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to Ni films is in progress. Experiments using
nickel will also have the advantage of allowing
a direct observation of T¢c since the thin-film
samples are stable to approximately 500°C
[Tc() nickel =358°C].

The assistance of Rex Booth, D. N. Pipkorn,
1. Moen, and F. Berting in the conduct of these
experiments is gratefully acknowledged.

*This work was performed under the auspices of
the U. S. Atomic Energy Commission.

1. Bloch, Z. Physik 61, 206 (1930).

2p. R. Weiss, Phys. Rev. 74, 1493 (1948).

Sw. Doring, Z. Naturforsch 169, 1008, 1146
(1961).

‘A. Drigo, Nuovo Cimento 8, 498 (1951).

5E. C. Crittenden and R. W. Hoffman, Rev. Mod.
Phys. 25, 310 (1953).

éM. H. Seavey, Jr., and P. E. Tannenwald, J.
Appl. Phys. 29, 292 (1958).

™. J. Klein and R. S. Smith, Phys. Rev. 21,
378 (1951).

8S. J. Glass and M. J. Klein, Phys. Rev. 109,

288 (1958).

°F. E. Luborsky and P. E. Lawrence, J. Appl.
Phys. Suppl. 32, 15258 (1960).

¢, A. Neugebauer, J. Appl. Phys. Suppl. 31,
15258 (1960).

1K, H. Rosette and R. W. Hoffman, Conference
on Electric and Magnetic Properties of Thin
Metallic Layers, Louvain, Belgium, 1961, p. 218
(unpublished).

g, L. Lee, R. Booth, P, E. Bolduc, and C. E.
Violet, Bull. Am. Phys. Soc. 9, 573 (1964).

18R, S. Preston, S. S. Hanna, and J. Heberle,
Phys. Rev. 128, 2207 (1962).

4G, K. Wertheim, V. Jaccarino, J. H. Wernick,
and D. N. E. Buchanan, Phys. Rev. Letters 12,
24 (1964).

150, C.Kistner and A. W, Sunyar, Phys. Rev.
Letters 4, 412 (1960).

6T, N. Rhodin, Anal. Chem. 27, 1859 (1955).

1TR. Booth and C. E. Violet, Nucl. Instr. Methods
25, 1(1963).

181,, Valenta, Izv. Akad. Nauk SSSR, Ser. Fiz.
21, 879 (1957) [translation: Bull. Acad. Sci. USSR,
Phys. Ser. 21, 879 (1957)] .

%M. Fallot, Ann. Phys. (Paris) 6, 305 (1936).
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The existence of magnetic transition in dilute
random-substitutional alloys of Fe in Au has
been demonstrated in a number of studies uti-
lizing bulk-magnetization techniques!~® and the
Mdssbauer effect.?s® The data have been inter-
preted in terms of both ferromagnetic order-
ing and antiferromagnetic ordering. In this
Letter we report Mdssbauer studies on FeysAug,
as a function of temperature and of an external
magnetic field. Our studies show unambiguous-
ly that the ordering in this alloy is antiferro-
magnetic. From Mossbauer polarization mea-
surements we find at temperatures well below
the magnetic transition that even in the pres-
ence of external magnetic fields of 34 kOe the
Fe spin orientation remains almost random,
and there is little tendency toward spin orien-
tation either parallel or antiparallel to the ex-
ternal field. Thus the possibility of ferrimag-

802

netic as well as ferromagnetic ordering is ex-
cluded for this alloy. We believe this to be the
most unambiguous demonstration to date of an-
tiferromagnetism in a dilute random -substitu-
ticnal alloy.

The magnetic-transition temperature in the
Fe-Au system varies almost linearly with con-
centration for Fe concentrations up to about
15%, thereby indicating the existence of long-
range interactions® with interaction strength
~1/7%, At higher Fe concentrations the tran-
sition temperature increases rapidly with Fe
concentration as short-range (ferromagnetic)
ordering becomes dominant.?»®* In the linear
range the hyperfine magnetic field varies with
temperature in a manner similar to that found
in metallic Fe.* Bulk susceptibility measure-
ments at higher temperature®»® follow a Curie-
Weiss law and imply a moment per Fe atom

28 DECEMBER 1964



VoOLUME 13, NUMBER 26

PHYSICAL REVIEW LETTERS

28 DECEMBER 1964

of 2 ug (Bohr magnetons) with negative para-
magnetic critical temperatures at low Fe con-
centration (-3°K in FeyAuyy,) and positive crit-
ical temperatures in more concentrated alloys
(+23°K in FeyzAug,). MOssbauer studies in in-
finitely dilute Fe in Au yield an effective mo-
ment per Fe of 2 up.* Henry' has measured
the bulk magnetization at three temperatures
in fields up to 95 kOe in Fey;Au,, and finds at
4.2°K a saturation magnetization of only 0.7
“B/ Fe atom, suggesting antiferromagnetic or-
dering. Low-temperature susceptibility mea-
surements on Fey ;Auggs and Fey, Augg show peaks
characteristic of antiferromagnetic transitions.®
Superparamagnetism associated with Fe clus-
ters has been suggested as a possible explana-
tion of the magnetization data.” However, this
type of explanation seems unlikely to us because
of the high solubility of Fe in Au at low concen-
tration, and because none of the Mdssbauer
studies (including ours) shows any sign of a
paramagnetic line at low temperatures such
as should arise from isolated Fe atoms not
in the clusters.

Our measurements were performed using
a source of Co®” uniformly diffused through
a 0.0005-in. foil of Fey;Aug, which was mounted
inside a variable-temperature cell inside a
superconducting solenoid. Fe®’ 14-keV gam-
ma radiation emerged from the cryostat along
the magnet axis, thence through an unsplit res-
onant absorber (potassium ferrocyanide) and
into a proportional counter and a velocity spec-
trometer. Zero-magnetic-field studies as a
function of temperature showed our sample to
undergo a magnetic transition at 23+ 1°K. At
4,2°K the hyperfine field was —260 kOe (the

negative sign is taken from Blum and Grodzins®).

A typical hyperfine-field spectrum obtained
at 4.2°K and in zero external magnetic field
is shown in Fig. 1(a). The six-line pattern is
characteristic of magnetic ordering, but with
line broadening amounting to about five times
the ideal linewidth. Fig. 1(b) presents a spec-
trum obtained in an axial external field of 30.8
kOe. The similarity between the two curves
is striking and unexpected, and explicitly dem-
onstrates the presence of antiferromagnetic
ordering in the sample (similar results have
been obtained in a 34-kOe field). Nuclear se-
lection rules prohibit gamma emission along
the direction of the magnetic field acting at
the nucleus. Ferromagnets in an external field
exceeding the demagnetization field orient along

H=30.8 kOe (b)
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FIG. 1. (a) M38ssbauer spectra in zero external
field at 4.2°K in the magnetic alloy FegsAuy; show-
ing a hyperfine magnetic field of —260 kOe. (b) The
same sample at 4.2°K in an axial field of 30.8 kOe.
The similarity to the zero-field spectrum demon-
strates (primarily from polarization considerations)
antiferromagnetism in the sample and an almost
random distribution of spin orientations.

the external field, and Mdssbauer spectra ob-
served along the field in such materials con-
sist of four instead of six lines, with the sec-
ond and fifth lines suppressed. Our finding

that these lines remain almost unchanged in
intensity in a field demonstrates that the exter-
nal field does not appreciably alter the random
spin orientation existing in zero field. We may
thus immediately exclude the possibility of fer-
romagnetic or of ferrimagnetic ordering. These
conclusions find further support in the absence
of either line shifts or broadening in the exter-
nal field, which would result from the external
field adding to or subtracting algebraically from
the hyperfine field. Rather, we have a situa-
tion in which a large number of spins make large
angles with the external field. The effective
field at the nucleus may be found as the vector
sum of the hyperfine field and the external field.
For external fields small in comparison to the
hyperfine field this summation when averaged
over almost random spin orientations results

in slight line broadening and no line shift.

The details of the antiferromagnetic order-
ing in this alloy remain at present indetermi-
nate. However, we would like to suggest the
possibility that the system may well order as
a canted weak ferromagnet. The possibility
of such ordering in metallic alloys has been
suggested by Moriya.’ Henry’s magnetization®
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results at 4.2°K show a net moment of 0.35 pg/
Fe atom in a field of 30.8 kOe, which could re-
sult from a bending of moments away from the
direction of antiferromagnetic alignment. His
zero-field moment of 0.04 pupg per Fe atom is
also typical of weak ferromagnetism. Effects
similar to this have been observed in weak fer-
romagnets such as NiF, and Fe,0,.° A curious
feature of Fey;Auy, is the positive paramagnet-
ic Curie temperature of +23°K deduced from
the high-temperature susceptibility! which is

in precise agreement with the transition tem-
perature we find from our Mdssbauer measure-
ments.

In an effort to study the region of the mag-
netic transition we have performed measure-
ments with and without external fields at tem-
peratures near to and above the transition tem-
peratures. External fields are found to induce
magnetization even above the transition, yield-
ing families of hyperfine splitting vs temper-
ature in various fields which are similar to
those found in ferromagnetic Fe, gsPdg,. 45 by
Segnan, Craig, and Perisho.! At temperatures
above about 10°K the hyperfine spectra broad-
en and it becomes impossible to distinguish
lines and hence to make polarization determina-
tions. This broadening is indicative of a spec-
trum of Fe-Fe coupling strengths depending
upon the number of Fe neighbors in the random
alloy. In order to obtain more detailed infor-
mation in the region of the transition we are
preparing to employ higher fields and to inves-

tigate more dilute alloys, which are not expected
to show such severe line broadening. In addi-
tion, neutron-diffraction studies are planned
in order to more fully characterize the mag-
netic structure in this alloy system.

The execution of these experiments was great-
ly facilitated by the technical assistance of
Mr. John Rapp.

*Work performed under the auspices of the U. S.
Atomic Energy Commission.
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It has been sl‘loxiv.nl’2 that when the Lorentz
driving force (JX¢,/c) on the flux quanta in a

current-carrying superconductor in a transverse

magnetic field exceeds the depinning threshold,
a voltage appears along the superconductor.

An incremental resistivity pr may be defined,
independent of the amount of pinning. This volt-
age arises by induction from the driven flow

of quantized flux vortices across the sample,
opposed by viscous forces, assumed of the form
-fVy, where Vq, is the velocity of the vortex
with respect to the sample. In that case, it

has been shown's? that this “flow” resistivity
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is
p,=dE/dJ=Bg_fc?, (1)
f 0
which reduces the problem to analysis of the
viscous drag coefficient f. The present note
discusses the origin of f: the normal electron
part, previously discussed by Volger, Staas,
and van Vijfeijken,® as well as by Strnad, Hemp-
stead, and Kim,? and a new mechanism which
seems to dominate when B <<HC .
Although (1) is conventionally derived for the
geometry in which the applied field ﬁa is par-
allel to the surface of the strip, it is also val-



