Materials Science and Engineering B 291 (2023) 116314

ELSEVIER

Contents lists available at ScienceDirect
Materials Science & Engineering B

journal homepage: www.elsevier.com/locate/mseb

B fdanced uncions
Solsiste Materah

Cluster-layered [Fe/Cr]3g structure exhibited Kondo-like effect studied by

GISAXS and Mossbauer spectroscopy

R.A. Baulin®™", M.A. Andreeva?, A.V. Rogachev > Yul. Repchenko b S.N. Yakunin ",
M.A. Milyaev “, D.A. Ponomarev “, L.N. Romashev , V.V. Ustinov

@ Lomonosov Moscow State University, Faculty of Physics, Moscow 119991, Russia
b National Research Centre “Kurchatov Institute”, Moscow 123182, Russia
¢ M.N. Mikheev Institute of Metal Physics UB RAS, 620990 Ekaterinburg, Russia

ARTICLE INFO ABSTRACT

Keywords:

Cluster-layered nanostructures
Mossbauer spectroscopy
Kondo-like effect

X-ray reflectometry

Structure and morphology of epitaxial [Fe/Cr]so multilayers with ultrathin Fe layers (nominally 0.12 nm and
0.08 nm) have been investigated by X-ray reflectivity, synchrotron Mossbauer spectroscopy at low temperature
and grazing-incidence small angle X-ray scattering (GISAXS). The films demonstrate Kondo-like behavior of
electrical resistivity. The GISAXS patterns reveal their cluster-layered structure. The observed side maxima give
the information about the sizes and distances between lateral inhomogeneities. Mossbauer reflectivity spectra

measured below the critical angle of the total reflection support the existence of the cluster-layered structure of
the samples. Magnetic hyperfine field distributions show that largest number of >’Fe atoms is situated in in-
terfaces of iron clusters and their number increases in the thinnest films.

1. Introduction

Nanoscale metallic multilayers possess a wide range of outstanding
properties: the giant magnetoresistance (GMR) [1,2], oscillating inter-
layer exchange coupling [3,4], ladder-like magnetization curve [5],
multiple spin-flip transitions [6], perpendicular magnetic anisotropy
[7-11], anomalous Hall effect [12-17], enhanced interfacial Dzya-
loshinskii-Moriya interactions [18-19], formation of magnetic bubbles
or skyrmions [20-21] and so on. All these effects are important for ap-
plications in spintronics, sensorics, quantum optics, etc [22-23]. A large
variety of properties can be achieved by the variations of the elemental
composition of the layers, their thicknesses, and quality of interfaces.
For layer thicknesses in multilayer less than 0.3 nm their magnetic
properties become even more intriguing. A decrease of the nominal
thickness of the iron layers in Fe/Cr superlattices down to atomic di-
mensions at which these layers are not continuous is accompanied by
appearance of the Kondo-like behavior of resistivity: with decreasing
temperature the electrical resistivity not decreases but starts to increase
from a certain temperature [24]. At room temperature such multilayers
are superparamagnetic, at low temperatures the transition to spin glass
(SG) state occurs [25]. Such behavior is not typical neither for Fe/Cr
superlattices [26], nor for Fe-Cr-alloys [27]. The Kondo-like effect has

been explained in [24] by a spin-dependent contribution to resistivity,
originated from the electron scattering on the planes of magnetic clus-
ters. Therefore, the details of created iron clusters, their lateral distri-
butions and their effective magnetic moments are of peculiar interest.

Mossbauer spectroscopy presents an excellent test of the local envi-
ronment of resonant nuclei. For example, Mossbauer method has evi-
denced of the inhomogeneous distribution of 57Fe atoms in [Fe/Cr]
sample with ultrathin Fe layers which is not possible to disclose by X-ray
reflectivity method [28]. However, it does not give the peculiarities of
the lateral structure of iron clusters, their size and shape.

Grazing incidence small-angular x-ray scattering (GISAXS) is the best
technique for characterization nanoobjects on surfaces [29-33], buried
nanoparticles [34], layers roughness [35-37], lateral inhomogeneity in
multilayers [38-40]. It is even used to gain sub-picosecond time reso-
lution for multilayers depth profiling in pump-probe experiments [41].

In this paper, we report the experimental proof of cluster-layered
structure in [Fe/Cr] multilayers with ultrathin Fe layers, that had
exhibited Kondo-like behavior, by means of low temperature Mossbauer
spectroscopy and GISAXS measurements.

* Corresponding author at: Lomonosov Moscow State University, Faculty of Physics, Moscow 119991, Russia.

E-mail address: baulin.roman@physics.msu.ru (R.A. Baulin).

https://doi.org/10.1016/j.mseb.2023.116314

Received 8 September 2021; Received in revised form 20 October 2022; Accepted 22 January 2023

Available online 15 February 2023
0921-5107/© 2023 Elsevier B.V. All rights reserved.


mailto:baulin.roman@physics.msu.ru
www.sciencedirect.com/science/journal/09215107
https://www.elsevier.com/locate/mseb
https://doi.org/10.1016/j.mseb.2023.116314
https://doi.org/10.1016/j.mseb.2023.116314
https://doi.org/10.1016/j.mseb.2023.116314

R.A. Baulin et al.

2. Materials and methods

The [Fe(0.12 nm)/Cr(1.05 nm)]3¢ and [Fe(0.08 nm)/Cr(1.05 nm)]3q
samples (the nominal thicknesses are given) were grown on Aly,O3
substrate with 7 nm Cr buffer layer at the Katun’-C molecular-beam
epitaxy facility in the Institute of Metal Physics (IMP) in Ekaterinburg,
Russia. Iron layers were prepared with 95% enriched °’Fe target in order
to enhance Mossbauer signal. The samples were covered by 1.2 nm Cr
layer to prevent oxidation.

The ultimate decrease of the °’Fe nominal layer thickness in these
multilayers leads to a very specific behavior of magnetoresistance for
these samples (Fig. 1).

The increase of electrical resistance below 170 K for [Fe(0.12 nm)/Cr
(1.05 nm)] 3¢ and below 242 K for [Fe(0.08 nm)/Cr(1.05 nm)]3 sample
takes place (Kondo-like effect [24]) and a strong dependence on the
external magnetic field is observed. Previous experiments have shown
that the minimum of the electrical resistance for [Fe(0.12 nm)/Cr(1.05
nm)]so sample correlates with beginning of the magnetic phase transi-
tion [28]. It is important to note that for the sample with smaller in-
homogeneities the magnetic phase transition accompanied by the
appearance of magnetoresistance appears at lower temperature of 100 K
compared to 150 K for the sample with larger inhomogeneities, but the
increase of the resistivity for smaller inhomogeneity sample started at
higher temperature ~250 K comparing with 150 K for the sample with
larger inhomogeneities.

Preliminary Mossbauer measurements were performed at room
temperature (RT) with common radioactive 57Co source. For both
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Fig. 1. Temperature dependence of the normalized electrical resistance R/R3o0
k for the [Fe(0.12 nm)/Cr(1.05 nm)]3o (top) and [Fe(0.08 nm)/Cr(1.05 nm)]3o
(bottom) multilayers at different magnetic field. Fig. 1 (top) is reproduced with
the permission from [28].
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samples RT conversion electron Mossbauer spectra show just single line
pattern confirming a superparamagnetic state of Fe atoms.

Mossbauer investigations at low temperature were performed at the
ID18 beamline [42] of the European Synchrotron Radiation Facility
(ESRF) using the Synchrotron Mossbauer Source (SMS) [43]. The SMS is
a nuclear resonant monochromator employing pure nuclear reflection
(111) from an iron borate (*’FeBO3) crystal. The source provides a pure
n-polarized radiation at 14.4 keV photon energy within a bandwidth of
15 neV which is tunable in the energy range about ~0.6 peV. The
samples were placed into superconducting cryo-magnetic system and
cooled down to 4 K. Mossbauer spectra were measured in reflection
geometry (R-spectra) [44,45] at grazing incidence angle 8 = 0.2°. The fit
of the Mossbauer R-spectra was performed with REFSPC [46,47] soft-
ware. X-ray reflectivity angular curves at 14.4 keV photon energy
(0.086 nm wavelength) for which the super- monochromatization was
not needed were measured with radiation from UmWeg reflection from
57FeBO3 crystal supplying higher intensity than forbidden (111)
reflection.

Grazing incidence small angular x-ray scattering (GISAXS) was
measured at the “Langmuir” beamline of the Kurchatov specialized
source of synchrotron radiation “KISI-Kurchatov”. GISAXS patterns have
been obtained at room temperature with monochromatic radiation
(0.086 nm wavelength) at a fixed grazing incidence angle 6 = 0.3° which
was 1.5 times larger than the critical angle (6. ~ 0.2°). Experiment ge-
ometry is presented at Fig. 2.

The size of incident beam was 50x50 um. The scattering patterns
were recorded by 2D LAMBDA 750 K detector (55x55 um pixel size)
placed on 620 mm from the sample. Between the sample and detector
the vacuum flypass was mounted. The specular beam was suppressed by
a beamstop and only diffuse scattering was recorded.

3. Results and discussion

The measured reflectivity curves (Fig. 3) show just one frequency
Kiesig fringes determining the total multilayer thicknesses: that is H =
31.5 nm for [Fe(0.12 nm)/Cr(1.05 nm)]3p sample including top and
bottom interfaces and 31.0 nm for [Fe(0.08 nm)/Cr(1.05 nm)] 3 sample.
The values are slightly smaller than the nominal values: 1.17 nm x 30 =
35.1 nm and 1.13 nm x 30 = 33.9 nm respectively. The root-mean-
square surface roughness is evaluated as ~2.5 nm for both samples.
The periodicity was not possible to detect, because the first order Bragg
peak for 14.4 keV radiation could appear at ~2°. For such high angle
and due to a very low contrast of electronic density for Cr and Fe cluster-
layers mixed with Cr the reflected signal supposed to be too small.
Moreover, a high difference between Fe and Cr layers’ thicknesses

Fig. 2. Scattering geometry and sematic model of the sample.
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Fig. 3. X-ray reflectivity curves for [Fe(0.12 nm)/Cr(1.05 nm)]3, (top) and [Fe
(0.08 nm)/Cr(1.05 nm)]3o (bottom) measured at A = 0.086 nm (14.4 keV).
Symbols are the experimental data; the lines are the fit result. In the inserts:
depth profiles of the electronic density (x25 = —Rey?, y°! is the real part of the
electron susceptibility).
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should strongly suppresses 1st Bragg reflection. Note that the previous
measurements with 0.154 nm radiation for [Fe(0.12 nm)/Cr(1.05
nm)]so sample did not detect any Bragg peak (expected at ~3.7°) as well
[28].

The precise fit of the X-ray reflectivity curve is an essential part of the
GISAXS pattern interpretation because it allows to get the depth distri-
bution of the total radiation field amplitudes at any angles for incident
E*(z,0) or scattered E (2, @) radiation which are needed for calculation

of the amplitudes of scattering waves by density inhomogeneities placed
at any depth when we use the Distorted Wave Born Approximation
(DWBA).

The measured GISAXS pattern (Fig. 4) as well has no any Bragg
maximum evidence corresponding to the periodicity along depth (con-
trary to the sample with thicker (0.8 nm) Fe layers for which the Bragg
maximum appeared in the GISAXS pattern [39]). Just Kiessig fringes
along the angle of the scattered radiation above the surface plane o are
presented. Basically the period of these oscillations can differ from that
in the reflectivity curve because they correspond to the maximum depth
at which the inhomogeneities are distributed. Clearly seen side peaks in
the GISAXS pattern at y = +0.30° for [Fe(0.12 nm)/Cr(1.05 nm)]3o and
at y = +0.36° for [Fe(0.08 nm)/Cr(1.05 nm)]3o characterize the cor-
relations in the lateral distribution of inhomogeneities.

Simulation of the GISAXS pattern has been done by the Distorted
Wave Born Approximation (DWBA). For calculation of the GISAXS in-
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Fig. 4. Experimental (left) and simulated (right) GISAXS patterns for [Fe(0.12 nm)/Cr(1.05 nm)]3, (top) and [Fe(0.08 nm)/Cr(1.05 nm)]3 (bottom) samples at the
grazing incidence angle 0 = 0.3°; « is the angle of the scattered radiation with the surface plane, vy is the deviation angle from the specular reflection plane (See Fig. 2

for scattering geometry).
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tensity I(?iaff) the fine slicing of the structure (~0.1 nm) is used. In
each of slice the amplitude of the total radiation field is beforehand
calculated for the directions of the incident E!*’(z,6) and outgoing
}5}‘”(27 a) waves given by ¢ and «a respectively with the help of propa-
gation matrices. The modeling of inhomogeneities has been carried out
as follows: in the slices relating to the iron layers and their interfaces
with Cr layers they have the shape of disks of different radius (and the
height equals to the thickness of the slice Hy,) (see Fig. 2). In such a way a
peculiar shape of the iron clusters can be taken into account.

The coherent sum of the scattering amplitudes by these in-

homogeneities over all m slices determines the GISAXS intensity I(?i—>

k) [39]:

(R

2

Zm7 ) nrtwle(q Zm)\/ W’" S(qH) - lz
(€Y

ZEmt Zn 9

2
= siny, @

2
qg = i (sind 4+ sina), q )

A
Fparticte(q'', 2m) is a form factor of inhomogeneity (cluster), S(g!) is the
interference function between waves scattered by lateral in-

homogeneities in each slice. Factor e>"4” takes into account some loss
of coherence in the interference of scattered waves from different slices
with increasing angle, W, is the relative “weight” of inhomogeneities in
different slices,

Supposing an axial symmetry of inhomogeneities their form factor
E,

HR
Fpartirl@ (qH ) Zm) = 277'- Apm Hm Z <an2 TI‘R > /an (3)

artice(q!!, 2m) Was taken in the form corresponding to the cylinder:

Materials Science & Engineering B 291 (2023) 116314

where additionally the averaging over its radius by Gauss function with
width 6,, was applied:

(Rn—Rm)?

pa=e “)

For the lateral correlation function S(q!) the simplest formula cor-
responding to the scattering by paracrystal was used [48-51]:

1y — 1= Plg)”
8(q") = 1+ P(ql)* — 2P(g)cos(¢|D) %)
with
P(q") :exp(—%) eﬁ (6)

where D is the nearest-neighbor distance between the inhomogeneities
and op is its root-mean-square deviation. In order to take into account a
finite number of coherently scattering inhomogeneities, the exp(—2)
factor is inserted into (6) according to [50]. The parameter A is called
the damping length. This factor allows us to take into account the
scattering at y = O in the GISAXS pattern [29]. For [Fe(0.12 nm)/Cr
(1.05 nm)]39 GISAXS pattern calculation A = 55 nm and for [Fe(0.08
nm)/Cr(1.05 nm)]3p A = 44 nm were used.

The fit of the horizontal (at a = 0.21°) cross sections of the GISAXS
pattern (see Fig. 5, left side) gives the average radius of iron clusters R;,
= 5.4 nm with distribution ¢,, = 2 nm and average distance between
them D = 15.4 nm with distribution 6p = 2 nm for [Fe(0.12 nm)/Cr
(1.05 nm)]sp sample; accordingly R,, = 4 nm, 6,,=1.6 nm, D=12.6 nm
and op = 2.2 nm for [Fe(0.08 nm)/Cr(1.05 nm)]3, sample. It is
remarkable that so small difference in cluster sizes R, for two samples
has so strong impact on the behavior of their electrical resistivity
(Fig. 1).

The fit of the vertical cross sections (at y = 0°) of the GISAXS pattern
(Fig. 5, right side) gives the maximal depth of existed inhomogeneities
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Fig. 5. Horizontal at a = 0.21° (left) and vertical at y = 0° (right) cross sections of the GISAXS pattern for [Fe(0.12 nm)/Cr(1.05 nm)]3, (top) and [Fe(0.08 nm)/Cr
(1.05 nm)]30 (bottom) samples. Symbols are the experimental data; the lines are the fit result. The difference in the maxima positions for two samples is designated by
dash and solid vertical lines.
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which is close to the total thickness of the multilayer determined from
the oscillations on the X-ray reflectivity curve. We had to accept that the
height of the iron clusters does not exceed several atomic layers, because
if their vertical size H, would be equal or larger the nominal period then
the modulation of oscillations will takes place in the vertical scan, e.g.
for H, = 1.5 nm the first maximum of modulating oscillations will be
observable at a ~ 3.3, which is not the case. So we observed the for-
mation of flattened iron clusters in [Fe/Cr]3g, the lateral size of which is
much higher their height. In other words, we have got the experimental
evidence of the existence of the planes of clusters which is the working
model for the explanation of the Kondo-like behavior of these
multilayers.

The measured Mossbauer R-spectra for the both samples at 4 K
display a poorly resolved magnetic hyperfine splitting (Fig. 6). They
were fitted with broad distributions of the magnetic hyperfine field By
which were thereafter approximated by 7 sextets with the same values of

Bj) (33T,6.9T,10.0T, 125 T, 15.7 T, 19.5 T and 23.7 T) but their

weights for the two samples were fitted. Each multiplet corresponds for
the special number of Cr atoms as the nearest neighbors of °’Fe atom.

The smaller BL}) correspond to the Fe atoms situated at the cluster in-

terfaces. Therefore, the increase of relative weights of the smaller B,(:f) for

the sample with thinner iron layers (compare top and bottom distribu-
tions in Fig. 6) indicates that the size of the clusters in this sample is
smaller.

The obtained from fit By distributions are different from the bino-
mial atom distribution in FeyCr  alloy for x ~ 0.12/(0.12 + 1.05)~0.1
and for x ~ 0.08/(0.08 + 1.05)~0.07 (Fig. 7) but looks like typical for
the Fe clusters with dominant interface regions. The average value of By¢
is evaluated as 11.6 T for the sample with thicker Fe layers and 9.7 T for
the sample with thinner Fe layers. The fully absence of BS} =33Tat
hyperfine distribution indicates that the vertical size of the clusters does
not exceed the thickness of the iron layer including interfaces. That is in
agreement with GISAXS results. The absence of the modulations of the
thickness oscillations on the vertical GISAXS cross sections on the
observable scale confirms the small vertical size of the clusters in out
films.
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present the experimental results obtained from Mossbauer spectra.

4. Conclusion

We have performed X-ray and Mossbauer studies of [Fe/Cr]sy mul-
tilayers with ultrathin iron layers demonstrated Kondo-like effect of
electrical resistivity. We established the existence of the lateral in-
homogeneity in films and iron cluster formation via GISAXS method. For
the sample with nominal 0.12 nm Fe layer the average lateral size of the
cluster and average distance between neighbor cluster R,, = 5.4 nm,
D=15.4 nm was determined and for the sample with nominal 0.08 nm Fe
layer we get R,, = 4 nm, D=12.6 nm. This means that such small dif-
ference in the parameters of the cluster-layered samples leads to the
essential difference in the Kondo-like electrical resistance behavior and
magnetoresistance with temperature. Decreasing R, from 5.4 down to 4
nm shifts the minimum of the electrical resistance from 150 K to 250 K.
The existence of the cluster-layered structure of the investigated samples
is supported as well by Mossbauer measurements at 4 K. They give the
magnetic hyperfine field distributions obtained from Mossbauer R-
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Fig. 6. Mossbauer R-spectra measured at 0.2° grazing angle (left) and magnetic hyperfine field distribution (right) for [Fe(0.12 nm)/Cr(1.05 nm)]3o (top) and [Fe

(0.08 nm)/Cr(1.05 nm)]3o (bottom) samples.
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spectra are essentially different from the case of homogeneous FexCry. x
(x = 0.1) alloys. Mossbauer R-spectra indicate as well that the thickness
of the iron clusters does not exceed ~3-4 atomic layers and supports the
idea explaining Kondo-like behavior by the electron spin-depending
scattering on the planes of magnetic clusters [24]. The determined
value of the average magnetic hyperfine field for the iron clusters (11.6
T for the sample with thicker Fe layers and 9.7 T for the sample with
thinner Fe layers) can be helpful in determination of their effective
magnetic moments, needed for further development of the theory
Kondo-like effect.
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