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Electron Critical Scattering in EuS-In Ferromagnetic Tunnel Junctions"'
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We have observed a Curie-Weiss temperature dependence for electron critical scat-
tering in In-EuS junctions which applies to within a few degrees of the ordering tempera-
ture &~. The law holds both above and below 7', from 4.2 to 300'K. Above T the mag-
netoconductance is G(H, T) = Go(T-T, )+ G&TH (T-T,), where Go and G& are constants.
These results are explained by a model based on critical scattering in the mean-field
limit.

We have observed a new tunneling effect in the
paramagnetic region of a ferromagnetic semi-
conductor. The effect is the scattering of tunnel-
ing electrons in the barrier region by magnetic
fluctuations of the concentrated spin system. '
The scattering follows a Curie-Weiss tempera-
ture dependence which can be explained by a sim-
ple model of critical-point scattering. Previous
tunneling experiments had been concerned with
isolated spin scattering in the barrier. The ex-
periment also contrasts with bulk critical scat-
tering' in that tunneling critical scattering is the
dominant process involved without the complica-
tions of other scattering processes which are al-
ways observed in the bulk, such as phonon and
grain boundary scattering.

A magnetic spin fluctuation above the ordering
temperature T, is a group of neighboring spins
which spontaneously align for some time t and
then diffusively die away to the unaligned state.
Electrons in the barrier are scattered by these
fluctuations and the scattering increases as the
critical temperature is approached due&to the
rapid increase of spin fluctuations. The extent
of the spin correlation becomes greater than the
barrier width near T, . Thus at T, we expect a
peak in the electron scattering intensity (i.e., the
resistance peaks and the conductance goes through
a minimum). Figure 1 shows the experimental
tunneling conductance at zero bias as a function
of temperature for a tunnel junction of In versus
single-crystal Eus:Gd, containing 8& &0" carri-
ers/cms as measured by the Hall effect. In the
absence of scattering the conductance would be
independent of temperature over this temperature
range' but Fig. 1 shows a definite conductance
minimum which we attribute to magnetic scatter-
ing. T, was determined by magnetic-moment
measurements using a force balance and was
25'K for this tunneling sample. Above T, , Fig.
1 shows a Curie-Weiss temperature dependence
(50 to 300'K) extrapolating to the magnetic order-
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FIG. 1. Tunneling conductance at zero bias and zero
magnetic field as a function of temperature for a junc-
tion of In-EuS with the EuS doped to Sx 10 cm with
Gd.

ing temperature. Below T, a Curie-Weiss tem-
perature dependence is also seen, extrapolating
to the same ordering temperature; in addition,
the slope of the curve below T, is greater than
the slope above T, . We also find that application
of a magnetic field tends to reduce the size of the
conductance depression. We will discuss the ex-
act experimental field and temperature depen-
dence later in the paper.

The n-type EuS crystals, whose magnetic or-
dering temperature is a sensitive function of the
electron concentration, ' were doped to the 10"-
cm' range. The tunneling samples were prepared
by vacuum cleaving single crystals in the pres-
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ence of an indium vapor stream. Quality checks
on the resulting EuS-In junctions were twofold:
First, by measuring the capacitance versus vol-
tage on the low-doped samples, we observed the
Schottky-barrier voltage dependence and a barri-
er-height value of 1.2 V; second, at low tempera-
tures we measured the tunneling characteristics
of the superconducting indium counterelectrode
for all the junctions and obtained the expected
energy gap, critical field, and transition temper-
ature for indium.

At present there is no complete tunneling cal-
culation for these magnetic fluctuation effects. '
However, we can get a reasonable idea of the
temperature and magnetic field dependence of the
scattering by noting the following: First, we know
that in the absence of scattering the zero-voltage
tunneling conductance is relatively temperature
independent below room temperature; and second,
we know that the tunneling probability is highly
peaked in the forward direction. ' Any scattering
out of this direction leads to a lower overall tun-
neling probability. Our model proposes that an
electron in the barrier region can be scattered
by magnetic fluctuations into a direction having
a much lower tunneling probability and hence does
not contribute to the tunneling current. The re-
sistance is proportional to the amount of this
scattering. We will ignore all matrix-element
effects and attempt to obtain the temperature and
magnetic field dependence of the resistance by
examining the differential scattering cross sec-
tion of an individual electron scattering off an in-
dividual spin fluctuation. The scattering cross
section is an integral over energy and time of
the dynamic spin correlation function averaged
over initial states, and is given by'

do'/dQ= fd~ jdf e ' 'Q„(S,(0)S„(f))e' ', (1)

where S,(0) is the spin at the origin and zero time,
S„(t) is the spin at site R and at time f, q is the
momentum transfer, and ~ is the energy trans-
fer. Two approximations are used to evaluate the
spin function. The standard spin diffusion approx-
imation of Van Hove' replaces the dynamic corre-
lation function by the static one and we assume
the limit kFd-0, where AF is the electron wave
number and d is the distance between scatterers
(Eu-Eu nearest-neighbor distance). This limit
should apply to these ferromagnetic semiconduc-
tors since the Fermi energy is on the order of
0.05 V above the conduction-band edge. With
these approximations the correlation function is
independent of the integration parameters and
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FIG. 2. Upper curve shows the zero-bias, zero-mag-
netic-field tunneling conductance for a junction of In-
Eus, doped to 1.4&& 10 cm 3 with Eu, as a function of
temperature. The lower curve shows the function
(T'/b, C)~~ versus temperature for this sample, where
66 is the conductance ehe~~e between 0 and 27.8 koe.

leads to the result that the scattering resistance
p is directly proportional to the static correla-
tion function (q =0) which is the susceptibility

8
y, x. e.,

(2)

Therefore, the zero-field tunneling resistance
will follow a Curie-Weiss temperature behavior
when mean-field theory applies (i.e., when b, T/
T, & 1/Z, where Z = 12 is the number of nearest
neighbors) a The Curie-Weiss behavior is illus-
trated in the data of Fig. 1. Figure 2 shows the
zero-bias, zero-field tunneling conductance for
a lower-doped sample (1.4&& 10'a cm '). It also
shows the Curie-Weiss dependence which is ex-
trapolated to T, = 22'K in agreement with the val-
ue obtained from magnetic-moment measurement.
Below T, the temperature and field dependence
of the barrier dominates the conductance for the
low-doped samples. '

The magnetoconductance above T, is given by
the inverse mean-field susceptibility whose field
dependence is contained in the square of themag-
netic-moment term obtained from an expansion
of the Brillouin function. In the low-field limit,
where the moment is approximately the zero-
field susceptibility times the field, the tunneling
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the barrier region. We have explained these re-
sults using a simple model of critical-point scat-
tering. The model predicts that the scattering
resistance is directly related to the susceptibi-
lity, and we have shown that this scattering is
the dominant process in the junctions above T, .
The experimental results indicate a zero-field
Curie-Weiss behavior and a temperature and
field dependence as given by the mean-field sus-
ceptibility.

The authors wish to acknowledge many useful
conversatioris with T. Penney and S. von Molnar,
and the able technical assistance of S. F. Han-
rahan, E. D. Battista, P. G. I ockwood, and
H. R. Lilienthal.
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FIG. B. The change in the zero-bias tunneling con-
ductance as a function of the square of the magnetic
field for various temperatures above T, . The curves
are for the low-doped junction shown in Fig. 2.

conductance is given by

G(P, T) =G,(T—T, )+G,TP'(T-T, ) ',
where G, and G, are constants. It is seen that
the model predicts an II'-dependent term which
diverges at T, . Experimental confirmation of
this prediction is shown in Fig. 3. The tempera-
ture dependence of-the magnetoconductance term
is [T/AG(27 kOe)]'~I which should vary as T-T, .
The lower curve in Fig. 2 is experimental proof
of this relationship.

In conclusion, we have described a new tunnel-
ing phenomenon, namely, the observation of
electron scattering by magnetic fluctuations in

*Work supported in part by the U. S. Office of Naval
Research, Contract No. N00014-70-0272.

W. A. Thompson, F. Holtzberg, and T. R. McGuire,
Bull. Amer. . Phys. Soc. 16, 84 (1971).

See, for example, C. B. Duke, Vhnneling in Solids
(Academ1c, New York, 1969).

M. P. Kawatra Rnd J. I. Budnlck IDt, J. Magn. 1
61 (1970); F. C. Zumsteg, F. J. Cadieu, S. Marcelja,
and B. D. Parks, Phys. Bev. Lett. 25, 1204 (1970).

S. Methfessel, D. Eastman, F. Holtzberg, T. Mc-
Guire, T. Penney, M. Shafter, and S. von Molnar, in
Proceedings of the International Colloquium, Elements
of the ilare Earth, Paris-Grenoble, 1969 (editions
du Centre National de la Recherche Scientifique, Paris,
1970), p. 565.

'Present calculations are for either isolated spins or
ordered spins. See Bef. 1, and J. A. Appelbaum and
W. F. Briukmau, Phys. Bev. 188, 669 (1969).

P. G. de Gennes, in Magnetism, edited by G. T.
Bado and H. Suhl (Academic, New York, 1963), Vol. 3,
p. 115.

L. Van Hove, Phys. Bev. 95, 1374 (1954).
B. Brout, Phase Transitions (Benjamin, New York,

1965).
W. A. Thompson, F. Holtzberg, and T. B.McGuire,

Bull. Amer. Phys. Soc. 16, 824 (1971).

1310


