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Upper bound for the magnetic proximity effect extracted from Brillouin light scattering
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The effective magnetic thickness of Fe films and of Fe/Al and Fe/Pd bilayers is determined using Brillouin
light scattering. The magnetic thickness is extracted by fitting the field dependence of the frequencies of two
magnon modes. Within experimental errors of about 1 A, no change in the effective magnetic thickness of the
Fe layers was detected. If a net magnetization does exist in Pd when in contact with Fe, it is sufficiently
different in nature so as to not modify the Fe spin waves.
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I. INTRODUCTION

Electron-electron interactions are responsible for a wide
range of properties in condensed-matter systems, e.g., super-
conductivity and ferromagnetism. When two different mate-
rials are brought into close contact, electrons in one material
can sometimes transfer these properties to the adjoining ma-
terial resulting in what is known as a proximity effect. In the
case of a superconductor—normal-metal interface, the effect
is large because of the relatively long superconducting co-
herence length. The magnetic analog, on the other hand, is
expected to be much less pronounced,'~ since the magnetic
coherence length is only a few atomic spacings in metals and
even shorter in insulators. Experimentally its detection is
also more challenging since magnetostatic and dynamic in-
teractions can confuse the interpretation of the data.

A number of experimental studies focused on the detri-
mental effect a nonmagnetic metal has on thin ferromagnetic
films. So-called “dead layers™ up to a few A thick have been
observed.®"® The opposite effect, i.e., a signature of a mag-
netic moment in nonmagnetic materials, was observed in thin
films and multilayers where Fe interfaces with, e.g., Pd,9*14
La,'>!® and Ce.’>!® An Fe impurity in a Pd host is also
known to induce a polarized cloud'”'® that extends out to
about 10 A,! and has a total moment of up to fhpespg
=129up. The easy polarizability of Pd is the result of a
large density of states at the Fermi level, which strongly
exchange enhances its magnetic susceptibility and puts Pd on
the brink of ferromagnetism.”**' Pd was recently also
claimed to acquire a magnetic moment when in contact with
an antiferromagnet such as NiO.>> However, neutron-
diffraction measurements, with enhanced relative sensitivity
to Pd magnetism, did not observe any Pd moment in NiO/Pd
bilayers and multilayers.?

In spin-dependent tunneling experiments a finite spin po-
larization persists up to a few tens of A for Au films on Fe.**
More recently, the magnetoresistance of magnetic tunnel
junctions was used to probe the induced spin polarization in
nonmagnetic metals. However the interpretation of such ex-
periments is not straightforward, as a distribution of pinholes
can mimic the effect of a decay with increasing
thickness.*>2

A magnetic proximity effect was also suggested to give
rise to a superparamagnetic to ferromagnetic transition in
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films of isolated Ni grains, when covered by nonmagnetic
overlayers.”” The overlayer seems to magnetically connect
the Ni grains, and the strength of this coupling correlates
with the magnetic susceptibility of the overlayer material.

Brillouin light scattering (BLS) is the inelastic scattering
of light due to low-lying excitations in a material. It is a
convenient tool for investigating both acoustic phonons and
spin-wave excitations. Since the frequencies of spin waves in
thin ferromagnetic films depend on the film thickness, the
technique will be used here to probe the changes in magnetic
thickness introduced by various interfaces.

II. EXPERIMENT

Fe/X/ZnF, and X/Fe/ZnF, (X=AlPd), thin films were
grown on Si(100) substrates by sequential electron-beam
evaporation. All depositions were carried out at room tem-
perature with a base pressure of about 5X 10”7 Torr and a
pressure during deposition of about 5X 10~ ° Torr for Fe, Pd,
and ZnF,, and 1.5X 1073 Torr for Al. The deposition rate
was 1 As™! for all materials. While both Fe and ZnF, were
deposited over the entire sample, the nonmagnetic metals
were deposited as strips (1X 15 mm?) through a stepper-
motor controlled shadow mask. In this way the same Fe film
can be used to study a range of interfaces. The time between
the deposition of a strip and the subsequent deposition of the
Fe film ranged from 10 to 30 min. We did not observe any
dependence on this waiting time. ZnF, serves as a transpar-
ent, insulating, and nonmagnetic capping layer that prevents
oxidation of the Fe film while not interfering with the BLS
measurement. Initial experiments with uncapped films
showed a noticeable decrease in the magnetic thickness as a
function of time, which we ascribe to oxidation. Films
capped with 120-A ZnF, showed no time dependence of the
magnetic thickness.

The BLS experiments were performed with the external
field applied in the film plane and after magnetically saturat-
ing the sample to ensure a single domain state of the Fe film.
150-mW of 514.5-nm radiation from an Ar-ion laser was
focused onto the sample. The light inelastically scattered
from the thermally excited Damon-Eshbach (DE) mode and
the first bulk standing spin-wave®® (SW) mode was fre-
quency analyzed using a five-pass Fabry-Perot interferom-
eter.
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FIG. 1. Brillouin spectrum of one of the Fe films. The Damon-
Eshbach (DE) and standing-wave (SW) modes are clearly seen.

III. RESULTS AND DISCUSSION

Figure 1 shows a typical BLS spectrum from one of our
films. The DE and SW modes are clearly seen, and their
frequency positions were determined to within 1%. The
weaker intensity of the peaks on the Stokes side (i.e., the
negative frequency shift) is related to time-reversal effects;
however, their frequency shift is the same as those on the
anti-Stokes side. In a film with no anisotropy the frequency
of these modes are given by*®

wpe=Y{H(H+47M)+ (27M)*[1 —exp(—2qL)]}"?,
(1)

wsw=Y{[H+D(m/L)*|[H+D(m/L)*+47M]}'"2, (2)

where M is the magnetization, 7y is the gyromagnetic ratio
(=291 GHz/kG), D is the spin-wave stiffness (=2.18
X 10* kOe A?), H is the applied field, g is the wave-vector
component parallel to the film surface, and L is the film
thickness. Using Egs. (1) and (2), the magnetic-field depen-
dence of the frequencies, shown in Fig. 2, was analyzed by
fitting simultaneously wpg and wgyw using a least-square fit,
with 4 wM and L as the fit parameters. This method was used
many times to successfully determine spin-wave modes in
thin magnetic films.”*%

Figure 3 presents the film thicknesses extracted from such
fits in a Fe200 A/X70 A/ZnF,120 A sample as a function of
strip material. The error bars for L (~1 A) are obtained from
the fitting routine. As such, this error represents a statistical
error due to the accuracy of the frequency measurements. It
does not include any systematic error, which could arise due
to our neglect of anisotropies in the equations; however, any
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FIG. 2. Field dependence of the DE and SW modes. The solid
lines are fits as described in the text.
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FIG. 3. Effective length of the bulk standing spin wave for
different bilayer combinations. Al and Pd are deposited on top of
Fe.

such systematic error is not expected to vary from spot to
spot on a given sample. The lateral error bars correspond to
the accuracy with which the laser spot can be positioned. The
values of 4mM for the four portions were 18.5, 18.6, 18.2,
and 18.3 kG, respectively, and all have estimated errors of
0.2 kG. Within this error there is no change in the value of
the magnetization.

L is found to be 188 A, where the Fe film interfaces
directly with ZnF,, and 186 and 186.5 A for interfaces with
Al and Pd, respectively. Hence no constructive proximity
effect is observed. Conversely, both Al and Pd seem to de-
crease the standing wave spin-wave length slightly.

Similar results were obtained for samples where the depo-
sition order is reversed. In Fig. 4(a) we show L vs interface
material for a X100 A/Fe200 A/ZnF,120 A sample. As a
test of the Me/Fe interface quality, this sample also had an Fe
strip such that a measurement of L in a
Fe100 A/Fe200 A/ZnF,120 A structure could be carried
out. It is evident from Fig. 4(a) that the Fe/Fe interface is of
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FIG. 4. (a) Effective length of the bulk standing spin wave when
the deposition order was reversed. Fe film is deposited on top of Al,
Pd, and Fe. (b) Blow-up of the data in (a) after the Fe thickness
gradient was removed
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high enough quality to allow for the unhindered formation of
the SW mode with L=267 A. A small, unintentional, gradi-
ent of the Fe film thickness (3.1 Amm ™) can be observed in
the figure. After subtraction of this thickness gradient, an
expanded plot of the same data for the Al and Pd strips [Fig.
4(b)] again shows, within the accuracy of the measurement,
that neither Al nor Pd has any constructive effect on L.

Within the experimental error the present results show no
change in the effective magnetic thickness of Fe layers in
contact with Al or Pd. If such a length change occurs, it is
less than ~1 A at Fe/Pd and Fe/Al interfaces. However, this
does not necessarily rule out the existence of a magnetic
proximity effect per se. Since the BLS analysis assumes that
the measured spin waves reside in a layer with uniform mag-
netization, our results suggest that if a net magnetization is
induced, as is known to happen at Fe/Pd interfaces,g’14 it is
sufficiently different from that in the Fe layer so as not to
allow for the spin wave node to extend significantly into the
Pd. At present, we do not know of any available theory that
would allow us to extract a spatially varying magnetization
from BLS data.

It should also be noted that our analysis assumed no mag-
netic anisotropy in the films. Although this approximation in
itself is likely to be appropriate since all data are treated
equally, it is possible that the Al and Pd could induce a
surface anisotropy different to that produced by ZnF,. This
in turn could affect the spin-wave frequencies and mask an
existing proximity effect.
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IV. CONCLUSIONS

We have determined the effective length of the standing
spin-wave mode in Fe films and Fe/Al and Fe/Pd bilayers
using Brillouin light scattering. We find that, to within 1 A,
there is no change in the effective thickness over which the
magnetization is comparable to that in pure Fe. Within the
experimental errors of about 1 A no change in the effective
magnetic thickness of the Fe layers, when in contact with Al
or Pd, was detected. As a net magnetization is known to be
induced in Pd when in contact with Fe, we conclude that the
nature of this induced magnetization is sufficiently different
so as to not change the length of the Fe spin waves.

Note added in proof. Recently, we became aware of two
theoretical treatments of the problem®?! which are essen-
tially in agreement with our experimental results presented
here.
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