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Here we report on a feasibility study aiming to explore the potential of Polarized Neutron Reflectometry
(PNR) for detecting the inverse proximity effect in a single superconducting/ferromagnetic bilayer. Exper-
iments, conducted on the V(40nm)/Fe(lnm) S/F bilayer, have shown that experimental spin asymmetry
measured at T' = 0.57¢ is shifted towards higher @) values compared to the curve measured at 7' = 1.57¢.
Such a shift can be described by the appearance in superconducting vanadium of magnetic sub-layer with

thickness of 7nm and magnetization of +0.8kG.
DOI: 10.7868/S0370274X13140117

A proximity of a superconductor (S) and a ferro-
magnet (F) leads to the appearance of a great num-
ber of intriguing phenomena, such as spatial oscillation
of electron density of states, m type S/F/S Josephson
junctions, F/S/F spin valves, etc. (see reviews [1-3|).
The study of these phenomena is of interest for our un-
derstanding of the physics of strongly correlated elec-
tron systems, and also of particular interest for creat-
ing a new generation of spintronic devices. One such
phenomenon is the inverse proximity effect — the ap-
pearance of magnetic correlations in the superconduc-
tor (S) close to the interface in contact with the ferro-
magnet (F) [4,5]. The origin of this effect is the cor-
relation of conduction electrons of the superconductor
with free electrons in the ferromagnet, which, in turn,
are exchange coupled. This correlation leads to the de-
velopment of a finite magnetic moment in the super-
conductor. The depth distribution of the induced mag-
netic moment can be approximately written as 6 M (z) ~
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~ £IM(0) exp(—z/&s), where M (0) is the magnitude
of induced moment on the S/F interface and &g is the
superconducting coherence length. The sign of the in-
duced magnetization can be either parallel or antiparal-
lel to the direction of the vector of magnetization of the
F layer, depending on the quality and the transparency
of the interface, the thickness and the exchange field of
the F layer [6, 7], the magnetic state of the F layer [8, 9],
etc.

For the experimental investigation of the inverse
proximity effects different magnetometric methods have
been used. SQUID magnetometry was used [10] to study
the magnetic state of a [Nb(100nm)/Py(10 nm)]s sys-
tem. An increase of the magnetic moment was observed
at T < Te. The maximum effect was observed at the
experimentally reached minimum temperature. In zero
field and in H = 100 0e Am/mo was found to be 6
and 5%, respectively (here Am = m(T < T¢) — mo
is change of the total magnetic moment of the sample,
mo — magnetic moment of the F layer above T¢). The
authors explain the increase of the magnetic moment
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Fig. 1. (a) — Depth profile of the concentrations of V, Cu, Fe, and MgO measured by SNMS. (b) — Temperature dependence
of the magnetic moment around T¢, measured in magnetic field H = 102 applied parallel to the sample surface. Left inset:
temperature dependence of the upper critical field of the S layer (dots — experimental points, solid line — fit). Right inset:

magnetic hysteresis loop measured at T'= 10 K

by a Meissner response of the S layer on the stray field
produced by the F layer. Nuclear Magnetic Resonance
(NMR) was used in articles [11] and [12] to detect in-
verse proximity effect in Ni/V(30-70nm)/Ni/MgO sys-
tems. However, NMR inherently needs the application
of DC and AC magnetic fields which makes comparison
of the experiment with the theory rather ambiguous.
The authors give a rough estimate M (0) ~ 3kGs of
the induced magnetization of the S/F interface. In the
same issue of Physical Review Letters, another article
[13] reported upon the observation of the inverse prox-
imity effect in Pb/Ni and Al/CoPd bilayers using the
polar magnetooptical Kerr effect. As a requirement of
the technique, the authors had to apply a special pro-
cedure to magnetize the F layer perpendicular to the
sample surface. Below T¢ they observed a finite mag-
netic signal indicative of a magnetic moment opposite
to the F magnetization. No estimates of the value of in-
duced magnetization are given in the work. The above
mentioned experimental methods are highly sensitive,
but lacking the required depth selectivity. Consequently,
the thickness of the induced magnetic sublayer cannot
be explored and compared with the theoretical predic-
tions. An alternative experimental method to study the
changes in the magnetization state of a sublayer is po-
larized neutron reflectometry (PNR). PNR measures the
nuclear and the magnetic depth-profiles, the latter via
the interaction of neutron spins with the magnetic in-
duction in the system. Advantages of the neutrons for
such studies are the very low absorption in the layers
of the required thickness for superconductivity which
allows studying deeply buried S/F interfaces. Another
advantage of PNR is the possibility to measure in a low-
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ToMm 98 BBRII.1-2 2013

intensity (several Oersteds) and DC-only magnetic fields
with arbitrary to the sample plane direction. This al-
lows to avoid problems with data misinterpretation due
to the Meissner effect, vortex state etc. To increase mag-
netic PNR signal, usually multilayered systems are used
where the investigated S/F bilayer is repeated several
times [14, 15]. Deposition of multilayered S/F structures
may inevitably lead to an increased cumulative rough-
ness of the S/F interfaces. Since the magnitude and even
the sign of the induced magnetization strongly depends
on the quality of S/F interface, this may lead to the sit-
uation when induced magnetization is different for the
different S/F interfaces. This greatly complicates the
interpretation of the PNR data. In order to avoid this
complication we suggest studying the inverse proximity
effect on the simplest S/F system — a single S/F bilayer.
To enlarge small magnetic scattering in this case waveg-
uide enhancement of the neutron standing waves [16, 17]
can be used. The advantage of the method is the strong
enhance of the intensity of the magnetic scattering (gain
factor is of order 10*—10%). The main disadvantage is
the small depth selectivity.

Waveguide enhancement was already
used to study magnetic proximity effects in
Cu(40nm)/V(40nm)/Fe(1 nm)/MgO  system  with

V/Fe bilayer of S/F type [18]. A 40% increase of the
total magnetic moment of the S/F bilayer was observed
below T¢. Using only the waveguide regime we were
not able to determine whether the observed growth of
magnetic moment is associated with the appearance
of the induced magnetization in the S layer or with
the increase of the magnetization in the F layer. In
this article we will discuss how such information can
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Fig. 2. (a) — Experimental (dots) and model (solid line) difference of spin asymmetries AS = S(0.57¢) — S(1.57¢). (b) —
Magnetic profile of the S/F bilayer below T¢ corresponding to the best-fit parameters M (0) = 0.8kGs and £ = 7nm.
Horizontal arrow show the size of the superconducting correlation length found from transport measurements

be derived from the comparison of the neutron spin
asymmetries above and below T¢.

The sample of Cu(32nm)/V(40nm)/Fe(lnm)/
MgO(001) nominal composition was prepared using
molecular beam epitaxy in the Wigner Research Centre
for Physics. Here, V(40nm) is a conventional BCS
superconductor and Fe(1nm) is conventional itinerant
ferromagnet. The high quality of the layers and S/F
interface was proved by several techniques including
Secondary Neutral Mass Spectrometry (SNMS, Fig. 1a)
and (synchrotron) z-ray reflectometry [19]. In par-
ticular, the root-mean square roughness of the Fe/V
interface was found to be less than 0.6 nm. The V/Cu
interface, in contrary, is not smooth. The high inter-
mixing of vanadium and copper leads to the creation of
approximately 5 nm transition region.

Superconducting parameters of the S layer were de-
fined using standard four-point DC measurements of the
electrical resistivity with magnetic field applied parallel
to the sample surface. Series of temperature and mag-
netic field scans allowed to define the critical tempera-
ture T and upper critical field Hgo. Temperature de-
pendence of the upper critical field Heo(T) is shown on
the left inset to the Fig. 1b. It shows typical 2D super-
conductor behavior (1 —T/T¢)'/? [20]. A fit of the ex-
perimental dependence Heo(T) allowed to define values
Tec = 3.4+ 0.1K and & = 9.3 £ 0.1 nm. Another im-
portant superconducting parameter, the magnetic field
penetration length A, can be estimated from expression
Heo(0) = 5 HyukA(0)/ds, where Hyqx = 0.14 T is the
critical field for bulk vanadium, dg = 35 nm — thickness
of the S layer found from analysis of X-ray, neutron and

SNMS data. The obtained value A(0) ~ 100 nm exceeds
several times the thickness of the S layer. Hence, mag-
netization induced in S layer due to Meissner effect will
not exceed a value of 1% of the applied magnetic field.
Magnetic properties of the F layer were defined using
SQUID magnetometry. The saturation magnetization
and the coercitivity at T = 10K are Mgy = 17.5kGs
and Heoer = 352, respectively (see right inset to the
Fig.1b). The SQUID magnetometer was also used to
define the temperature dependence of the magnetic mo-
ment in the vicinity of the superconducting phase tran-
sition (Fig. 1b). Before the cooling the F layer was sat-
urated in a magnetic field H = 1kGs and then cooled
down below T¢ in a magnetic field H = 10 2. The mea-
surement has shown that below T¢ a 40% increase of
the magnetic moment takes place, which is consistent
with the waveguide enhanced PNR data.

In order to define the reason of the increased mag-
netic moment we have measured the polarized neutron
reflectivities above and below T¢ in conditions simi-
lar to SQUID. Measurements have been done on the
angle dispersive reflectometers ADAM (ILL, France),
NREX (FRM II, Germany) and time-of-flight reflec-
tometer AMOR, (PSI, Switzerland). Magnetic field of
H = 209 (ADAM, NREX) and 1002 (AMOR) was
applied in-plane of the structure.

The spin-up and spin-down specular neutron reflec-
tivities RT(Q) and R (Q) as a function of the mo-
mentum transfer @ were measured using position sen-
sitive detectors (PSD). Since the magnetic contribution
to the neutron scattering is small, it is useful to sin-

gle it out using the so-called spin asymmetry S(Q) =
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=[RT(Q)— R (Q)]/[RT(Q)+ R (Q)]. The spin asym-
metry measured at T = 5K > T is depicted in Fig. 2a
with the black line. This function was fitted to the model
curve by a simple model, where only the F layer has
magnetic signal. The best fit was obtained for the mag-
netization of the F layer of 14kGs [18] which is con-
sistent with the SQUID data. After cooling the sample
below T¢ the shift of spin asymmetry towards higher Q-
values was observed near Q@ = 0.35nm~! (Fig.2a). By
controlling the position of the reflected neutron beam
on PSD we confirmed that this shift is the intrinsic
property of the sample but not an artificial fact caused
by e.g. the lop-sided thermal expansion of the sample
holder, shake of the cryostat during refilling etc. To de-
scribe the shift of the spin asymmetry below T we have
considered several models. The first model, change of
the magnetic moment only in the F layer cannot re-
produce the shift of the spin asymmetry. In the second
model we assumed the appearance of the magnetiza-
tion in the vanadium layer below T with exponential
law: M (z) = dM(0) exp[(z — 21)/&)]. Here, IM(0) is
the amplitude of the induced magnetization on the S/F
interface with coordinate z;, £ — characteristic thick-
ness of the magnetic sublayer. Parameters §M (0) and &
were varied during the fitting. Position of the S/F in-
terface z; = 71 nm was taken from the fit of the PNR
data [18] and was fixed. Fit provides best parameters
0M(0) = 0.8 £0.3kGs and £ = 7+ 1.0nm (Fig. 2b).
To prove the sensitivity of the fit to the thickness of
the sublayer, the dependence of the goodness-of-fit x?
on £ is displayed in the inset of Fig.2b. The resulting
magnetic profile reproduces the 40% increase in mag-
netic moment detected with the help of waveguide en-
hanced PNR and SQUID measurements. This increased
magnetization can be related to the inverse proximity
effect, since the fitted thickness of the developed mag-
netic sublayer compared with the superconducting cor-
relation length &g measured independently on the same
sample. However, on this stage, we do not exclude that
the induced magnetization may be related to the orbital
effects, like, for example, pinning of the vortices on the
S/F interface. This is indicative by the fact that the core
of the vortex also positively magnetized and has dimen-
sion of the order of . The magnetic field of the vor-
tex core can be calculated as Bo =~ ®In()\/&s)/2m\2,
where @ is magnetic flux quantum [21]. For our sam-
ple Bc =~ 0.7kGs, which is close to the value §M(0)
obtained from the fit of spin asymmetry. Detailed in-
vestigation will be presented elsewhere.

In conclusion, the feasibility of using the spin
asymmetry of the neutron reflection for detecting
the inverse proximity effect in a single superconduct-
ITucema B 2KOQTD 2013
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ing/ferromagnetic bilayer is considered. The appear-
ance in the superconductor of a new magnetic sub-layer
will leads to a shift in the oscillation of the neutron
spin asymmetry. First experiments have been conducted
on a V(40nm)/Fe(1nm) S/F bilayer. Experiment has
shown that the experimental spin asymmetry measured
at T = 0.5T¢ is shifted towards higher @) values com-
pared to the curve at T' = 1.5T¢. Such shift can be
described by appearance of a magnetic sub-layer in the
superconducting vanadium with thickness of 7nm and
the magnetization of 4+0.8kG. Since the thickness of
the induced sub-layer is comparable with the coherence
length of the S layer, appearance of this sub-layer can
be attributed to the inverse proximity effect.
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