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We present a study of the proximity effect between a ferromagnet and a paramagnetic metal of varying

disorder. Thin beryllium films are deposited onto a 5 nm thick layer of the ferromagnetic insulator EuS.

This bilayer arrangement induces an exchange field, Hex, of a few tesla in low-resistance Be films with

sheet resistance R � RQ, where RQ ¼ h=e2 is the quantum resistance. We show that Hex survives in very

high-resistance films and, in fact, appears to be relatively insensitive to the Be disorder. We exploit this

fact to produce a giant low-field magnetoresistance in the correlated-insulator phase of Be films with

R � RQ.
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It is now well established that the interfacial region
between two materials of differing order parameters can
have subtle and even counterintuitive properties. Indeed,
some well-known examples of such proximity effect sys-
tems have important technological applications as well.
For example, an additional exchange field can be induced
into a ferromagnetic (FM) film by placing it in contact with
an appropriate antiferromagnet. The resulting exchange
bias shifts the FM hysteresis loop away from zero field
[1]. Although the microscopic mechanism of the exchange
bias is not well understood, it is, nevertheless, an important
component of many magnetic data storage technologies. If
the antiferromagnet is replaced with a superconductor
(SC), an SC order parameter can be induced in the FM
component with a complementary exchange field induced
in the SC component. In fact, recent studies [2–5] have
shown that not only can Cooper pairs exist in the FM layer
but the SC order parameter oscillates in sign on the FM
side of the structure. This effect is the basis of the �
Josephson junction [6,7]. Similarly, trilayer configurations
such as FM/SC/FM can be used to produce superconduct-
ing spin-switch devices [8,9]. In this Letter, we present a
study of the proximity effect between an FM insulator and
a disordered paramagnetic (PM) film. This relatively sim-
ple system, which has only a single order parameter, gives
one the opportunity to investigate what roles disorder and
e-e correlations play in establishing an exchange field in
the PM layer. As we show below, exchange fields with
magnitudes much greater than the saturation magnetization
field of the FM can routinely be induced in the PM films.
These exchange fields are insensitive to disorder and, in
fact, can persist well into the highly correlated variable-
range-hopping regime of the paramagnet. In this latter
limit, the exchange field can modulate the internal field
of the PM layer in such a manner as to produce extremely
large low-field magnetoresistances (MRs).

Here, we have chosen to study the proximity effect
between the FM insulator EuS and ultrathin beryllium
films. At low temperatures, the EuS underlayer is highly

insulating; therefore, the transport currents are confined to
the Be layer. Beryllium forms smooth, dense, nongranular
films when deposited via electron-beam evaporation. This
nongranular morphology is crucial in that it assures one
that the measured resistance reflects e-e correlation effects
and not grain-charging effects [10]. Beryllium has the
additional advantage of having a superconducting phase
in low-resistance films [11]. This phase is suppressed in
films with sheet resistances R> 10 k�=sq. Films with
R * RQ, where RQ ¼ h=e2 is the quantum resistance,

exhibit a low-temperature correlated-insulator phase asso-
ciated with modified variable-range hopping and the open-
ing of a 2D Efros-Shklovskii Coulomb gap [12,13].
Interestingly, applying a magnetic field fills the Coulomb
gap, thereby producing extremely large decreases in resist-
ance at low temperatures [14]. In the high field limit, the
films enter a quantum metal phase, in which the MR
saturates at R� RQ [15]. Thus, Be offers almost ideal

opportunity to study the exchange field from the weakly
to the strongly interacting limits.
The bilayers were formed by first depositing a 5 nm

thick EuS on fire-polished glass at 84 K. Subsequently, a
Be layer with thickness ranging from 1.8 to 2.3 nm was
deposited directly on top of the EuS. The EuS layer did not
conduct, but the Be layers had low temperature resistances,
ranging from R � 1 k�=sq to 10 M�=sq. The evapora-
tions were made in a 4� 10�7 Torr vacuum at a rate
�0:1 nm=s using e-beam deposition. The film conductan-
ces were measured using a standard four-probe ac lock-in
technique for low-resistance samples, but dc I-V’s were
used in high-R films. MRmeasurements were made using a
quantum design physical property measurement system
and a dilution refrigerator, both utilizing a 9-T supercon-
ducting solenoid.
Previous spin-polarized tunneling studies of the mag-

netic proximity effect in EuS/Al bilayers show that an
exchange field, Hex, of several tesla can be induced in Al
films at low temperatures [16–18]. In the presence of an
applied field, Happ, the total internal field in the Al layer is
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Hint ¼ Happ þHex. Interestingly, in the EuS=Al system

Hex is not static, but increases as lnðHappÞ in parallel

applied fields between 0.01 T and 2 T [19]. We believe
that Hex behaves similarly in the EuS/Be layers of this
study. Interestingly, this effect is not an artifact of domain
alignment in the EuS underlayer. Direct measurements of
the magnetization of the EuS=Al bilayers revealed a very
sharp in-plane magnetization loop with a 2-K coercive field
of �5� 10�3 T [19,20]. Thus, the magnetization of the
EuS was saturated over most of the field range where the
lnðHappÞ behavior was observed. Recent measurements of

exchange field effects in FM/SC/FM trilayers have also
shown that the MR of these systems cannot be explained in
terms of the magnetization behavior of the FM layers [8,9].
Instead, the MR arises from the interplay between the
applied field and the evanescent tail of the exchange field.

Shown in the main panel of Fig. 1 is the superconducting
transition for a 2.3 nm thick Be film on glass and a
comparable Be film on EuS. In each case, R� 1 k�=sq.
Unexpectedly, the transition temperature Tc of the bilayers
was higher than that of the pristine Be films deposited on
glass. In the inset, we plot the corresponding parallel
critical field of the samples as measured at 460 mK. The
field scale has been normalized by the respective transition
temperature of the two samples. Since the thickness of
the Be layers was much less than the coherence length,
�� 30 nm, the critical fields in the inset are Zeeman
limited [16]. In terms of Tc, the expected critical field is
given by the Clogston-Chandrasekhar relation Hcc

c ¼
1:86� Tc [21,22]. Note that for Be on glass Tc ¼ 0:9 K
and Hcjj ¼ 2:3 T, in reasonable agreement with Hcc

c (see

dashed line in the inset of Fig. 1). In contrast, the EuS=Be

sample has a Tc ¼ 1:8 K, but its critical field, Hcjj ¼0:1T,
is 20 times less than that of the pristine Be film. If there
were no exchange field in the Be component of the EuS=Be
bilayer, then we would expect Hcjj � 4:6 T. Therefore, we
can surmise that Hex � 4:5 T at the critical field transition
of the bilayer.
Most studies of the exchange field in FM/PM systems

have been made in the superconducting phase of a low-
atomic-mass paramagnet. The reason for this is that the
Zeeman coupling to the superconducting quasiparticles
gives one a direct probe of the induced exchange field
via tunneling density of states, but only if the spin-orbit
scattering rate is low [16,17]. Under special circumstances,
one can also use a Cooper pair resonance to probe Hex in
the Zeeman-limited normal state of the paramagnet, again
via tunneling density of states [19,23]. In each case, how-
ever, the behavior of Hex is explored in the context of the
superconducting correlations in relatively low-resistance
films. Indeed, the role of such correlations on the manifes-
tation of Hex is unclear. Here, we exploit the very large
low-temperature MR of high-resistance Be films [14] to
probe Hex in an unexplored region of parameter space.
Shown in Fig. 2 is the MR of a pristine 1.8 nm thick Be

film deposited on glass. At 460 mK, the sheet resistance of
this film is well above RQ. The film’s transport is of the

modified variable range hopping form as is evident in the
inset of Fig. 2. Note that the parallel field MR is non-
perturbative, with the resistance falling by a factor of 10
in a field of 9 T. The orbital contributions to the MR are
negligible in the parallel field. Consequently, the MR is
completely driven by the Zeeman coupling to the conduc-
tion electrons. This MR is believed to be intrinsic to
the correlated-insulator phase of the Be films [14]. If a
substantialHex can be established in this phase, then it will
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FIG. 1. Temperature dependence of a 2.5 nm thick Be film on
glass (circles) and a 2.5 nm thick Be film on a 5 nm thick EuS
film (squares). Inset: Film resistance as a function of a reduced
parallel field at 460 mK. The vertical dashed line is the expected
Clogston-Chandrasekhar critical field.

0

0.2

0.4

0.6

0.8

1

1.2

0 2 4 6 8 10

R
(H

)/
R

(0
)

H (T)

102

103

104

0.8 1 1.2 1.4 1.6

R
(k

/s
q)

T -1/2(K-1/2)

FIG. 2. Magnetoresistance of a pristine 1.6 nm thick Be film
on glass at 460 mK. The film had a zero-field sheet resistance of
R ¼ 230� RQ. Inset: Zero-field temperature dependence of the

film showing modified variable range hopping behavior.
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certainly affect the MR via its contribution to the Zeeman
splitting. So it is useful to compare and contrast the pristine
MR curve in Fig. 2 with what we obtain from similar
measurements on EuS=Be bilayers.

Shown in the upper panel of Fig. 3 is the MR of several
EuS=Be bilayers of varying Be thickness and correspond-
ing sheet resistance. All of these data were taken in the
parallel field at 460 mK. The EuS thickness of each sample
was 5 nm. In contrast to Fig. 2, the bilayers exhibit
an extremely large low-field negative MR. Indeed, the
resistance of the 17 M�=sq falls by a factor of two in an

applied field of only�0:2 T. In fact, the MR of the bilayers
looks vaguely similar to that of their pristine Be counter-
parts except for the fact that the field scale has been greatly
compressed. We believe this is due to the rapid emergence
of Hex with applied field. Spin-resolved tunneling mea-
surements in EuS/Al bilayers show that the magnitude of
Hex increases logarithmically with applied field up to about
2 T, at which point Hex reaches its saturation value [19].
The knee in the MR curves corresponds well with this
saturation point. We do not have a direct measure of the
actual value of the saturated exchange field, but it can be as
high as 10 T in EuS=Al bilayers. The MR beyond the knee
is attributable to the applied field alone.
In order to quantify the strength of the low-field MR, we

define the relative field sensitivity of the resistance as � ¼
j�Rj=jðRð0Þ�HÞj for data below 0.2 T. Shown in the lower
panel of Fig. 3 are the values of � at 460 mK for the
corresponding samples of the upper panel. In pristine Be
films, the overall size of the MR increases with increasing
resistance [14,15] but extends over a field range of�10 T.
The MR of the bilayers also grows with increasing disorder
as is evident in Fig. 3. These data indicate that Hex is
relatively insensitive to film disorder, even well into the
correlated-insulator regime. This suggests that the spin flip
scattering rate in the Be remains low in films with R�RQ;

otherwise, spin relaxation events would wash out the ex-
change field. The resistance of the films in Fig. 3 is in large
part controlled by the Be thickness, with thinner films
having a higher low-temperature R. ButHex itself is known
to increase in proportion to the inverse of the PM film
thickness [17]. Thus, the large values of � in our highest-
resistance samples can, in part, be attributed to the fact that
the Be component of those bilayers was thinner. This,
however, was probably not the dominant factor in the
behavior of the lower panel of Fig. 3 since the film thick-
nesses used in this study varied less than 30%.
For our most resistive films, � � 2:5 T�1, which is

somewhat larger than what has been reported in other
high-MR systems. For instance, �� 0:6 T�1 for Fe=Cr
superlattices [24], 0:7 T�1 for silver chalcogenides [25],
and 1:2 T�1 for LaSb2 [26]. In the inset of Fig. 3, we show
the temperature dependence of � for the 0:16�M�=sq
sample in the upper panel of the figure. In this case, the
disorder remains constant, but the magnitude of � in-
creases with decreasing temperature. This effect is clearly
evident in the MR curves in Fig. 4. When the transport
measurements on the 0:16�M�=sq sample of Fig. 3 are
extended down to 50 mK, the relatively modest 20%MR at
460 mK increases to more than 300%. Lowering the tem-
perature amplifies the effect of Hex due to fact that the
sample is deeper into the correlated-insulator phase at low
temperatures. Finally, in the inset of Fig. 4, we compare the
parallel and perpendicular MR curves of the sample at
50 mK. Note that, below 2 T, the MR traces are almost
identical in each field direction. This, of course, is what is
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FIG. 3. Upper panel: Parallel field MR curves for a set of
EuS/Be bilayers with varying Be resistance. The data were taken
in the parallel magnetic field at 460 mK. Moving from the upper
trace to the lower one, the zero-field sheet resistances are 0.02,
0.04, 0.16, 0.26, 2.4, and 17:0 M�=sq. Lower panel: The relative
field sensitivity � as a function of the zero-field 460-mK sheet
resistance for samples of varying resistance, including some not
displayed in the upper panel. The dashed line is provided as a
guide to the eye. Inset: Field sensitivity of the 0:16�M�=sq
sample as a function of RðTÞ. Here, the temperature was varied,
but the disorder remained constant. The dashed line is a guide to
the eye.
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expected if the MR in this region is dominated by an
exchange field whose magnitude is an isotropic function
of the applied field.

In summary, the emergence of a large, negative low-field
MR in high-resistance EuS=Be bilayers offers proof that a
significant exchange field can be induced in the 2D
correlated-insulator phase of a disordered paramagnet.
Both the magnitude and field dependence of Hex appear
to be comparable to what is observed in low-disorder
superconducting bilayers. Indeed, the multifold MR of
our highest-resistance samples can be attributed to the
rapid increase in the magnitude ofHex upon the application
of relatively modest external magnetic fields. More gener-
ally, any property of the PM layer that is a function of the
conduction electron Zeeman splitting will be similarly
affected by the onset of the exchange field.
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FIG. 4. Parallel field MR traces at 52 mK (circles), 80 mK
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