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The Kerr rotation, steadily and linearly increasing in magnetic field was observed in
the Co/Cu multilayered films at the Cu layer thickness providing the extreme exchange
couplings between the Co layers. The enhancement of the Kerr effect in magnetic field is
supposed to be caused by increase of the electron density at the Fermi level at the Co/Cu
interfaces because of hybridization of the d-(Co) and sp-(Cu) electronic states subjected to
the quantum size effect in the Cu layers.

B mHuorocnoiiabix miaénkax Co/Cu mpu toamuuax Cu, obecrieunBaloIUX 3KCTPEMATbLHYIO
00MEHHYIO CBs3b Mexay caoavu CO, HaGM0LaI0Ch MOHOTOHHOE JIMHEHHOe C II0JIeM yBeJHrde-
Hue yriaa Bpamjenus Keppa. I[Ipeamosaraercsi, uro ysenndenue apdexra Keppa B MarauTHom
oJjie BBIBBAHO BO3PACTAHMEM IIJIOTHOCTH 9JIeKTPOHOB Ha ypoBHe Pepmmu B uHTEepdeiicax
6naromapsa rubpunusanuu d-(Co) u sp-(Cu) 21eKTPOHHBIX COCTOSHUM, IIOJBEPIKEHHBIX BJIMA-
HUIO KBaHTOBO-pasmMepHoro sdg@dexrta B ciaoax Cu.

For recent years, attention of numerous
research groups has been focused on studies
of ultra thin films which exhibit properties
essentially different from those of bulk ma-
terials [1]. The interest in the comprehen-
sive studying thereof is caused, first of all,
by the giant magnetoresistance (GMR) ef-
fect discovered in multilayered films of fer-
romagnetic/normal (FM/NM) metal type in
the late 1980s [2]. The GMR properties of
multilayered films make it possible to use
them in magnetic field sensitive sensors [3],
which are used as read heads of hard discs
[4]. These materials also are promise for
spintronics devices, for instance, in a new
type of computer memory with magnetic
tunnel junctions [5], spin-polarized current
driven magnetization switching devices,
nanoscale sources of radio-frequency radia-
tion [6, 7]. In many cases, the difference in
the properties of the ultra thin films with
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respect to those of the bulk materials is due
to modified electronic structure of the thin
film [8]. One of the reasons for these
changes is the quantum size effect (QSE)
arising when even one of the object geomet-
rical dimensions is comparable with the de
Broglie wavelength of conductivity elec-
trons. Substantial changes of electronic
spectrum also occur at interfaces of multi-
layered films due to hybridization of elec-
tronic states in adjacent metal layers.
Among physical properties sensitive to
variations of the electronic spectra in mul-
tilayered systems, there are magneto-optical
ones. For instance, the observed spontane-
ous polar Kerr effect oscillations as a func-
tion of the NM metal layer thickness in
Au-wedge/Co, Fe/Au-wedge/Fe and Fe/Ag-
wedge/Fe films were ascribed to QSE [9,
10]. Amplitudes of those Kerr effect
changes amounted up to 25 %. It was
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shown that the influence of the electronic
states hybridization on the electron band
structure of interfaces in the multilayers is
reflected in some cases also as an additional
magneto-optical (MO) response [11, 12]. In
[13], the field-induced Kerr effect in the
Au/Ru-wedge/Co system has been reported.
Oscillations of the "paramagnetic magneto-
optical Kerr effect” as a function of the Ru
layer were thickness explained by a consid-
erably increasing paramagnetic susceptibil-
ity of the Ru layer conduction electrons at
the certain Ru thickness caused by increas-
ing of the electronic density-of-states at the
Fermi level of Ru when quantum well reso-
nance states approach the Ru Fermi level.
In this work, the longitudinal Kerr effect
has been investigated in a series of
Co(8 A)/Cu(dg,) multilayers with different
thickness of the Cu layers. The linear in
magnetic field enhancement of Kerr rota-
tion at increasing copper layer thickness has
been first revealed in the Co/Cu multilay-
ered system. The spontaneous Kerr rotation
varies also as the copper layer thickness in-
creases. The enhancement mechanisms of
the field-induced and the spontaneous Kerr
effects are supposed to be of a similar na-
ture. Those are connected most likely with
hybridization of the Co and Cu electronic
states at the Co/Cu interfaces subjected to
the quantum size effect in the Cu layers.
The films were deposited by alternate
condensation of Co and Cu metals onto a
mica (fluoroflogopite) substrate. The mag-
netron sputtering in a vacuum setup at the
residual pressure of ~107% Torr was used.
During sputtering, argon pressure was kept
fixed at 1.3.1078 Torr. Condensation rates
of Co and Cu layers were 0.045 and
0.058 nm/s, respectively. At first, the Cu
buffer layer (5 nm) was deposited onto the
mica substrate. Then the Co layer and the
19 identical Cu/Co bilayers were deposited.
The upper Cu layer thickness in all the
films was 1.25 nm. Thicknesses of all mag-
netic Co layers, dg,, were invariable in all
the films and equal to 0.8 nm. Thicknesses
of the Cu layers, dg,, except for the upper
Cu layer, were identical in each film but
different in various films. The dg, value
was varied from 0.6 to 2 nm at a step of
0.1-0.2 nm in the film series. The layer
thickness was determined basing on the
sputtering duration, calibrated by multiple
light beam interferometry. In accordance
with the electron microscope measurements,
each film has polycrystalline structure with
the columnar grains extended along the nor-
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mal to the film surface. The Co and Cu
layers of the multilayered grains had fcc
structures with the crystallographic fcc
(111) planes of Co and Cu parallel to the
films substrate. Lateral dimensions of the
columnar grains in the films were from 8 to
10 nm. In spite of the fact that the Co
layers have crystallographic anisotropy with
"easy axis” [111], magnetic moments of the
Co layers are oriented parallel to the layers
providing the energy minimum in that way.

The magnetic field dependence of the
Kerr rotation was examined in the longitu-
dinal configuration. The magnetic field was
parallel to the film plane and parallel to the
light incidence plane. The electric field of
the plane-polarized incident light was ori-
ented transversely to the light incidence
plane (E; polarization). The light angle was
about 55 deg. The measurements were car-
ried out in the magneto-optical setup at
room temperature of the samples using the
modulation method. The working material
of the Faraday modulator was the bismuth-
iron-yttrium garnet. The light source was a
He—Ne laser (A = 632.8 nm). The maximum
available field was 16.8 kOe. The measure-
ment error was about 103 deg. The devia-
tion of the film plane from the magnetic
field vector direction did not exceed 1 deg.
The light beam average diameter on the
sample did not exceed 0.5 mm.

The magnetic field dependences of the
Kerr rotation had hysteretic character at
the field H<100 Oe for all the films, except
for the film with the copper layer thickness
dey = 1.8 nm. The hysteresis loop shapes
were dependent on the field direction orien-
tation in the film plane. The hysteresis loop
width was varied with the period of 180 deg
during the film rotation about the normal
thereto. This testifies to the "easy axis™ an-
isotropy in the film plane. The coercive
fields do not exceed 50 Oe. The curves 6(H)
were independent of the magnetic field ori-
entation in the film plane at H>100 Oe.
Here, we focus our attention on the Kerr
rotation 6 behavior in the films with differ-
ent thickness of the Cu layers in the fields
H>100 Oe.

Approaching of the curves 6(H) to mag-
netic saturation are different for films hav-
ing different Cu layer thickness. Almost all
the films reach the magnetic saturation at
the field H =3 to 6 kOe, except for the
films with the Cu layer thickness dg, = 0.9,
1.35, and 1.8 nm (Figs.1 and 2). The

curves 6(H) for these films are far from
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Fig. 1. The magnetic field dependences of
Kerr rotation for the multilayers
C0(0.8 nm)/Cu(1.7 nm), Co(0.8 nm)/Cu(1.8 nm)
and Co(0.8 nm)/Cu(1.9 nm).

saturation state at the maximum available
field 16.8 kOe. These curves are shown in
Figs. 1 and 2 in comparison with those for
the films with dgy, = 1.7 nm, 1.9 nm, and
0.7 nm, as an example. It is noticeable that
the curve 0(H) for the film with dg, = 1.8 nm
has prominent linear rise of 6 in the field
range from 5 kOe to 16.8 kOe. Slopes of the
linear parts (d6/dH) of the curves 6(H) for
all films are shown in Fig. 8. The highest
peak of dO/dH is observed in the anhys-
teretic film Co/Cu (1.8 nm) and the small-
est one, in the film Co/Cu(1.35 nm). The
noticeable linear rise 6(H) occurred also in
the film Co/Cu(0.6 nm).

Let us consider the possible reasons for
the observed linear rise of 6 in high fields.
The linear in field rise of 6 might have been
connected with the magnetization process of
the AFM-coupled Co layers. The fact that
the maxima of d0/dH(dg,) are observed at
the Cu layer thickness dg,=0.9 and
1.8 nm, corresponding to the maxima of the
AFM exchange coupling between the FM Co
layers in the Co/Cu system [14, 15], re-
quires to check this assumption. In connec-
tion with the fact that the anisotropy field
in the film plane does not exceed 50 Oe, the
spin-flip field for the layer magnetic mo-
ments (Hflip) will be defined mainly by the
exchange constant and the FM layer thick-
ness dgys [16]:

H, - n-DJ (1)
fip = “nldgy

Here / is the Co layer magnetization; J, the

exchange coupling energy per unit area. The

saturation magnetization of the Co-layers at
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Fig. 2. Absolute value of Kerr rotation for
Co/Cu films with dg, 0.7 nm, 0.9 nm, and
1.35 nm as a function of the magnetic field
strength.

the thickness dg, = 0.8 nm is about 900 G
[17], the exchange constant J in the second
maximum of the AFM exchange coupling
(dcy = 1.8 nm) Dbetween Co-layers in
Co/Cu/Co films is within the range of 0.08
to 0.06 erg/cm? [16, 18], and the flipping
field does not exceed 4 kOe. But in the
Co/Cu(1.8 nm) film, the Kerr rotation 6
and, consequently, the magnetization do not
reach the saturation state even at the maxi-
mum available field 16.8 kOe (Fig. 1, 2).
Moreover, d0/dH=0 at H>8 kQOe is observed
also in the film with the Cu layer thickness
dc, = 1.85 nm, corresponding to the maxi-
mum of the FM exchange coupling between
Co-layers.

The linear in field rise of 6 can be con-
nected also with the contribution of an ad-
ditional magneto-optical Kerr effect from
the conduction electrons of the Cu layers.
This contribution is supposed to be caused
by the enhanced paramagnetic susceptibility
of the conduction electrons. In accordance
with the Stoner criterion, the Pauli param-
agnetic susceptibility of the conduction
electrons (yp) can be increased due to en-
hanced product of the atomic exchange inte-
gral (J,) and the density-of-states at the
Fermi level (Np) [19]:

B AP 2.
St 1 g N,

Xg; is the enhanced paramagnetic suscepti-
bility of the conduction electrons. The
atomic exchange integral for copper in the
Cu layers is unlikely to be changeable con-
siderably, because J,(Cu) is close to J, for
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all FM metals [19], while the Np(Cu) value
could be changed in the thin Cu-layers of
the Co/Cu multilayer films, because of elec-
tronic density redistribution in the energy
spectrum  [1]. The obtained value
do/dH~1-103 deg/kOe for the film
Co/Cu(1.8 nm) exceeds the expected one
(-8.5:107° deg/kOe, taking into account
[20]) for the longitudinal effect in the bulk
copper by more than one order. Thus, in
accordance with the expression (2), to ex-
plain the observed linear-in-field enhance-
ment of the Kerr effect in the
Co/Cu(0.9 nm), Co/Cu(l.35 nm) and
Co/Cu(1.8 nm) films by the paramagnetic
susceptibility enhancement of the conduc-
tion electrons in the Cu-layers, the density-
of-states at the Fermi level in the Cu-layers
should be increased more than by one order.

The electron density-of-states at the
Fermi level in Cu layers of the multilayered
Co/Cu system can be increased due to the
quantum size effect, when the quantum well
resonance states reach the Fermi level of
Cu. In [18], the oscillations of the "param-
agnetic Kerr susceptibility” (slope of linear
in field parts of 6(H)) in the three-layered
Au/Ru-wedge/Co system as a function of
the Ru layer thickness is explained by just
that mechanism. The maxima of the
"paramagnetic Kerr susceptibility” were ob-
served at the Ru layer thicknesses the AFM
exchange interaction between the Co layers
in the Co/Ru/Co sandwiched system. As
mentioned above, the maxima of the AFM
exchange coupling between the FM Co lay-
ers in the Co/Cu system are observed
around dg, = 0.9 and 1.8 nm [15]. It is
known that exchange coupling between the
FM layers arises with formation of the spin-
polarized quantum-well states and the max-
ima of the indirect exchange coupling are
observed when the quantum-well states
cross the Fermi level [21]. So, the fact that
the observed linear-in-field rise of 6 in the
multilayered Co(0.8 nm)/Cu system at the
Cu layer thickness dg, = 0.9 nm, 1.35 nm
and 1.8 nm, corresponding to the exchange
coupling maxima, can testify the QSE as a
cause of the peaks dO0/dH in dO/dH(dq,)
dependence. However, N is unlikely to be
increased by one order due to the QSE only.

Increase in the electronic density-of-
states at the Fermi level at the Co/Cu in-
terfaces may be caused also by hybridization
of the Cu sp-electron states with the Co
d-electron states. Besides, it is naturally to
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Fig. 8. Cu-layer thickness dependence of the
slope of the O(H) curves in high fields
(H>10 kOe).

expect changed optical and magneto-optical
constants at the interfaces due to changing
oscillator strengths of the optical transi-
tions. Calculations of magneto-optical prop-
erties of multilayered FM/NM films taking
into account the hybridization of the elec-
tronic states at the interfaces have shown
that the spontaneous magneto-optical prop-
erties are heavily dependent on the quality
of the interfaces [11, 12, 22, 23]. It is
known too, that the space distribution of
the conduction electron spin density in the
presence of QSE can influence the structure
and properties of the MLF interfaces [24-
28]. In several works, influence of the QSE
on the atomic interlayer spacing near inter-
faces during sputtering [24], on the film
surface energy [25] and the island height
[26] during annealing, on twin formation
[27] and on the magnetic anisotropy of
films [28] has been revealed. Consequently,
the QSE is supposed to influence the inter-
face structure of the Co0(0.8 nm)/Cu multi-
layers with dg,=0.9 nm, 1.85 nm and
1.8 nm during sputtering and it results in
increase of the electronic density-of-state
the Fermi level at the interfaces. This cir-
cumstance may cause an enhanced paramag-
netic susceptibility of the interfacial Co/Cu
conduction electrons and, at last, the en-
hancement of the paramagnetic magneto-op-
tical effects in the films. If this mechanism
is considered as the most probable, linear
extrapolation of the 6(H) from high field to
H = 0 can be accepted as a correct determi-
nation of the spontaneous Kerr rotation (8,)
(Fig. 1, 2).

The Cu layer thickness dependence of the
spontaneous Kerr rotation [0,(dg,) is shown
in Fig. 4. It consists of a monotonously de-
creasing background and the prominent
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peaks (100 % changes of [0) at dg, = 0.9
and 1.35 nm. The small minimum at
dey = 1.8 nm is also noticeable. The mono-
tonic decrease of |63| can be explained by the
light attenuation in the Cu layers with in-
creasing thickness of the latter. The expres-
sion (3) for 0,(dg,), obtained in the ultra-
thin FM layers approximation using the
work [29],

SCO 20
1
6, = Re V((p)dCoﬁNCUZn(dCu)
0

n=1

(3)

can be applied to fit the observed back-
ground satisfactory. The function
2nN g, sin2¢

Vo) = i o

describes mainly the incidence angle de-
pendence of the effect,

4niNeGY — sinZo (diP + ndgy)
n(dg,) = exp ,

A

taking into account the magneto-optical re-
sponse attenuation because of increasing
light path in the absorbing Cu-medium be-
tween the entrance surface and the n-th Co
layer. The approximations of the experimen-
tal [64(dc,) dependence by the expression (3)
are shown in Fig. 4 as the smooth decaying
lines I and 2. The approximation using the
optical constants of bulk Co and Cu (g,C°=
-12.50-i-18.46 [30] and 81C°= -0.47-i-0.65
[31] — diagonal and off-diagonal compo-
nents of the Co permittivity tensor, respec-
tively; Ng, = 0.24+i-3.47 [32] — the com-
plex reflectivity index of Cu) is labelled
with 1. It is seen from Fig. 4 that this
simulation explains the monotonous decay
of the |63|(dCu) dependence qualitatively. But
a more satisfactory approximation can be
obtained by changing optical parameters of
Cu and Co. For instance, the line 2 is ob-
tained if we take Ng, as 0.21+i-4.
Comparison of Fig. 3 and 4 shows that
the positions of the first two maxima of
d6/dH(dg,) dependence coincide with those
in the |0,(dg,) one. The most intense maxi-
mum of the d0/dH(dg,) coincides with the
weak minimum of |63|(dCu) one. The correla-
tion between the dO/dH(dg,) and |93|(dCu)
dependences may testify the coupling be-
tween the origins of the d0/dH peaks and
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Fig. 4. Experimental (dark circles) and calcu-
lated (smoothly decaying lines) Cu layer
thickness dependence of the spontaneous
Kerr rotation for the Co(0.8 nm)/Cu(dg,)
multilayers. Line 1, approximation by Eq.(3)
with the bulk Co and Cu optical constants
(o°° = —12.50—i-18.46 [30] and £,%° = —0.47-
i-0.65) — diagonal and off-diagonal compo-
nents of the Co permittivity tensor, respec-
tively; Ng, = 0.24+i-3.47 [32] — the complex
reflectivity index of Cu). Line 2, approxima-
tion by Eq.(3) with the changed complex re-
flectivity index of Cu Ng, = 0.21+i-4.

the 0, increase at least in two films
Co/Cu(0.9 nm) and Co/Cu(1.35 nm).

The O, increase in MLFs can be due to
several reasons. The spontaneous magneto-
optical properties of the multilayered films
can be noticeably enhanced due to the
changing optical parameters of the inter-
faces between NM and FM layers, caused by
electronic states hybridization of the adja-
cent metal layers [11, 22]. The changes of
the spontaneous magneto-optical Kerr effect
in the Co/Cu multilayered films due to the
modified optical parameters of the inter-
faces at A =632.8 nm attain 100 % [33].
The hybridization of atomic electronic
states of the adjacent NM and FM layers in
MLFs can influence the spin-orbit splitting
of electronic bands in the FM layer [34].
But, this is unable to cause any marked
changes in the MO response because of
small difference between the spin-orbit cou-
pling of Cu and Co [12]. The hybridization
of Cu-p band with Co-d band can cause Cu
polarization at the Cu/Co interfaces. But
the Cu magnetic moment amounts only
0.02up [85] (for the Co(1.2 nm)/Cu(0.8 nm)
multilayer); in contrast, the Co magnetic
moment in the bulk fcc material is about
1.67ug (1400 G [35])). The NM layer mag-
netization in MLFs also may be due to the
interference of the spin-polarized conductiv-
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ity electrons in the NM layer. However, its
possible values (about 0.05up, calculated for
[Co/Cu(0.4 nm)]5 [36], and about 0.09up,
experimentally obtained for [Co/Cu(1l nm)]sq
[37]) are much less than ~ 1.67ug (bulk Co),
too. Thus, Cu polarization in the Co/Cu
multilayers due to both the hybridization of
the Cu and Co states at the interfaces and
the interference of the spin-polarized con-
ductivity electrons in the Cu layer may en-
hance the Kerr effect only by no more than
10 %.

In several works, the enhancement of the
spontaneous Kerr effect in the Au-wedge/Co
[9], Fe/Au-wedged/Fe, and Fe/Ag-wedged/Fe
[10] films was observed. The authors proved
that such phenomenon was caused by the
QSE influence on the energy spectrum of
the NM layer and, consequently, the appear-
ance of new magneto-optical transitions to
the spin-polarized quantum well states of
NM metal. As the NM layer thickness in-
creases, the intensities of these new transi-
tions oscillated periodically as the quantum
well state crosses the Fermi level, giving
rise to enhancement of the Kerr effect by
up to 25 %.

Among the considered reasons for the
spontaneous enhancement of MO properties,
the hybridization of atomic electronic states
in adjacent Cu and Co layers is seemed to be
the most probable one. It has the most in-
fluence on the MO response.

It should be noted the absence of the
Kerr effect spike at dg, = 1.8 nm. More-
over, at this thickness, the weak minimum
in the [0,(dc,) dependence is noticeable.
Such behavior is supposed to be connected
with the peculiarities of the interface struc-
ture between the Co and Cu layers. As
shown in our previous work [38], the film
Co/Cu(1.8 nm) has pronounced superparam-
agnetic properties, testifying the weak FM
coupling between its grains and the small
FM pinhole amount between the Co layers.
The particular magnetic and magneto-opti-
cal properties of the Co/Cu(l.8 nm) are
likely to be connected with the peculiarities
of the interface structure between the Co
and Cu layers in this film, caused by the
known influence of the QSE on the struc-
ture and properties of the MLFs interfaces
[24—-28]. As mentioned above, the spontane-
ous magneto-optical properties of the multi-
layered FM/NM films depend heavily on the
quality of the interfaces [11, 12, 22, 23].

Thus, the magnetic field induced Kerr
rotation has been observed in the Co/Cu
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multilayers having the Cu layer thicknesses
equal to 0.9, 1.35, and 1.8 nm, providing
the extreme AFM or FM exchange couplings
between the Co layers. The Kerr rotation
angle increases in magnetic field steadily
and linearly with the magnetic field
strength. In the films with dg, = 0.9 and
1.35 nm, the enhanced spontaneous Kerr ro-
tation is also observed. The enhancement
mechanisms of the field-induced and sponta-
neous Kerr effects may have a common rea-
son, i.e., hybridization of the Co and Cu
electronic states at interfaces. The Kerr ef-
fect enhancement in magnetic field is sup-
posed to be caused by rise of the electron
density at the Fermi level at the Co/Cu in-
terfaces because of the d-(Co) and ps-(Cu)
electron hybridization, subjected to the
quantum size effect in the Cu layers.

The work was partly supported by NAS
of Ukraine (goal-oriented program, Contract
#1/07-H).
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S.Visnovsky,

JliniiiHe 30impmeHHa Mar"HiToonTtuyHOro edexry Keppa
y Mar"iTHoMy moJi y 6araromaposux miaiBkax Co/Cu

I.M.JIykienko, M.®P.Xapuenrxo, B.B.3opuenko, O.M.Cmeyenko

V¥V bararomapoBux mriBkax Co/Cu mpu roBmuui mapis Cu, axi sabesmeuyioTb eKcTpe-
MaJbHUN OOMiHHUI 3B’sa30K Mix mapamu CO, cmocrepirajgocsi MOHOTOHHe JiHilfiHe 3 mojieM
30inbmenHa KyTa obepranHa Keppa. Ilpunyckaerbes, mo 30inbmienHa ederty Keppa y
MATrHiTHOMY TOJIi BUKJUKaHO 30iJbIIIeHHAM T'yCTHUHU eJeKTPOHiB Ha piBHI @epmi B iHTEp-
(deiicax sapmaxu ribpuausanii d-(Co) i sp-(Cu) eneKTPOHHMX CTAHIB, L0 3a3HAIOTH BILJIUBY

KBAHTOBOr'O PO3MipHOTO edexTy.
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