IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Enhanced magneto-optical Kerr effects in Py/Ag/Bi trilayers

This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 158.227.185.37
This content was downloaded on 07/04/2017 at 08:04

Manuscript version: Accepted Manuscript
Riego et al

To cite this article before publication: Riego et al, 2017, J. Phys. D: Appl. Phys., at press:
https://doi.org/10.1088/1361-6463/aa69f9

This Accepted Manuscript is: © 2017 I0OP Publishing Ltd

During the embargo period (the 12 month period from the publication of the Version of Record of this
article), the Accepted Manuscript is fully protected by copyright and cannot be reused or reposted
elsewhere.

As the Version of Record of this article is going to be / has been published on a subscription basis,
this Accepted Manuscript is available for reuse under a CC BY-NC-ND 3.0 licence after a 12 month embargo
period.

After the embargo period, everyone is permitted to use all or part of the original content in this
article for non-commercial purposes, provided that they adhere to all the terms of the licence
https://creativecommons.org/licences/by-nc-nd/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to
include their copyrighted content within this article, their full citation and copyright line may not be

present in this Accepted Manuscript version. Before using any content from this article, please refer to

the Version of Record on IOPscience once published for full citation and copyright details, as

permissions will likely be required. All third party content is fully copyright protected, unless

specifically stated otherwise in the figure caption in the Version of Record.

When available, you can view the Version of Record for this article at:
http://iopscience.iop.org/article/10.1088/1361-6463/aa69f9



http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience
http://ioppublishing.org/article-versions/
https://doi.org/10.1088/1361-6463/aa69f9
https://creativecommons.org/licences/by-nc-nd/3.0
http://iopscience.iop.org/article/10.1088/1361-6463/aa69f9

Page 1 of 12 AUTHOR SUBMITTED MANUSCRIPT - JPhysD-112133.R1

1

2

3

4

5

6

7

8

9 . . .
10 Enhanced magneto-optical Kerr effects in Py/Ag/Bi
11 .

12 trilayers

13

E' Patricia Riego' 2, Satoshi Tomita®{, Kaoru Murakami?,

16 Toshiyuki Kodama?®, Nobuyoshi Hosoito?, Hisae"¥anagi® and

g Andreas Berger!

19 1 CIC nanoGUNE, E-20018 Donostia-San Sebastian, Spain

20 2 Departamento de la Fisica de la Materia Condensada, Univer§idad del Pais Vasco,
21 UPV/EHU, E-48080 Bilbao, Spain

22 3 Graduate School of Materials Science, Nara Institute of Sciencé and Technology,

gi Nara 630-0192, Japan

25 E-mail: tomita@ms.naist.jp

26

27 January 2017

28

29 Abstract. We study the magneto-optical (MO)response of permalloy /silver /bismuth
32 (Py/Ag/Bi) trilayer samples in reference o a control Py film by means of spectro-
o scopic generalized MO ellipsometry. The trilayer structures show enhanced MO Kerr
33 amplitude values compared to optical multilayer calculations based upon the Py film
34 reference measurements, especially'in the near-infrared region. This indicates that the
35 optical interference conditions,accounted for in the model are not sufficient to explain
36 the influence of the Ag/Bi bilayer in the structure. Instead, the local optical and MO
37 properties of the Py layer itself must be modified by the presence of the Ag/Bi bilayer,
38 which could be caused by enhanced effective spin-orbit coupling.

39

40

41

42 N

43 Keywordsmagnetic multilayers spectroscopic generalized magneto-optical ellipsometry;,
jg magneto-optical Kerr effectyspin-orbit coupling

46

47

48 Submitted to: J. Phys. D:Appl. Phys.

49

50

51

52

53

54

55

56

57

58

59

60

T visiting researcher at CIC nanoGUNE, E-20018 Donostia-San Sebastian, Spain



©CoO~NOUTA,WNPE

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-112133.R1

Enhanced MO Kerr effects in Py/Ag/Bi 2

Spin-orbit coupling (SOC) is a key phenomenon in modern magnetism and
spintronics. Much attention has been paid recently to the Rashba-type SOC Jl1]sat
interfaces [2, 3] or in semiconductor quantum wells [4, 5, 6, 7, 8]. Large values of
the Rashba coefficient have been found at interfaces between heavy elements with
strong SOC, for example, bismuth (Bi) and antimony (Sb), and non-magnetic metals;
for example, silver (Ag) [9]. In transport measurements, the Ag/Bi interface with.a
ferromagnetic permalloy (Py) layer gives rise to a very large spin-charge ¢enversion
[10, 11], due to the Rashba-type SOC at the interface [12], whichsis one order of
magnitude larger than the conversion parameter in the Ag/Sbh interfaceywith,a Py layer
[13].

From the microscopic point of view, SOC is related to amagneto-optical (MO)
properties [14, 15, 16, 17] as well as to electron transport. Indced, enhanced
infrared MO response by bulk Rashba spin splitting was reperted for the nonmagnetic
semiconductor BiTel [18]. However, enhanced MO responseshin the ferromagnetic
Py in proximity to a Ag/Bi Rashba interface have not yet been explored. In this
Letter, we study Py/Ag/Bi trilayers by means of geueralized MO ellipsometry (GME)
(19, 20, 21, 22, 23, 24, 25]. GME’s main advantageds the ability to study complex MO
parameters with unprecedented precision, becauseé’it allows one to determine optical
and MO properties simultaneously. In addition/ thedisper§ion of the parameters can be
obtained through spectroscopic GME (S-GME) measurements [26, 27]. Our experiments
reveal that the presence of the Ag/Bi bilayer enhances the MO response of adjacent Py
layers, particularly in the near-infrared region.

Figure 1 illustrates sample stractures.employed in this study. Py, Bi, and Ag layers
were deposited onto silicon substrates atiroom temperature using magnetron sputtering
with an argon gas pressure of &2 x 1072 Tore: The Py, Bi, and Ag deposition rates were
0.10, 0.15, and 0.25 nm/s, respectively. In the trilayer sample labeled PSB1 as shown
in figure 1(a), a Bi layer having 10 nmuin thickness was deposited on the Si substrate
first, after which a Ag layersof Sihm and a Py layer of 30 nm thickness were sequentially
deposited. The other trilayer sample, which is labeled PSB2, has an inverted structure
as shown in figure 1(h), meaning that a 5 nm thick Ag layer was sputtered onto the
initially deposited Py layer, which was furthermore covered by a Bi layer of 10 nm
thickness. The controlhsample has only a Py layer with 30 nm thickness [figure 1(c)].
All samples werg, coated by a 2 nm thick tantalum (Ta) layer to avoid oxidization of the
functional layers:

The determination of magneto-optical and optical properties was achieved by means
of S-GME. Previousdmplementations of S-GME [26, 27] utilized a discharge lamp and a
gratingSpectrometer for investigating the wavelength dependence. In turn, our approach
here is to. use a wavelength tunable laser and to perform measurements at different
wawelengths'in the visible and near-infrared regions.

The experimental setup is illustrated schematically in figure 2. A Fianium
wavelength-tunable laser in combination with a computer-controlled acousto-optically
tunable filter (AOTF) was used for the generation of a monochromatic light beam in the
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wavelength (A) range between 450 and 850 nm. In order to obtain the desired mechanical
stability and facilitate the alignment of the setup, an optical fiber was utilized todirect
the light exiting the AOTF, onto the sample with an incidence angle of 45°. After the
fiber aperture, the beam passed through a rotatable broadband linear polarizer &P, was
then reflected by the sample surface, and passed through the second rotatable broadband
polarizer P, in the exact same way as in a standard GME experiment‘[19, 20, 23;,.25].
Given the usage of the optical fiber, additional broadband focusing lenses were, inserted
into the light path before P; and after P,, as shown in figure 2, in order to foeus the
beam spot on the sample surface and finally onto the detector. The light intensity
after P, was detected by a low-background Si photodiode with a responsivity spectrum
that matches appropriately the spectral range of the laser. Given that A\ of the laser
was scanned during the S-GME operation, the detector was equipp@d with a tube-like
geometrical filter for isolation from ambient light, rather thamn, the monochromatic filter
used in conventional GME [23, 25].

The samples were placed between the poles of an electromagnet. The electromagnet
generated a magnetic field of up to + 1.1 kOe, which was mere than sufficient to saturate
our samples. The field was applied along the x-axisypi.e., it was contained in the plane-
of-incidence and in the plane of the sample, givingwrise.to the longitudinal MO Kerr
effect (MOKE) configuration. The operation of our/S-GME, which is automatized and
computer-controlled, consists of performing sequentially standard GME measurements
for different A, i.e., of measuring for each A value the normalized change in light intensity
01 /1 upon magnetization reversal for different combinations of P, and P, orientations.
With the subsequent analysis deseribeduin Refs. [19, 20, 23, 25|, these measurements
allow us to determine the complete reflection matrix of the sample at different .
Specifically, they permit us to,retrieve theispectral dependence of the Kerr rotation
Ok and Kerr ellipticity e€x at the-magnetic saturation state of the sample, which are the
key quantities that we utilize(in this study.

Our three samples havesbeen characterized in detail using this S-GME setup. As
an example of the collected datas the left column of figure 3 highlights experimental
0I/I maps as a functien of 6, and 6, for the PSB1 sample in saturation at different
A. Figures 3(a), 3(hb),and 3(c) correspond to measured maps at A = 450, 600, and
800 nm, respectively. Hereby; the red color corresponds to positive 61/1 while the blue
color representssnegative 6//I. The measured patterns exhibit two lobes of opposite
sign that meetrat the crossing point of the polarizers at 8; = 90° and #, = 0°, which is
a signature of the longitudinal MOKE signal. As is evident from figures 3(a)-3(c), 61/
depends very much on the A utilized to perform these measurements. On one hand, its
magnitude is different for different A\, as one can see by looking at the scale bars next
to figures, 3(d)-3(f), while on the other hand the shape of the lobe-like features as a
funetion of #y and 6y also changes with .

A multiparameter least-squares fitting procedure [19] of the data in figures 3(a)-3(c)
enables'uis to extract the reflection matrix, which for an in-plane magnetized sample as
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From the reflection matrix elements in equation (1), we evaluate the Kerr rotation

ours reads

0k = Re(a/r,) and ellipticity ex = Im(a/r,) for incoming p-polarizeddight. The sign
convention for 0y and ex is the same as in reference [28]. The fitted §F/L maps are
shown in figures 3(d)-3(f), in a side-by-side comparison with the experimental data. The
quality of the fittings is excellent, and the R* goodness of the fits is veryielose to 1 as
shown in the inset of figures 3(d)-3(f).

With the 0k () and ex(\) values obtained from the fits of the 04/ maps, we have
evaluated the Kerr amplitude [Ox(\)] = 1/[0x (V)2 + [ex (V)2 4]0 (X} $pectra for our
three samples are depicted in figure 4(a) for the incidence angle'of 45° that we utilized.

Overall, the three samples show a decrease in |Ox(\)| at alonger®A. Experimental
results in figure 4(a) demonstrate that the PSB2 sample, (blue ¢ircles) has a smaller
|©k(N)| than the control sample (black triangles) overtall thesexplored spectral range.
This seems to be consistent with the fact that the ferromagnetic Py layer is now buried
below 5 nm of Ag and 10 nm of Bi, which are not.amagneto-optically active themselves,
and thus the overall MO signal of the sample ig reduced. &

The PSB1 sample (red squares), however, in which the Py layer has an Ag/Bi
underlayer, shows an enhanced |©x ()| at every A with respect to the reference sample.
In order to make this enhancement clearery we have normalized |Ox(\)| of the PSB1
and PSB2 samples to the one of #he. control sample. The experimentally observed
“enhancement factor” |Gk (\)|/|©x (AN)(Control) is shown in figure 4(b) as a function
of A\ in red squares for PSB1,and blue cireles for PSB2. For PSBI1, the enhancement
factor for [©x(N)| is 1.2 at A =450 nm and increases up to 1.4 at a longer A in the
near-infrared region. On the other hand, for PSB2, the enhancement factor is smaller
than one for all values of A, starting at approximately 0.5 at A = 450 nm and increasing
modestly to 0.6 for a longer \.

In principle, the enhanced [©x(\)| of the PSB1 sample could be caused by a
modification of the material properties of the magneto-optically active material, i.e.,
Py. However, thatwis not,the only possible explanation due to the fact that while
|Ok(A)| arises from the Py layer, its value is also affected by the overall sample
structure. In general, reflection properties of a sample including MO effects depend
on the different materials in a sample and their stacking order by means of optical
interference ‘conditions at material interfaces, which can enhance or weaken |©x(M\)|. In
order tofcheck whether the mere material stacking can explain the observed changes
in |Ok(A)|, we have performed calculations based on a transfer matrix method [29, 30]
to mimic thewreflection experiments carried out for our samples. By solving Maxwell’s
equations ‘with the appropriate boundary conditions at the material interfaces, this
method. allows for the determination of the optical and MO properties of the structures
under study. The model incorporates the exact treatment of classical electromagnetic
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light penetration in a multilayer stack, so that intrinsically it accounts for the effects of
the penetration depth of light.

In such a way, we have calculated |O ()| of Si/Py, Si/Py/Ag/Bi, and Si/Bi/Ag/Py
multilayers assuming the nominal structure of our samples and our experimental
conditions, i.e., layer and substrate thicknesses, incident angle, A\, and magnetization
orientation. In the modeling, literature values of Si, Ag and Bi optical parameters
[31, 32] were utilized. We used the optical and MO parameters of Py obtained from
a 60-nm-thick Py film deposited under the same conditions as the Py in the specific
samples studied here, assuming that this thicker Py film represents asbulk-type system.
These calculations do not correspond to a fit of the experimental data. dnstead, the
goal of the modeling is to show what the expected MO signal ofour samples would be,
if the classical exact solution of the electromagnetic wave equationdft the presence of a
multilayered material were describing the system exactly without congidering interface
property modifications.

The model calculations of the |Ox(N)|/|©k(N)|(Contrel) ratios are displayed with
solid lines in figure 4(b) for the Si/Bi/Ag/Py (red solid line)and Si/Py/Ag/Bi (blue
solid line) structures. These calculations, which aresbased on'the solution of Maxwell’s
equation in multilayered structures reproduce qualitatively the fact that |©x ()| in the
trilayer with Py on top of an Ag/Bi bilayer is énhancedwith respect to the Py control
sample, while the inverted trilayer withs Py under the Ag/Bi bilayer has a reduced
|©k(N)| with respect to the reference. However, a quantitative comparison shows that
the model underestimates the magneto-optical signal if compared to the experiment,
and does so for both trilayer structuressThe deviations in between the model and the
experiment clearly indicate that a key aspect of the physical behavior is missing in the
model, which only accounts ferithe optical imterference due to the material stacking and
does not take into account possiblesmodifications of optical properties of the materials
due to interfacial effects.

To check the reliabilitywef,our imodel prediction and our conclusions that we
observe an anomalously enhanced experimental effect, we have performed several tests
by allowing for changes in:the modeled structures. First, we have studied whether a
hypothetical difference in thickness of the Py layers in PSB1 and PSB2 as compared to
the Py layer control samplescould affect our conclusions. For example, even if the Py
thickness is nominally the same in all the samples, the different deposition sequences
could lead to.andifferent/layer intermixing for the different interfaces, and thus to an
actual change of/theceffective thickness of the Py layer. While it was reported that a
metallic Ta_cap layer results in a loss of moment for the Py layer, which was found to
be equivalent to a dead layer of about 1 nm thickness [33], this is not significant in the
present PSB1 sample with its 30 nm-thick Py layer. Given that the experimental data
show larger enhancements than the model for the PSB1 and PSB2 samples, the thickness
of the ferromagnetic layer should be thicker in PSB1 and PSB2 than in the control
sampleiif this were the reason for the experiment to model calculation discrepancy. As
a'worst case scenario, we have considered a rather massive thickness variation in the Py
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layers, specifically an only 20 nm-thick Py layer in the control structure, while keeping
the 30 nm-thick Py in the other two structures.

The corresponding recalculated spectra are shown as dashed lines in figure 4(b): the
red one corresponding to the Si/Bi/Ag/Py structure, and the blue one to the inverted
layer sequence. We observe that the calculated enhancement factors increase,for both
structures assuming this 10 nm variation in the Py thickness. However, the enhancement
values are still below the experimentally observed ones, especially in the near-infrared
region, i.e.;, A ~ 700 to 800 nm, where the model gives rise to an enhancement of atimost
1.2 for the Si/Bi/Ag/Py sample, while the experiment shows an enhangement of 1.4. A
variation in the Py thickness is thus not sufficient to explain enhanced M@\ properties,
and we therefore rule out that layer thickness variations are thesouree of the observed
enhancement. -

Additionally, we have studied the effect of deviations from the literature values in
the optical constants of Bi or Ag [31, 32]. Specifically, we have found that a simultaneous
variation in the refractive index of Bi and Ag of up to 15%, which is a value that is
above typical sample-to-sample variations, cannot explainithe eéxperimentally observed
enhancements either. We have also verified thatnthe inclusion of a 2-nm-thick Ta
overcoat does not alter the calculated enhancementyratios shown in figure 4(b) in any
significant manner. y

We therefore conclude that the observed |Ox(A)| enhancement we find for our
trilayer structures cannot be explained by eptical interference effects. Instead, the large
enhancement should be caused by a modication ofithe optical and/or MO properties of
the individual materials that composéithe sample. Several works have shown that the
deposition of nonmagnetic metal overlayers can modify the magnitude of the Kerr effect
or the magneto-crystalline anisetropy in ferromagnetic materials [34, 35, 36, 37, 38, 39].
These two quantities are intimately related to the SOC [14, 40, 41, 15, 16, 17]. In
our case, the significant enhancement observed in |©k| could be ascribed to the SOC
that arises from the Ag/Bivintesface/ Last but not least, we should point out that
due to the different stacking of the layers in our samples, the growth details of the Py
layer could be alteredsin bétween the different samples, which might also modify its
MO properties to a eertain degree. However, a growth induced alternation alone seems
to be unlikely to explain our observations, because we observe anomalously enhanced
1Ok (N)|/|©x (MI(Control), values for both trilayer structures, which have completely
different growthrisequences.

In conclusion, we observe an enhancement in the MO activity of Py layers with an
adjacent Ag/Bi-interface layer. S-GME measurements between A = 450 nm and 850 nm
demonstrate that the Kerr amplitude |Ox(A)| of the trilayer sample consisting of the
Py layer with the Ag/Bi bilayers underneath is larger than that of a control Py layer at
every A with'an enhancement factor in the normalized |Ox(A)| of 1.2 at A = 450 nm,
which increases up to 1.4 for A = 800 nm. Calculated |Ox(\)| spectra based on optical
modelsiindicate that this enhancement, particularly in the near-infrared region, cannot
bequantitatively explained by optical interference in the trilayers and sample to sample
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structure variations. On the other hand, while |©x ()| of the inverted trilayer structure
is smaller than that of the control Py layer, the measured signal is still larger than,what
one would expect from optical model calculations, which also indicates an MO signal
enhancement for the Py due to presence of an adjacent Ag/Bi-interface layer. Thus we
find in our experiments a general MO signal enhancement for trilayer structures, which
can be consistently explained by means of enhanced SOC effects in these non-magnetic
interface layers altering the MO response of adjacent Py films.
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correspond to A = 450 nm, (b) and (e) correspo
correspond to A = 800 nm. For each wavele
on the right-hand side.

cale of 0I/1 is indicated
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Figure 4. (a) Kerr amplitude |Ox (N)| of PSBlx(Fed squares), PSB2 (blue circles),
and control samples (black triangles). “(b) |Ox(A)| of the PSB1 and PSB2 samples
normalized to the control sample’sy|© i (A)|. vExperimental values are represented in
symbols: red squares and blue circles for PSB1 and PSB2, respectively. The curves
show the calculated data from the eptical’models, in red for PSB1 and in blue for
PSB2. The solid lines{correspend to. the solution of the model with the nominal
thickness of the layers, while,the dashed curves correspond to the solution of the
model considering,a control sample with a Py layer that is 33% thinner than the Py
layer in the trilayer structures. The lack of agreement between the model and the
experimental data indicates that the classical electromagnetic wave equation solution
of a multilayered structure made from materials that have unchanged bulk material
properties is not su@:ient to explain the observed behavior.
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