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Temperature dependence of remanent magnetization of Ni thin films at the interface to Cu is investigated
by means of the depth-resolved x-ray magnetic circular dichroism technique. Although magnetization at the
interface is smaller than that in the inner layers, no detectable difference in Curie temperature, at which remanent
magnetization vanishes, is found between the interface and the inner layers. In contrast, the magnetization-
temperature curves at the interface and in the inner layers show a small difference, which cannot be explained by
using a simple mean-field theory if the interface layer is assumed to have the same exchange-coupling constant as
that in the inner layers. It is also shown that the critical exponent for the in-plane magnetized film is significantly
larger than that for the perpendicularly magnetized film due to the difference in the degree of freedom for the

magnetic moment.
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I. INTRODUCTION

The magnetic properties of ferromagnetic ultrathin films,
such as Ni and Co, especially the critical phenomena around
Curie temperature T¢, have been extensively investigated in
past decades.'™!° For a particular system, Ni/Cu(100), T¢ has
been reported to decrease from ~540 K for 16 monolayers
(MLs) to ~200 K for 3 MLs,?> whereas, it is 627 K for bulk
Ni. More interestingly, the critical exponents for Ni films
thicker than 10 MLs and thinner than 8 MLs were reported
to be ~0.4 and ~0.23, respectively, which are attributed
to the crossover from the three-dimensional Heisenberg to
finite-size two-dimensional behavior.>!© These results are
deduced by layer-averaged measurements, however, so that no
information on the surface layer has been obtained. Although
it is expected that 7¢ at the surface or interface is the same
as that in the inner layers as far as the film has no carrier
density gradient, here, we report experimental evidence for
this fundamental problem. Moreover, it must be interesting
how magnetization at the surface or interface behaves upon
approaching T¢.

Some theoretical studies have been reported in order to
clarify the layer-resolved behavior of magnetization as a
function of temperature.*’ Jensen and Bennemann* adopted
a simple mean-field theory in which the exchange interaction
constant J at the interface is assumed to be the same as that
in the inner layers. Busiakiewicz et al.” showed layer-resolved
magnetization-temperature curves by means of the effective
field theory. They adopted different J’s at the interface and in
the inner layers, J = 1.7 x 102! and 4.97 x 10722 J, respec-
tively, which had been reported by Scherz et al.® Herrmann
et al.’” applied the Hubbard model with a generalization of
the spectral-density approach. All of the above-mentioned
theoretical studies showed that magnetization at the surface
or interface to the nonmagnetic layer is smaller than that
in the inner layers. It has also been indicated that T¢ at the
surface or interface is the same as that in the inner layers.
No experimental data have been reported, however, which
evidence such behavior at the surface or interface.
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In the present study, we separately determine remanent
magnetization of Ni thin films at the interface to nonmagnetic
Cu and in the inner Ni layers by means of the depth-resolved
x-ray magnetic circular dichroism (XMCD) technique''~'®
by changing the Ni film thickness, dy;, and the temperature.
Owing to the atomic level depth resolution of the technique,
we show that T¢ at the interface is the same as that in
the inner layers, whereas, the temperature dependence of the
magnetization is different. Moreover, it is revealed that the
critical exponent exhibits a different behavior according to
the easy axis of magnetization, which is in plane below dy; ~
7 MLs and is perpendicular to the surface above dy; ~ 8 MLs.

II. EXPERIMENTS

All of our experiments were performed in an ultrahigh
vacuum chamber with a base pressure of ~1 x 10~7 Pa, which
was connected to the undulator beamline, BL-16A!7-!8 of the
Photon Factory at the Institute of Materials Structure Science,
High Energy Accelerator Research Organization, Japan. A
Cu(100) single crystal was cleaned by the repeated cycles
of Art sputtering at 1.5 keV and subsequent annealing to
~900 K. The Ni films were then grown on the Cu(100)
substrate at room temperature by the electron bombardment
evaporation from a Ni rod. The thickness of the Ni film
was controlled by monitoring the oscillatory intensity of
a reflection high-energy electron-diffraction spot. The films
were subsequently covered with 3 MLs of Cu, which was
evaporated by the electron bombardment heating of Cu wires
in a Ta crucible.

The Cu/Ni/Cu(100) films were then investigated in situ by
means of the depth-resolved XMCD technique by using the
circularly polarized x rays from the APPLE-type undulators
installed at BL-16A."> An experimental layout of the depth-
resolved XMCD measurements is schematically illustrated in
Fig. 1. In this technique, the probing depth of the XMCD
spectrum is determined by the effective escape depth of
the electrons X,, which depends on the electron emission
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FIG. 1. (Color online) Schematic for the depth-resolved XMCD
measurement in (a) normal and (b) grazing x-ray incidence configu-
rations.

angle. The electrons emitted after x-ray absorption were
separately collected at different detection angles 6, by using an
imaging-type detector, which consists of a microchannel plate,
a phosphor screen, and a CCD camera. The partial electron
yield mode with a retarding voltage of 500 V was adopted so
that the Ni LM M Auger electrons were mainly collected. The
probing depth A, was experimentally determined at each 6,
from the thickness dependence of the edge-jump intensity of
the films.!" One can obtain the depth-resolved XMCD spectra
by analyzing a set of XMCD data recorded at different A,’s.

The Cu/Ni/Cu(100) films are known to exhibit a spin
reorientation transition from the in-plane to the perpendicular
direction at ~7-ML Ni thickness.2 Therefore, normal inci-
dence (NI) and grazing incidence (GI) x-ray configurations
were adopted to investigate the perpendicularly (9-ML) and
in-plane magnetized (5- and 6-ML) films, respectively, as
illustrated in Fig. 1 because the XMCD signal reflects
the magnetization component along the x-ray propagation
direction. Note here that, since the probing depth is not
controlled by the x-ray incidence angle but by the electron
detection angle, this technique can be applied in both the NI
and the GI configurations. The sample was mounted with [110]
lying in the horizontal plane, and the angle between [110] and
the x-ray beam was 30° at GI. A magnetic field of ~500 Oe,
which is always parallel to the incident x-ray beam, was
applied by a yoke coil, and the coil was retracted out during the
measurements. The temperature dependence was investigated
both by increasing and by decreasing the sample temperature.
We carefully checked that the same data were obtained even
after heating the sample to ~415 K, indicating that the Ni-Cu
interdiffusion during the measurement is negligible in the
present conditions. Although some intermixing between Ni
and Cu can occur during the film growth process, it does not
affect the relative temperature dependence, which is the main
issue of the present study.

III. RESULTS AND DISCUSSION

A series of XMCD spectra, taken at different probing depths
Ae, ranging from ~0.5 to ~1.2 nm for the 9-ML Ni film
is shown in Fig. 2. A large XMCD signal is observed at
298 K because the Curie temperature of the 9-ML film is
estimated to be ~410 K from the magnetization-temperature
curve as shown later. The XMCD intensity slightly decreases
as the probing depth decreases, which directly indicates that
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FIG. 2. (Color online) (a) Ni L-edge x-ray absorption spectra
for the 9-ML Ni film taken with different probing depths, A,
(corresponding to 6,;) recorded at (a) and (b) 409 and (c) and (d) 298 K.
The x-ray absorption spectra with opposite circular polarizations
are shown in (a) and (c), whereas, (b) and (d) correspond to their
difference.

magnetization of the Ni layer at the interface to Cu is smaller
than that in the inner Ni layers. Upon heating the film to
409 K, the XMCD signal significantly decreases. The XMCD
intensity is smaller at the smaller probing depth, which is
similar to the A, dependence at 298 K. However, here, it
should be emphasized that, even at the smallest probing
depth, the XMCD signal is clearly seen, although the sample
temperature is close to the Curie temperature. This suggests
that magnetization in the Ni layer at the interface to Cu still
remains, even just below the Curie temperature of the film.
To further investigate the temperature dependence of
magnetization, the XMCD spectra at the interface and in
the inner layers are extracted from a set of data at different
probing depths according to the following procedure.!3~'¢ The
observed x-ray absorption spectrum Y (E) is given by

Y(E)=C ) wi(E)
i=l1

i-1 1 &
xexp[—d{ i +—C0Sek2_7‘uk(E)H, (1)

where C, m, E, and 0 are a normalization factor, the film
thickness in ML units, the photon energy, and the x-ray
incidence angle from the surface normal, respectively, and
i (E) is the absorption coefficient at the ith layer from the top
Ni layer, which corresponds to the layer-resolved spectrum.
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Then, u;(E)’s are determined so as to reproduce the obtained
set of spectra Y (E) at different probing depths.

In the extraction process, the Ni film is divided into three
regions, 1-ML-thick layers at the top and bottom interfaces
to Cu and the remaining inner Ni layers. It is assumed that
both interface layers have the same XMCD spectrum and
that each layer in the inner layers shows the same spectrum,
which is different from that at the interface. Unfortunately,
such a model cannot include the effects of intermixing and/or
roughness. However, it is always true that the extracted
spectrum at the interface contains more contributions from
the interface region, even if the interface is not sharp, than that
from the inner layers. Therefore, the qualitative trend of the
difference between the interface and the inner layers remains
valid. Moreover, the degree of intermixing does not seem to
change during the temperature-dependent measurements as
mentioned above so that the relative temperature dependence
is reliable. The adopted model is schematically illustrated
in Fig. 3 together with the extracted XMCD spectra at
different temperatures. It is clearly recognized that the XMCD
signals both at the interface and in the inner layers almost
simultaneously vanish between 409 and 415 K in the case
of the 9-ML Ni film. This is also true for the 6-ML Ni film
as shown in Fig. 3(b) in which the XMCD signals vanish at
~223 K. Thus, it is revealed that the interface layer has the
same Curie temperature as that in the inner layers.

It is also recognized that the temperature dependences of
the XMCD signal at the interface and in the inner layers
are different from each other, especially for the 6-ML film.
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FIG. 3. (Color online) Temperature dependence of the interface
and inner-layer components of the Ni L-edge XMCD spectra
extracted from a set of XMCD data with different probing depths
for (a) 9-ML and (b) 6-ML Ni films. The model used in the extraction
procedure is schematically shown in (a).
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FIG. 4. (Color online) Effective spin moments in Ni at the
interface and in the inner layers as functions of temperature, estimated
from the sum-rule analysis for the extracted XMCD spectra. Each
datum is fitted by Eq. (2), and the obtained critical exponents Bierface
and Biner at the interface and in the inner layers, respectively, are
indicated.

Figure 4 shows the temperature dependence of the effective
spin moments at the interface and in the inner layers, esti-
mated from the XMCD sum-rule analysis.?'> The obtained
temperature dependence of spin moment m(T) is fitted by
using the following equation:”

m(T) = me(1 — T/ Tc)P, 2)

where mg, represents the saturation spin moment, which
corresponds to the moment at 0 K and 8 denotes the critical
exponent. The estimated 7T¢ is 132, 223, and 410 K for the 5-,
6-, and 9-ML Ni films, respectively.

First, let us discuss the in-plane magnetized 5- and 6-ML
Ni films. As a basic trend, 8 decreases as the film thickness
decreases, especially in the inner layers. This seems reasonable
because the critical exponent is known to decrease with
decreasing dimensionality. On the other hand, g at the interface
is smaller than that in the inner layers, which might reflect the
lower dimensionality at the interface compared with the inner
layers. These trends can be more clearly recognized by plotting
the normalized moment m/mg, as a function of reduced
temperature 7/ T¢ as shown in Fig. 5. The smaller § at the
interface is not consistent with a simulation, however, in which
a simple mean-field theory is adopted as mentioned below. The
temperature dependence of the remanent spin moment in the
ith Ni layer is expressed as*

(i,T) = coth HT _ ks (3)
) = COo )
e ksT)  HT

where the effective field HS™ is defined as

HE™ =" Jym;, )
J

and J;; represents the exchange-interaction constant between
the Ni atom in the ith layer and the jth neighboring Ni atom
with a remanent spin moment of m;. By solving Eq. (3),
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FIG. 5. (Color online) Temperature dependence of the effective
spin moment at the interface (top) and in the inner layers (bottom)
normalized by saturation moment m,, which is estimated by Eq. (2)
as a function of reduced temperature 7'/ Tc.

assuming the same J;; value for all neighboring Ni atoms
and considering only the nearest-neighbor atom pairs, we
obtain Binner = 0.33 and Bineerface = 0.42 for 5 MLs, whereas,
Binner = 0.37 and Bingerface = 0.42 for 6 MLs. Although the
thickness dependence is consistent with our result, the dif-
ference between the interface and the inner layers shows an
opposite trend from that obtained from the experiment. One
of the simplest explanations for this discrepancy is that the
exchange interaction constant J at the interface is larger than
that in the inner layers. In fact, we obtain Biper = 0.20 and
ﬁinterface = 0.17 for 5 MLs and IBinner = 0.24 and ,Binterface =
0.20 for 6 MLs if J in the interface layer is assumed to be twice
that in the inner layers. No experimental or theoretical result
has been reported, however, which revealed the enhancement

PHYSICAL REVIEW B 88, 014401 (2013)

of J at the Ni/Cu interface. On the contrary, it was reported
that J, at the interface, is significantly smaller than that in
the inner layers.® Some sophisticated theoretical treatment
is necessary, which includes other effects, such as short-
range spin ordering, layer-dependent magnetic anisotropy, and
exchange interaction with farther atoms.

Let us turn onto the perpendicularly magnetized 9-ML Ni
film. One can clearly find that § for the 9-ML Ni film is smaller
than those for the 5- and 6-ML films. This seems strange
because the dimensionality of 5- and 6-ML films is lower
than that for the 9-ML film. This apparent discrepancy can be
interpreted by the difference in the magnetization directions. In
the in-plane magnetized films, the spin moment can exhibit at
least four directions. On the other hand, the spin moment must
be in either an up or a down state in the case of perpendicular
magnetization, which can be regarded as the Ising model
in which g is smaller than that in the Heisenberg model.'”
Thus, the increase in the degree of freedom would lead to the
increase in the critical exponent of the in-plane magnetized
films.

IV. SUMMARY

We have investigated, by means of the depth-resolved
XMCD technique, the temperature dependence of the rema-
nent magnetization of Ni thin films at the interface to Cu
as well as that in the inner layers. Although magnetization
at the interface is smaller than that in the inner layers,
the Curie temperature, at which remanent magnetization
vanishes, is revealed to be the same between the interface
and the inner layers. In contrast, the critical exponent at the
interface is slightly smaller than that in the inner layers,
especially in the in-plane magnetized films. This difference
cannot be explained by using a simple mean-field theory with
the same exchange-coupling constant between the interface
and the inner layers. It is also shown that the critical exponent
for the in-plane magnetized film is significantly larger than that
for the perpendicularly magnetized film due to the difference
in the degree of freedom for the direction of the magnetic
moment. The short-range spin ordering, layer-dependent
magnetic anisotropy, and exchange interaction with farther
atoms would be necessary to be taken into account in the
comprehensive understanding of the observed behaviors.

“kenta.amemiya@kek.jp
'M. Bander and D. L. Mills, Phys. Rev. B 38, 12015 (1988).
2W. Diirr, M. Taborelli, O. Paul, R. Germar, W. Gudat, D. Pescia,
and M. Landolt, Phys. Rev. Lett. 62, 206 (1989).
3F. Huang, M. T. Kief, G. J. Mankey, and R. F. Willis, Phys. Rev. B
49, 3962 (1994).
“4P. J. Jensen and K. H. Bennemann, Solid State Commun. 100, 585
(1996).
3Y. Li and K. Baberschke, Phys. Rev. Lett. 68, 1208 (1992).
°P. Srivastava, F. Wilhelm, A. Ney, M. Farle, H. Wende,
N. Haack, G. Ceballos, and K. Baberschke, Phys. Rev. B §8, 5701
(1998).

"T. Herrmann, M. Potthoff, and W. Nolting, Phys. Rev. B 58, 831
(1998).

8A. Scherz, C. Sorg, M. Bernien, N. Ponpandian, K. Baberschke,
H. Wende, and P. J. Jensen, Phys. Rev. B 72, 054447 (2005).

B. Busiakiewicz, I. L.zniak, and 1. Zasada, Thin Solid Films 517,
1841 (2009).

195, T. Bramwell and P. C. W. Holdsworth, J. Appl. Phys. 73, 6096
(1993).

K. Amemiya, S. Kitagawa, D. Matsumura, T. Yokoyama, and
T. Ohta, J. Phys.: Condens. Matter 15, S561 (2003).

2K. Amemiya, S. Kitagawa, D. Matsumura, T. Ohta, and
T. Yokoyama, Appl. Phys. Lett. 84, 936 (2004).

014401-4


http://dx.doi.org/10.1103/PhysRevB.38.12015
http://dx.doi.org/10.1103/PhysRevLett.62.206
http://dx.doi.org/10.1103/PhysRevB.49.3962
http://dx.doi.org/10.1103/PhysRevB.49.3962
http://dx.doi.org/10.1016/0038-1098(96)00459-0
http://dx.doi.org/10.1016/0038-1098(96)00459-0
http://dx.doi.org/10.1103/PhysRevLett.68.1208
http://dx.doi.org/10.1103/PhysRevB.58.5701
http://dx.doi.org/10.1103/PhysRevB.58.5701
http://dx.doi.org/10.1103/PhysRevB.58.831
http://dx.doi.org/10.1103/PhysRevB.58.831
http://dx.doi.org/10.1103/PhysRevB.72.054447
http://dx.doi.org/10.1016/j.tsf.2008.09.063
http://dx.doi.org/10.1016/j.tsf.2008.09.063
http://dx.doi.org/10.1063/1.353481
http://dx.doi.org/10.1063/1.353481
http://dx.doi.org/10.1088/0953-8984/15/5/310
http://dx.doi.org/10.1063/1.1645330

TEMPERATURE DEPENDENCE OF REMANENT . ..

BK. Amemiya, E. Sakai, D. Matsumura, H. Abe, T. Ohta, and
T. Yokoyama, Phys. Rev. B 71, 214420 (2005).

K. Amemiya, E. Sakai, D. Matsumura, H. Abe, and T. Ohta, Phys.
Rev. B 72, 201404(R) (2005).

SK. Amemiya, Phys. Chem. Chem. Phys. 14, 10477 (2012).

oM. Sakamaki and K. Amemiya, Phys. Rev. B 87, 014428 (2013).

7K. Amemiya, A. Toyoshima, T. Kikuchi, T. Kosuge, K. Nigorikawa,
R. Sumii, and K. Ito, in Commissioning of a Soft X-Ray Beamline
PF-BL-16A with a Variable-Included-Angle Varied-Line-Spacing
Grating Monochromator, AIP Conf. Proc. No. 1234 (AIP, New
York, 2010), p. 295.

PHYSICAL REVIEW B 88, 014401 (2013)

18K Amemiya, M. Sakamaki, T. Koide, K. Ito, K. Tsuchiya,
K. Harada, T. Aoto, T. Shioya, T. Obina, S. Yamamoto, and
Y. Kobayashi, J. Phys.: Conf. Ser. 425, 152015 (2013).

19K. Tsuchiya, T. Shioya, T. Aoto, K. Harada, T. Obina, M. Sakamaki,
and K. Amemiya, J. Phys.: Conf. Ser. 425, 132017 (2013).

20W. L. O’Brien, T. Droubay, and B. P. Tonner, Phys. Rev. B 54, 9297
(1996).

2IB. T. Thole, P. Carra, F. Sette, and G. van der Laan, Phys. Rev. Lett.
68, 1943 (1992).

22P. Carra, B. T. Thole, M. Altarelli, and X. Wang, Phys. Rev. Lett.
70, 694 (1993).

014401-5


http://dx.doi.org/10.1103/PhysRevB.71.214420
http://dx.doi.org/10.1103/PhysRevB.72.201404
http://dx.doi.org/10.1103/PhysRevB.72.201404
http://dx.doi.org/10.1039/c2cp41085k
http://dx.doi.org/10.1103/PhysRevB.87.014428
http://dx.doi.org/10.1088/1742-6596/425/15/152015
http://dx.doi.org/10.1088/1742-6596/425/13/132017
http://dx.doi.org/10.1103/PhysRevB.54.9297
http://dx.doi.org/10.1103/PhysRevB.54.9297
http://dx.doi.org/10.1103/PhysRevLett.68.1943
http://dx.doi.org/10.1103/PhysRevLett.68.1943
http://dx.doi.org/10.1103/PhysRevLett.70.694
http://dx.doi.org/10.1103/PhysRevLett.70.694



