal scattering of the conduction electrons ought
to occur near T~. The experimental value of p~
at room temperature is 0.56&&10 ' 0 cm corre-
sponds to the spin-disorder scattering resistivity
without correlations amont the 4f spins. " Substi-
tution of I~y=0.04 eV, S=~~, m*=m, leads to pm
=0.24~10~ 0 cm. Agreement is satisfactory.
As the temperature decreases to T~, the corre-
lation between neighboring spins increases and
the probability of a correlated giant spin moment
increases. The scattering of long-wavelength
electrons due to these giant spin moments is the
origin of the peak of the resistivity near T~. In

the doped sample, however, there exists anoth-
er kind of giant spin moment due to MIS and in
the 5% sample the larger fraction of the Eu
spins contribute to MIS. These two types of gi-
ant spin moments enhance each other and, there-
fore, enhance critical scattering. The long, siz-
able tail of the magnetic specific heat of doped
EuS appears to be due to this phenomenon. " A
realistic calculation of the correlation function

y is, therefore, very complicated. Figure 1 ex-
hibits the calculated results for p~ based on a
y derived for a simple nearest-neighbor ferro-
magnet. This y should be correct for pure EuO
and EuS and, in fact, fits the experimental spe-
cific-heat data. The discrepancy between theory
and experiment, particularly at relatively high
temperatures, is apparently due to MIS.

It is interesting to note that critical scattering
appears not to be observed in CdCr, Se4." The
authors hereof suggest that, in CdCr2Se4, the
s-d exchange interaction is much larger than
the s-f interaction and consequently the simple
Born approximation is not applicable. " Under
these circumstances magnetic polaron effects
would seem to be important.

This paper has presented evidence for band
conduction and critical scattering in Eu»Gd, »S.
Magnetic impurity states are believed to coexist
with conduction electrons in this concentration
range. This is consistent with the impurity hop-
ping model applicable for very low concentra-
tions. In this connection, it should be noted
that magnetic semiconductors may prove to be
more useful than the usual nonmagnetic semi-
conductor for the study of the general character
of impurity states. This is a consequence of
the additional information gained through the
s -f interaction.

The authors would like to thank Dr. M. W.
Shafer for kindly providing samples, Dr. T. R.
McGuire for performing magnetic measure-
ments, Dr. T. D. Schultz and Dr. S. Methfessel
for many valuable discussions, and E. Battista
for his able assistance.

*Permanent address: Department of Physics, To-
hoku University, Sendai, Japan.

iT. Kasuya and A. Yanase, to be published.
2S. Methfessel and D. C. Mattis, Handbuch der Phys-

ik (Springer-Verlag, Berlin, Germany, 1968), Vol. 18,
Pt. 1; also see introduction of Ref. 1.

3J. C. Suits, Bull. Am. Phys. Soc. 8, 381 (1963);
R. R. Heikes and C. W. Chen, Physics 1, 159 (1964);
S. von Molnar and S. Methfessel, J.Appl. Phys. 38,
959 (1967).

4A. Yanase and T. Kasuya, to be published.
5H. Fritzsche, J. Phys. Chem. Solids 6, 69 (1958);

also see C. Yamanouchi, K. Miziguchi, and W. Sasaki,
J. Phys. Soc. Japan 22, 859 (1967).

~T. Kasuya and A. Yanase, to be published. This es-
timate, although made for EuSe, is not expected to
differ substantially for EuS.

C. Yamanouchi and W. Sasaki, private communica-
tion; S. Maekawa, J. Phys. Soc. Japan Suppl. 21, 574
(1966).

J. M. Levine, Phys. Rev. 114, 482 (1959); A. A.
Samokhvalov and A. G. Rustamov, Fiz. Tverd. Tela 7,
1198 (1965) [translation: Soviet Phys. -Solid State 7,
961 (1965)1.

9T. Kasuya, in Magnetism, edited by Q. T. Rado and
H. Suhl (A.cademic Press, Inc. , New York, 1966) Vol.
IIB. The method of calculation is the same as for the
rare-earth metals.

1760



VOLUME 217 NUMBER 26 PHYSICAL REVIEW LETTERS 23 DECEMBER 1968

J.Axe, private communication.
~~V. L. Moruzzi and D. T. Teaney, Solid State Com-

mun. 1, 127 (1963).
P. Q. de Gennes and T. Friedel, J. Phys. Chem.

Solids 4, 71 (1958).
~3T. Kasuya, Progr. Theoret. Phys. (Kyoto) 16, 58

(1956).

~4V. L. Moruzzi, D. T. Teaney, and B. J. C. van der
Hoeven, Jr. , Solid State Commun. 6, 461 (1968).

~BC. Haas, A. M. J.G. Van Run, P. F. Bongers, and
W. Albers, Solid State Commun. 5, 657 (1967); H. W.
Lehmann, Phys. Rev. 168, 488 (1967); C. Haas, ibid.
168, 531 (1968).

~6The details will be treated in another paper.
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R. W. Fredricks, C. F. Kennel, t. F. L. Scarf, G. M. Crook, and I. M. Green
Space Sciences Laboratory, TRW Systems Group, Redondo Beach, California 90278

(Received 28 October 1968)

We present the first account of observation of low-frequency fluctuating electric
fields generated in the earth's bow shock. We find that the wave amplitude is not a
smooth function of space through the shock, but rather that it is strongly correlated
with magnetic-field structures within the shock.

OGO-5 was launched 4 March 1968 into a high-
ly eccentric earth orbit with an apogee of 24
earth radii (=148000 km) geocentric. The TRW
plasma-wave experiment on board OGO-5 in-
cludes five electric-dipole and three magnetic-
loop (search coil) sensors mounted on a 22-ft
boom. Three short electric-dipole sensors are
mounted orthogonally, so that all three electric-
field vector components can be measured in time
sequence. The output is fed into narrow-band
(15%) filters with center frequencies at 0.56,
1.3, 3.0, 7.35, 14.5, 30.0, and 70.0 kHz. The
circuits have rise times of 30 msec and decay
times of 300 msec. In a given frequency band,
each directional component is sampled for 9.2
sec sequentially; after 27.6 sec the center fre-
quency is advanced to the next channel. A com-
plete axis and frequency scan sequence requires
3.2 min. In addition, the wave form on one axis
is continuously monitored by a separate broad-
band (1-22 kHz) analog telemetry system, per-
mitting reconstruction of the power spectrum for
this one axis. The remaining two boom-mounted
dipoles are collinear. Their output is monitored
through a 200-Hz center-frequency filter for
about 2 sec every 9.2 sec. The five electric di-
poles do not operate as resistively coupled Lang-
muir probes, but rather are capacitively coupled
to the plasma' since the dipole dimensions (50
cm) are much smaller than the Debye length,
and the current collecting area is small. The di-
poles measure potential gradients induced across
them by ambient electric fields. The three elec-
trostatically shielded magnetic loops are boom-

mounted orthogonal to the main electric dipoles,
and they are sequentially sampled by axis and by
frequency through 0.56- and 70-kHz filters. The
0.56-kHz magnetic output is phase-shifted,
mixed with the 0.56-kHz electric output, and
monitored through a zero-crossing correlator,
so that electrostatic and electromagnetic waves
may be separated.

Figure 1 presents a sequence of approximate
electric-field power spectra assembled from the
band-pass channel outputs for an outbound shock
crossing on 12 March 1968. The abscissa is the
frequency from 0.56 to 70 kHz; the ordinate, the
maximum power spectral density (regardless of
axis) in (pV/m)'/Hz observed in each 27.6-sec
channel sample. The time axis is orthogonal to
these two, and is shown in perspective along the
45 axis. Each spectrum requires 3.2 min; the
initiation of a new spectral sequence is indicated
by tick marks along the time axis. Near the ori-
gin, OGO-5 was downstream in the post-shock
magnetosheath; as time proceeded, the outbound
satellite traversed the shock. At the top of Fig.
1, OGO-5 was upstream. Shown in small insets
are simultaneous measurements of one compo-
nent of the magnetic field detected by the Univer-
sity of California at Los Angeles (UCLA) flux-
gate magnetometer (sensitive from 0-2.5 Hz at
the 8-kbit/sec rate). Upstream (top of Fig. 1) in
the solar wind, the magnetic field is quiet, and
the electric-field spectrum contains a significant
high-frequency component (indicated by shading)
which may be near the local electron plasma fre-
quency. Nearer the shock, where the magnetic


