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Kerr effect transformation caused by proximity effect in bilayer structures
of magnetic and nonmagnetic transition metals
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Hysteresis loops in a low-frequency alternating magnetic field in films of nonmagnetic transition metals deposited
on the surface of a ferromagnetic metal have been experimentally observed using the magneto-optical transverse
Kerr effect. The shape of the hysteresis is identical to the shape of the loops from the ferromagnetic layer and is
observed in films of normal metals, even when their thickness & significantly exceeds the depth of light penetration.
The dependence of the Kerr signal on the thickness % of a non-magnetic metal is alternating and varies depending
on the composition of the ferromagnetic. Experimental data allow estimating the length of spin diffusion in tantalum
for unexcited electrons — A = 50410 nm, which is 2—4 times the depth of light penetration into transition metals.
The observed effect decreases with electron filling of the outer d-shell of a normal metal (d> — d°) and disappears
in metals with an empty or completely filled d-shell. Films of Al (3d°), Cu (3d'%) and Au (54'°) on the surface of
a ferromagnetic metal have only a shielding effect. The Kerr signal from a ferromagnetic metal film also changes
in the presence of a normal metal sublayer and can be amplified several times.
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1. Introduction
Phenomena at the interface between magnetic and non-
magnetic media have attracted increasing attention in the
last decade [1]. The possibility of transferring the spin
ordering from the ferromagnetic metal F to the ordinary
metal N is of particular interest from the point of view
of important applications. The magnetization induced by
contact with a ferromagnetic metal has been studied in
metals such as Pt, Pd, Ir, Ru, W, and Ta due to their
proximity to a ferromagnetic junction or large spin-orbit
coupling [2-5]. The magnetic moment in Pd induced by
proximity to Fe was found in the Fe|Pd structure at a
depth of up to 2nm in Pt (in the Fe|Pt structure and a
much smaller effect in Ni|Pt). The abnormal Nernst effect
has been identified in the Pt|NiFe structure. An ultrahigh
mobility of domain boundaries in thin Co and CoNi films
with perpendicular anisotropy deposited on a Pt sublayer
has also been found, which is explained by the formation of
a helicoidal magnetic moment at the interface.
Experimental studies were carried out using the methods
of X-ray resonant magnetic scattering, X-ray magnetic
circular dichroism and absorption spectroscopy, polarized
neutron reflectometry, and ferromagnetic resonance [6-
11]. Spin resonance was used to study spin mixing near
the interface F—N in both ferromagnetic (Co, CoFeB)
and heavy metal (Pt, W) layers in order to quantify the
parameters of spin transfer into a nonmagnetic metal. The
results are very contradictory. For example, in platinum,
the polarization of free electrons at the level of 5-107!2 ug
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per atom was detected only under conditions of injection
through the interface of electrons with a current density
of 1A/cm? [7]. The transition to the ferromagnetic state
(platinum and tungsten) is not discussed. The authors
of Ref. [8] determined the magnitude of magnetization in
platinum of the order of 1up at a depth of 1nm in the
structure of Fe|Pt.

In any case, the magnetization of a normal metal is
localized within a few atomic layers from the interface.
Therefore, the mechanism of mixing remains unclear, in
particular, due to the lack of information about the type of
mixing in such structures — atomic, electronic, or purely
exchange interaction of ferromagnetic and nonmagnetic
metal ions.

Long-range effects were investigated at the ferromagnetic-
superconductor interface. Two types of proximity effects
have been found: the penetration of a magnetic field into a
superconductor, associated with the electromagnetic mech-
anism [12,13], and the penetration of superconductivity
into the ferromagnetic layer due to the triplet pairing of
electrons [14,15]. Recently, deep diffusion of the orbital
angular momentum of electrons A, ~ 80 nm into tungsten
in the two-layer structure Ni|W was discovered [16].

Optical phenomena in F|N-bilayers were used to increase
the sensitivity of biochips [17] by modulating a plasmon
wave in a noble metal (in Fe|Ag structures) by an external
magnetic field [18] or, conversely, to amplify the Kerr signal
due to the interaction of a light wave in the F-layer with a
plasmon wave, propagating in the noble metal (in Au|Co|Au
structures) [19-22].
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It should be noted that spin diffusion from iron to a 6 nm
thick tin layer in the Fe|Sn|Fe film structure was previously
experimentally observed using the Mossbauer effect in
Sn!'!® [23]. EK. Zavoysky predicted then that the long-
range diffusion of polarized electrons from a ferromagnetic
metal across the interface could provide an opportunity to
observe an EPR signal from diamagnetic metals [24]. At
the same time, A.G. Aronov estimated the diffusion depth
of polarized electrons in aluminum at As ~ 10* nm [25].

In this work, the optical transverse Kerr effect is used
to study the diffusion of polarized electrons across the
interface in the N|F-bilayer of transition normal N and
ferromagnetic F metals. A new unexpected phenomenon
of long-range magneto-optical activity found in transition
nonmagnetic metals in contact with ferromagnetic metals is
presented.

2. Experimental procedure

The objects of the study were made by magnetron
sputtering of metal targets. Parallel strips of ferromagnetic
metals (permalloy Ni80-Fe20 and pure iron) of various
thicknesses ¢ in the range of 5—40nm were sputtered onto
glass substrates using masking coatings. The ferromagnetic
layers were sputtered in an external magnetic field to create
anisotropy with the axis of light magnetization in the plane
of the layer. Then, strips of non-magnetic transition metal
of various thicknesses / in the range of 5—180nm were
sputtered perpendicularly to form a regular matrix of two-
layer rectangles (5x5mm) with a set of pairs of thickness
values (¢, h), as shown in Figure 1.

The amplitudes of the complete hysteresis loops (Figu-
re 2) A(t, h) were recorded using the standard magneto-
optical method (measurement of the transverse Kerr ef-
fect). An incandescent lamp with a stabilized power
supply was used as a white light source. A silicon
photodiode was used as a reflected light intensity sensor.
The angle of incidence was 45°. The diameter of the
light spot was ~ 3mm. Although the thickness of the
studied layers was significantly less than the wavelength
of light, white light was used to avoid the effects of
interference and/or resonant excitation of plasmon waves.
All measurements were carried out at the same level of
reflected light intensity, which was strictly controlled by the
photodiode to avoid uncertainty caused by differences in
the thickness of objects and transparency values. Since
the reflection coefficient increases with the thickness of
the metal film, the intensity of the incident light was
correspondingly reduced by controlling the lamp current for
thicker structures. An external alternating magnetic field
(50Hz) was applied in the film plane and perpendicular
to the optical plane using a pair of Helmholtz coils. The
amplitude of the external field was sufficient to saturate
the magnetization. All measured magneto-optical signals
are normalized by the value of the signal from a Py
film with a thickness of ¢ exceeding the depth of light
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Figure 1. Kerr signal research scheme in N|F-bilayers.

penetration into permalloy (z > 40nm), unless otherwise
specified. The measurements were carried out at room
temperature.

3. Findings

For the first time, the phenomenon was observed when
testing a Py film with a Cr protective layer on an installation
for measuring coercive force using the transverse Kerr
effect. The presence of a normal transition metal layer above
the ferromagnetic metal significantly alters the magneto-
optical response of the film. For a two-layer Cr|Py film,
an inversion of the magneto-optical signal was observed
compared with a single Py film (instead of an exponential
decrease in the signal without changing its sign due to
optical shielding of permalloy with a non-magnetic metal).
In this case, the shape of the hysteresis loop of the
Cr|Py structure repeated the shape of the hysteresis loop
of the Py layer. The rotation of the external magnetic
field from the axis of easy magnetization to the axis
of difficult magnetization in the plane of the structure
is accompanied by a synchronous transformation of the
hysteresis loops of the single permalloy film and the
Cr|Py structure, as shown in Figure 2. This indicates
that the observed hysteresis loop in the Cr|Py structure is
formed by a change in the magnetization in the permalloy
layer.

Magneto-optical signal amplification with sign inversion
was detected after applying a Ta layer on top of the Py
film, as shown in the photographs (inset in Figure 3). To
maintain a constant intensity of reflected light, the intensity
of incident light when measuring the signal from the Ta|Py
bilayer decreased controllably as the thicknesses of tantalum
and permalloy increased.

The identity of the shape of the hysteresis loops suggests
a conclusion about the purely optical nature of the signal
conversion effect. However, the Kerr signal in the form of an
observed hysteresis loop is also detected in the 2 > 150 nm
thick Ta layer, at which light practically does not reach
the ferromagnetic layer. The dependences of the signal
amplitude on the thickness & of the nonmagnetic layer
in two-layer Ta|Py structures demonstrate non-monotonic
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Figure 2. Kerr signals of changes in the magnetization of the Py film along g, b) easy and ¢, d) difficult axes for two neighboring objects:
(a) and (¢) — for single-layer film Py, = 15nm, (b) and (d) — for the Cr|Py structure, the thickness is Cr A = 20 nm. Calibration of

the magnetic field amplitude along the x axis — 4 Oe/div.
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Figure 3. Dependences of the normalized signal amplitudes
Ary(h, t) from the film side Ta on the thickness & for thickness
values Py r: curve I — 5nm, 2 — 12nm, 3 — 20nm, 4 —
30nm. Insert: on the left — magneto-optical signal from a single
layer of Py, t = 20 nm, on the right — magneto-optical signal from
a bilayer of Ta|Py, h = r = 20 nm. Calibration of the magnetic field
amplitude along the x axis — 4 Oe/div.
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behavior with sign changes instead of exponential decrease
due to light absorption in the nonmagnetic layer, as shown
for a number of values of Py thickness ¢ in Figure 3.

A rapid decrease and inversion (sign change) of the Kerr
signal are observed when the Ta thickness 4~ 7nm is
reached. The inverted signal reaches its maximum amplitude
at h =~ 20nm. A further increase in the thickness of the Ta
layer is accompanied by a decrease in the amplitude of
the inverted signal to zero at 4 =~ 55nm, where the signal
unexpectedly changes sign again, and then increases with
the thickness of Ta to A~ 80nm, although the Ta film
is completely opaque already at 7 > 40nm. Exponential
attenuation of the signal occurs only at # > 80 nm.

The effect of Ta on the magneto-optical signal was also
observed in the Py|Ta configuration, when light falls on the
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Py layer, and the Ta layer is located under it, and is shown
in Figure 4.

The Kerr signal decreases for all Py thickness values
in the range of r < 30nm, where the permalloy layer is
partially transparent. The signals reach a minimum at
h =~ 20nm, which is consistent with the minimum values
of the inverted signal in Figure 3. The total signal from
the Py|Ta bilayer even changes sign for a thin transparent
layer Py (thickness ¢+ = 5nm) when the amplitude of the
inverted signal generated in the Ta layer under permalloy
exceeds the signal from the Py layer itself.

An increase in the thickness of Ta in the range of
h > 20nm leads to an increase in magneto-optical signals
that exceed the signals from the isolated film Py (values at
h = 0 in Figure 4). The signal magnitude increases even at
h > 40 nm and reaches a maximum at (f + ) > 70nm, i.e.,
Kerr signal sources are redistributed in the volume of the
Py|Ta bilayer as the thickness of the lower tantalum layer
changes, when the light intensity at the boundary with the
substrate is negligible.
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Figure 4. The dependences of the normalized signal amplitudes
for the Py|Ta bilayer from the side of the Py layer Apy(h, ¢) on the
thickness of the Tah layer for a set of thickness values ¢ of Py.
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Figure 5. Dependences of normalized Kerr signals from normal
transition metals Ay(h) on their thickness values h, thickness Py
t = 20nm.

The largest — 5-multiple signal amplification is achieved
for the thinnest film Py. This means that the Ta layer
generates its own Kerr signal, which is closely related to the
remagnetization of the Py layer. The gradual decrease in the
signals in the range of (¢ + &) > 100nm demonstrates the
redistribution of the main electrons along the thickness of Ta
with an increase of / and indicates a non-optical mechanism
for changing the magneto-optical Kerr signal, since light
does not penetrate the interface between the bilayer and the
substrate.

The magnitude of the Kerr effect is determined by
the presence of polarized electrons below the Fermi level
and empty states for them in the d-band above the
Fermi level Er. The amplitude of the magneto-optical
signal A is proportional to the difference in the number
of transitions of basic and non-basic polarized electrons to
empty states above the Fermi level, the probability of which
is proportional to the product of the corresponding densities
of states:

Ao [ [n(Eymy (E+he) = n) (E)m) (E+he)]S(@)dEdo,

where n;(E) and n|(E) is the density of states of basic and
non-basic polarized electrons, respectively, in the d-band
below the Fermi level, mT(E) and m | (E) are the densities
of empty states for these electrons in the d-band above
the Fermi level, 7w is the energy of the absorbed photon,
S(w) is the spectrum of incident light. Integration of
energy E is performed in the range from (Ep—hawy) to
(Er + hay), and for @ — from O to the upper limit of
the light spectrum hwy.

The Fermi level Er in a transition metal is strictly
determined by the degree of filling of the atomic d-shell.
Er monotonously shifts along the d-band of the scale of
energy E as the d-shell of the element is filled, so that for
Al (d°) d-band is completely located above Er (n1; = 0),
and for Cu, Ag, Au (d'°) d-band is completely located
below Er (m; = 0).

Experimental studies were carried out on a set of normal
transition metals with different outer atomic shells 3d, 4d,
and 5d (Ti, Cr, Mo, Ta, W, Re, Pt, Cu, and Au). It was
found that the effect of a normal metal layer on the Kerr
effect transformation strictly depends on the filling of the
atomic d-shell. The effect of the Kerr signal conversion
gradually decreases with the filling of the d-shell of a non-
magnetic transition metal, as shown in FigureS5.

The elements Cr (3d°), Mo (4d°) and Re (5d°) with
different outer d-shells, but with the same filling, exhibit
similar magneto-optical responses. The amplitude of the
magneto-optical signal from the tungsten layer W (5d%)
was found between Ta (54%) and Mo (4d°) with the same
thicknesses of non-magnetic metals. The smallest effect was
observed for Pt (5d°) with the maximum inverted signal at
h =~ 15nm, which is consistent with the spin diffusion length
Ast = 11 & 3nm obtained in Ref. [7]. The largest amplitude
of the inverted hysteresis loop signal was obtained from the
Ti (3d?) layer above the Py layer.

Signal inversion was not observed for Cu and Au with
completely filled d-shells and for Al with an empty 3d-shell.
The dependence of the magneto-optical signal on the
thickness of the Cu layer (Figure 5) demonstrates the effect
of screening the Kerr signal occurring directly in the Py
layer, with an exponential decrease of Acy(h) x exp(—fh),
where B! = 26.5 & 1.0 nm is the depth of light penetration
into copper.

At the same time, a twofold amplification of the magneto-
optical signal from the Py film was detected in the presence
of Cu or Au layers under it, in accordance with the result
obtained in Ref. [26).

4. Discussion of the results

A natural hypothesis that can explain the behavior of the
Kerr signal is the deep diffusion of polarized electrons at
the Fermi level from Py into a normal metal, which has a
number of empty states above the Fermi level in the d-band.

The band structure of permalloy is close to that of nickel
Ni (a®) with an almost filled d-band with little exchange
splitting, and the Kerr signal from Py is relatively small. The
concentration of nonbasic electrons in Py is prevalent at the
Fermi level [27]. The basic and non-basic electrons located
near the common Fermi level can easily diffuse through
the interface Py—N. In this case, non-basic electrons also
dominate in a normal metal in the immediate vicinity of the
interface with Py, and provide a negative contribution to the
total magneto-optical signals from the bilayers of N|Py and
Py|N if the normal metal has empty states above the Fermi
level.

According to the calculation results given in Ref [28],
the average velocity of the basic electrons in Ni and Fe
is several times higher than the velocity of the non-basic
electrons. The diffusive penetration of the main electrons
into the volume of a normal metal occurs deeper, since
with an equal lifetime of spin diffusion they diffuse to a
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greater depth. Thus, the Kerr signals for the Ta|Py bilayers
exhibit an inverse inversion and increase with growth /A
when 7 > 40nm (Figure 3). The maximum magneto-
optical signals caused by transitions of the main electrons
in Ta (Figures 3 and 4) are reached at A =~ 100nm. The
exponential approximation of the far tail of the dependence
A(h) in Figure 3 allows estimating the length of spin
diffusion of unexcited polarized electrons in tantalum as
Ass = 50 & 10nm. The extrapolation of the exponent at
h — 0 shows the magneto-optical signal generated only by
the main electrons in permalloy, which is almost twice
the amplitude of the resulting signal from both types of
electrons. The value of Ay correlates with the dependence
of the spin diffusion length Asf(E—EF) in Ta, calculated in
Refs. [29,30] for excited electrons, with the extrapolation of
the excitation energy (E—Ep) — O.

The diffusion of basic and non-basic polarized electrons
from Py through the interface is accompanied by the
diffusion of unpolarized electrons in the opposite direction
to maintain electrical equilibrium. The rate of their
polarization in Py is determined by the exchange energy
and is much higher than the rate associated with diffusion,
so the filling of the d;|-subbands in Py does not change
significantly and makes an insignificant contribution to the
magnitude of the inverted signal.

Since the number of empty states in transition metals
above the Fermi level Efr decreases as the d-shell of
the element is filled [29], the magnitude of the inverted
magneto-optical signal caused by transitions of non-basic
electrons decreases from Ta to Pt. Consequently, the Kerr
effect transformation decreases as the d-shell is filled in
accordance with the experimental dependences of signals
on thicknesses obtained in this paper for different normal
metals and shown in Figure 5. As a result, platinum
Pt(d?), which is used in most studies of interfaces of F|N-
structures, demonstrates the weakest Kerr signal inversion
effect due to its high spin-orbit coupling and/or proximity to
the para-ferromagnetic junction. The Cu layer (d'°) exhibits
a shielding effect because d-band in copper is completely
located below Ef.

Magneto-optical signals from Cu observed in Ref. [31]
and from Au in Ref. [32] in two-photon experiments were
most likely due to the release of electronic states in copper
and gold, respectively, due to optical excitation of electrons
and depletion of d-Cu and Au bands by the first optical
pulse.

Compared with permalloy, iron has a 7-fold but opposite
Kerr effect due to the wide empty d-band above the
Fermi level for non-basic electrons, as shown in the box to
Figure 6. In addition, the main charge carriers predominate
in iron at the Fermi level. It can be expected that the Fe
film will ensure the predominance of the main electrons in
the non-magnetic metal in the N|Fe bilayer. On the other
hand, in the case of the optical nature of the magneto-optical
signal conversion, the dependence Ar,(h) for Ta|Fe should
be identical to the dependence for Ta|Py, mirrored relative
to the axis &, due to the similar optical parameters of iron
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Figure 6. The dependences of the Kerr signals Ar.(h) on the
thickness of the Ta h layer for the Ta|Py and Ta|Fe structures. The
thickness of the Py and Fe layers is 30 nm. The insert shows the
original Kerr signals from the individual layers Py (photo on the
left) and Fe (photo on the right). Calibration of the magnetic field
amplitude along the x axis — 4 Oe/div.

and nickel, but with a different Kerr signal sign. This makes
it possible to use a comparison of the Ar,(h) dependencies
for Ta|Fe and Ta|Py bilayers to elucidate the mechanism of
the Kerr effect in a normal metal. Figure 6 shows both
dependencies Ar,(h) for the Ta|Py and Ta|Fe bilayers.

It can be seen that the effect of converting the signal
to Ta|Fe also occurs, including signal inversion. However,
despite the close optical parameters of Py and Fe, there is
no proportionality between the dependences for Ta|Py and
Ta|Fe. The Kerr signal changes sign at a Ta thickness of
h =~ 40 nm and reaches its maximum value at & =~ 60 nm, at
which the light intensity in the Fe layer is vanishingly low.

The slow growth and positive sign of the inverted signal
in the Ta|Fe bilayer at 2 > 40 nm allows drawing a natural
conclusion about the proper contribution of the Ta layer to
the Kerr signal due to diffusing main electrons from the Fe
layer.

Evidence of Kerr signal formation in a non-magnetic
metal is illustrated by hysteresis loops in Figure 7, which
demonstrates the restoration of magneto-optical activity in
a three-layer Ta|Al|Py structure by spraying a layer of
tantalum on top of thick aluminum that does not transmit
light. Al shields light in a similar way to Cu (Figure 5),
while allowing polarized electrons to pass through almost
losslessly [23].

In this experiment, the natural shielding effect of Al was
observed- an exponential decrease in the signal with
increasing aluminum thickness and its disappearance in
the Al|Py structure when the thickness of Al exceeds the
value ~ 40nm. In this case, the majority of the Ta layer
contains non-basic electrons, so that the signal in the three-
layer Ta|Al|Py structure is inverted compared to the signal
from permalloy and increases with increasing thickness of
tantalum.
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Figure 7. Restoration of a magneto-optical signal in a three-layer Ta|Al|Py structure, where the Al layer completely shields the signal
from the Py layer: @) the initial signal from a single Py film with a thickness of 15nm, b) signal from an Al|Py structure with a partially
shielded Al layer 10 nm thick, ¢) zero signal from the Al[Py structure, completely shielded by an Al layer 40 nm thick, d) reconstructed
inverted signal from the Ta|Al[Py structure after applying 20 nm thick Ta on top of a 40nm thick Al shielding layer. Calibration of the

magnetic field amplitude along the x axis — 4 Oe/div.

5. Conclusion

The possibility of observing the magneto-optical Kerr
effect in films of non-magnetic transition metals up to
~ 200 nm thick deposited on the surface of a ferromagnetic
metal at a light penetration depth not exceeding ~ 40 nm
has been experimentally shown. Magneto-optical activity in
non-magnetic metal films is related to the magnetization
of the ferromagnetic layer. The magnitude of the Kerr
signal in a non-magnetic metal depends on the elemental
compositions of normal and ferromagnetic metals and
may exceed the amplitude of the signal generated by the
ferromagnetic film itself. The effect gradually weakens as
the outer d- shell of ordinary metal (d> — d°) is filled and
disappears in metals with an empty or completely filled
d-shell. The Kerr signal in the ferromagnetic metal layer
is also modified by the ordinary metal underneath and can
be amplified several times, especially for thin (+ < 10nm)
magnetic films (Figure 4).

The most probable mechanism of transformation of the
Kerr effect is the deep diffusion of unexcited polarized
basic and non-basic electrons through the interface of two
layers of ferromagnetic metal. At the same time, a normal
transition metal does not show signs of ferromagnetism,
which was established by neutronographic analysis. In
a nonmagnetic metal, an equilibrium distribution of the
concentration of polarized electrons diffusing from the
ferromagnetic and relaxing in a normal metal is formed at
the Fermi level with a zero gradient at the interface of the
layers.

It should be noted that theoretical calculations of the
parameters of carrier diffusion and relaxation in transition
metals [30] concern only excited electrons, indicating that
the spin diffusion length Ay is a function of the excitation
energy. In this case, A¢ (E — Ef) tends to infinity if the
excitation energy (E — Er) approaches zero.

The results of the study can be used to analyze the
effects of spin accumulation near the interfaces of multilayer
spin structures and their application in switchable elements,
magneto-optical and plasmon sensors.
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