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Size Effect in the Spin Glass Magnetization of Thin AuFe Films
as Studied by Polarized Neutron Reflectometry
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We used polarized neutron reflectometry to determine the temperature dependence of the magnetization
of thin AuFe films with 3% Fe concentration. We performed the measurements in a large magnetic field of
6 T in a temperature range from 295 to 2 K. For the films in the thickness range from 500 to 20 nm we
observed a Brillouin-type behavior from 295 K down to 50 K and a constant magnetization of about 0.9 iz
per Fe atom below 30 K. However, for the 10 nm thick film we observed a Brillouin-type behavior down to
20 K and a constant magnetization of about 1.3y per Fe atom below 20 K. These experiments are the
first to show a finite-size effect in the magnetization of single spin-glass films in large magnetic fields.
Furthermore, the ability to measure the deviation from the paramagnetic behavior enables us to prove the
existence of the spin-glass state where other methods relying on a cusp-type behavior fail.
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During the last decades there has been a continuous
theoretical and experimental interest in studying proper-
ties of spin-glass systems [1]. The prerequisite for a spin
glass is a competition among the different interactions
between the spins with a random distribution of these
interactions. The challenge to develop concepts which
describe disordered systems has been the main motivation
for theorists in this field. For experimentalists the driving
force has been to discover new magnetic properties, differ-
ent from the well-understood paramagnets, antiferromag-
nets, and ferromagnets.

The random spin arrangement in a spin glass is frozen
when cooling the system below a certain temperature 7/,
called the freezing temperature. This temperature has been
most often determined by measuring the magnetic suscep-
tibility as a function of temperature and identifying the
cusp as T as it was done for the first time by Cannella and
Mydosh [2]. Other measurements like the anomalous Hall
effect [3] and Mossbauer effect [4] were successfully used
to study the spin-glass phase transition, whereas other
methods like resistivity [5—7] or magnetoresistance mea-
surements [8] did not show any sharp features associated
with a phase transition.

In recent years the focus has been on finite-size scaling,
the crossover from two- to three-dimensional behavior as
the film thickness is varied [9—-11], and the existence of a
surface anisotropy in thin spin-glass films [12-16]. It is
very important to provide experimental data on the mag-
netization to prove or disprove certain models or theories.
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However, from an experimental point of view it is ex-
tremely difficult to study finite-size effects in spin-glass
systems because the magnetic signal in these diluted sys-
tems is tiny. Typically, the spin glass consists of only a few
percent of magnetic atoms in a nonmagnetic host matrix.
SQUID magnetometry is not adequate to measure the
magnetization of spin-glass films in the nanometer range
because of the small magnetic signal compared to the huge
diamagnetic background of the substrate. We used SQUID
data [17] to confirm that our 500 nm thick AuFe film
exhibits the same magnetic properties as a bulk sample.
Magnetometry experiments on thin spin-glass films re-
ported in literature were all performed on multilayers in
order to increase the signal [10,11]. However, it is always
questionable whether multilayer data represent the true
single film properties because of structural differences as
the film gets thicker and an uncomplete decoupling of the
individual spin-glass layers.

In this Letter we report on experiments using polarized
neutron reflectometry (PNR) which has turned out only
recently to be an excellent tool to determine the absolute
magnetic moment in single thin spin-glass films [18,19].
We present for the first time a systematic study of the
magnetic moment in thin spin-glass films in the thickness
range from 500 to 10 nm during a field-cooling from 295 to
2 K in a field of 6 T. We chose to cool the samples down in
a large magnetic field to avoid time effects of the magne-
tization which occur when measuring the magnetization
after a zero-field cooling [20,21]. These time effects are
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similar to the decay of the remanent magnetization in time
and it is nowadays widely accepted that the field-cooled
magnetization (rather than the zero-field cooled) represents
the equilibrium magnetization of a spin glass [20-22].
This point of view is also supported by measurements of
the magnetocaloric effect in CuMn [23].

A set of AuFe alloy films with an Fe concentration of
3 at.% and different thicknesses = 10, 20, 50 and
500 nm was prepared by co-sputtering high purity Au and
Fe onto a silicon substrate. The films were analyzed using
Rutherford backscattering and electron microprobe analy-
sis showing that the thickness and composition were ho-
mogeneous. PNR experiments were performed on the C5
spectrometer at the neutron research reactor NRU in Chalk
River, Canada. We used a Cu,MnAl Heusler crystal at A =
0.237 nm as monochromator and analyzer along with a PG
filter [24] to reduce the higher order contamination (/2
and A/3). The magnetic field was provided by a cryomag-
net with the magnetic field being in the sample plane and
perpendicular to the scattering plane. In this setup [25] we
achieved a 96% polarization of the incoming neutron
beam, as determined from the measured flipping ratio of
26. The geometry of the experiment is the symmetrical 6 —
260 Bragg geometry in which the reflected angle 6, is
always equal to the incident angle 6; (6 = 6; = 6). In
this case the scattering vector ¢ is perpendicular to the film
surface and is defined as ¢ = 47 sin(6)/A.

Figure 1 displays the polarized neutron reflectivities R*
(+) and R~ (open circles) as a function of the scattering
vector g, measured at 10 K in a magnetic field of 6 T for the
20 nm thick Aug;Fes film. R™ denotes the reflectivity for
spin-up neutrons with spin parallel to the external magnetic
field and R~ denotes the reflectivity for spin-down neu-
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FIG. 1. Measured neutron reflectivities R* (+) and R~ (open

circles) as a function of the scattering vector ¢ for a 20 nm thick
Aug,Fe; film along with the fits (solid and dashed line, respec-
tively) at a temperature 7 = 10 K in an external magnetic field
of 6 T.

trons with spin antiparallel to the external magnetic field.
The reflectivity can be described with the Fermi pseudo-
potential (nuclear interaction) and a Zeeman term (mag-
netic interaction) [26—28]. For the spin-up neutrons the
magnetic potential adds to the nuclear one, whereas for the
spin-down neutrons the magnetic potential is subtracted
from the nuclear potential. This leads to different reflec-
tivity curves for the two spin states what is used to deter-
mine the magnetic moment of magnetic films. In our case
R* and R~ are nearly identical because the magnetization
of the AuFe film is very small. Therefore, it is more
convenient to plot the asymmetry A defined as

A=(R"—-R)/(R" +R") H

as a function of g in order to visualize the magnetic
properties of the film.

Figure 2 shows the asymmetry for the 20 nm thick
Aug,Fe; film plotted for 10 K (solid circles) and 200 K
(open circles). The solid and dashed lines are the fit for the
10 and 200 K data, respectively. The solid line in Fig. 2 was
obtained from the fits shown in Fig. 1 of R™ (solid line) and
R~ (dashed line), using Eqn. (1). These fits were obtained
by fitting simultaneously the spin-up and spin-down reflec-
tivity using Parratt’s recursion formalism [29]. We used a
two-layer model that comprises of a single homogeneous
AuFe film on a native silicon oxide layer (10 A thick) on
top of a silicon substrate. For the Si and the SiO, we used
the scattering length densities (SLDs) of 2.073 X 10® and
3.475 X 1076 A2, respectively [30]. The only parameters
which were fitted are the thickness, roughness, nuclear and
magnetic SLD of the AuFe layer. The result for the 20 nm
thick Aug,Fe; film at 10 K is a magnetic SLD of 0.044 X
107 A2 and a nuclear SLD of 4.31 X 107® A~2. The

010 —————————————

0.05 |

< 0.0} -
[ e 10K 1
-0.05+ O 200K i
| —fitfor 10K ]
bo----- fit for 200 K
01Q
0.00 0.01 0.02 0.03 0.04
-1
q(A™)

FIG. 2. Asymmetry as a function of the scattering vector g for
a 20 nm thick Aug;Fe; film measured at 10 K (solid circles) and
measured at 200 K (open circles) in a magnetic field of 6 T. The
solid and dashed lines are the fits for the 10 and 200 K data,
respectively.
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magnetic SLD was converted into an average magnetic
moment & along the magnetic field of 0.9up per Fe
atom by assuming the same number density for the Fe as
for the Au atoms. At 200 K, the asymmetry is much smaller
than at 10 K as can be seen in Fig. 2. The fit results in a
magnetic SLD of 0.009 X 10~ A~2 which corresponds to
a magnetic moment of 0.18up per Fe atom.

The 500 nm thick film served as the bulk reference. The
critical edge is determined by the SLD of the AuFe layer
independent of the Si substrate. So, we simply used a AuFe
substrate as the fit model. The magnetization calculated
from our PNR measurements at 4 K is the same within
errors as deduced from SQUID measurements on the iden-
tical sample [17]. These results agree well with magneti-
zation measurements of bulk AuFe samples with an Fe
concentration of 3.1 at.% [31].

In a dilute AuFe system, above the spin-glass tempera-
ture, the Fe impurities do not interact and should behave as
noninteracting paramagnetic moments. Along the applied
field, the average magnetic moment per Fe impurity can be
calculated by multiplying the magnetic moment w of the
impurity by the Brillouin function B(J, x) where J is the
total angular momentum and x = uB/kgT with B the
applied magnetic field, kp the Boltzmann constant, and T
the temperature. The magnetic moment wu of the impurity
is gupJ with g representing the Landé factor. The tem-
perature dependence of the magnetization of Aug;Fe; films
is shown in Fig. 3 for different thicknesses. The solid
circles correspond to the values for the average magnetic
moment & as derived from fits to the reflectivity curves.
For comparison, the temperature dependence of the aver-
age magnetic moment at 6 T has been calculated taking
g =2 and J = 2 (solid line in Fig. 3). These values cor-
respond to 4 p per Fe atom for noninteracting isolated Fe
atoms. The Brillouin function describes the thin film data
from 295 K down to about Ty = 50 K reasonably well for
t = 20, 50, 500 nm [see Figs. 3(b)—3(d)]. For r = 10 nm
the Brillouin function describes the data down to about
Ty = 20 K [see Fig. 3(a)]. The averaged magnetic moment
at 10 Kis & = 1.3 per Fe atom, whereas for ¢t = 20 nm
the value is 0.9 p per Fe atom.

Below T, the impurity magnetization is reduced com-
pared to the paramagnetic value. This reduction is due to
the frustration in the spin-glass state. The observed tem-
perature dependence of the magnetization can be described
with a Brillouin-type function for isolated Fe atoms from
room temperature down to a temperature 7. That shows
that Fe atoms in majority are dispersed homogeneously
into the Au matrix as isolated atoms rather than clusters as
found in a AugsFe; film [18,19]. The deviation from the
paramagnetic behavior at T clearly proves the phase tran-
sition into a frustrated spin-glass system in a large mag-
netic field of 6 T. In contrast, other methods like the
anomalous Hall effect [3] and susceptibility measurements
[2] were only able to determine a phase transition in low
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FIG. 3. Averaged magnetic moment per Fe atom versus tem-
perature of thin Aug;Fe; films as derived from the fit to the PNR
data (solid circles) compared to a Brillouin function with J = 2
for isolated Fe atoms (solid line).

magnetic fields, because the observed cusp which is taken
as the spin-glass signature could not be observed in large
magnetic fields.

For t = 10 nm the onset of the spin-glass order 7, is
found to be slightly reduced compared to the bulk AuFe
value. At the same time the reduction of fz, which indicates
the robustness of the spin-glass order against the external
field, is considerably smaller than found in our measure-
ments on the thicker films. We clearly observe a spin-glass
behavior at = 10 nm, although less robust, in agreement
with magnetic susceptibility measurements on CuMn and
AgMn multilayers [32] and low-energy muon spin rotation
measurements [33]. Our conclusions are in contrast to
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earlier anomalous Hall effect measurements on AuFe films
with 1 at.% Fe where a destruction of the spin-glass order
was concluded from the vanishing of the cusp [3] for t =
12 nm. As the cusp for the anomalous Hall effect and
susceptibility vanishes in large magnetic fields as well,
our data prove that a vanishing of a cusp not necessarily
means a destruction of the spin-glass order.

It is impossible from our data set to deduce any type of
scaling behavior or to decide whether the increase of the
spin-glass magnetization at t = 10 nm might be due to the
theoretically predicted surface anisotropy [12-16]. The
aim of the present study was to prove the feasibility of
observing the transition of a single thin film into a spin-
glass state by measuring the magnetization during the cool-
down in a large magnetic field. The large magnetic field
was applied to reach equilibrium in a short time and
measure the true spin-glass magnetization. The fact that
the magnetic moment deviates from the Brillouin curve at
low temperatures shows that the interaction energy leading
to the frustration is larger than the Zeeman energy of the
spins in the applied field of 6 T.

In conclusion, we have performed PNR measurements
on thin Aug;Fe; single films in a field of 6 T and success-
fully determined the magnetization in a temperature range
from 295 down to 2 K. The magnetization can be described
with a Brillouin function from 295 K down to a tempera-
ture T,, followed by a saturation value for T < T,. The
observed T, is about 50 K down to a film thickness of ¢ =
20 nm and decreases to 20 K at # = 10 nm. The saturation
value down to t = 20 nm is 0.9 up per Fe atom, whereas it
increases to 1.3 up at 10 nm. Our data clearly prove a phase
transition to a spin-glass state in large magnetic fields
down to t = 10 nm and a size-dependence of the magne-
tization of thin AuFe spin-glass films. Our data also show
that we can clearly identify the frustrated spin-glass state in
large magnetic fields where other methods requiring a
cusp-type behavior fail because of a vanishing of a cusp.

We thank M.P. Singh and P. Fournier, physics depart-
ment of the University of Sherbrooke, Canada, for the
SQUID measurements on our 500 nm thick AuFe film.
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