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We analyze the influence of the surface-induced anisotropy of magnetic-impurity spins on the magnetization
of thin polycrystalline films, consisting of weakly-coupled grains of homogeneous dilute magnetic alloys. The
calculated magnetization depth profiles across such AuFe films appear to be very sensitive to the grain shape.
Based on these calculations, we theoretically study the reflection of polarized neutrons by AuFe films with
different microstructure and show that polarized-neutron reflectivity measurements can provide a direct probe
of the surface-induced magnetic anisotropy of the impurity spins in films of dilute magnetic alloys.
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I. INTRODUCTION

Experiments on mesoscopic samples of dilute magnetic
alloys1–6 revealed a vast variety of size effects in the Kondo
resistivity, the thermopower, and the Hall resistivity of these
samples. In Refs. 7–9 size-dependent Kondo scattering was
linked to the surface-induced anisotropy of magnetic-
impurity spins. As shown in Refs. 7–9, the spin of an impu-
rity, embedded in a semi-infinite nonmagnetic host matrix,
tends to be aligned parallel to the host surface. This aniso-
tropy results from the interaction of the impurity spin with
conduction electrons that undergo spin-orbit scattering by
host atoms. The theory of the surface-induced anisotropy in
dilute magnetic alloys has been further generalized6,10–12for
arbitrary geometry of samples. In particular, it has been
shown6,11,12 that impurity-spin states and the corresponding
impurity-spin magnetization in polycrystalline films, consist-
ing of weakly coupled grains of homogeneous dilute mag-
netic alloys, are very sensitive to the grain shape as well as to
the specific positions of the impurities within a grain.

Neutron reflectivity has emerged as one of the most pow-
erful techniques to study the magnetization profile and mag-
netization directions of thin ferromagnetic and superconduct-
ing films. The reflection of neutrons from a thin film can be
described using an optical formalism that is governed by the
refractive index of the thin film material. Similar to the re-
flection of x rays, this formalism can be easily extended to
the reflection from a multilayered thin film sample. On the
other hand, neutron reflectivity is complementary to x-ray
reflectivity due to the fact that the neutron-scattering length
is not increasing monotonously with the atomic number.
Moreover, neutrons carry a magnetic moment, which can
interact with the local magnetic induction. For polarized neu-
trons the refractive index depends on the nuclear and the
magnetic neutron-sample interactions. A different refractive
index for neutron spin parallel or antiparallel to an external
neutron guide field leads to different reflectivities for a
spin-up neutron beam(denoted byR+) and a spin-down neu-
tron beam (denoted byR−). The difference between the
spin-up reflectivityR+ and the spin-down reflectivityR− can

be related to the sample magnetization. Comparison with an
optical model, which takes into account the neutron spin-
dependent reflectivity, allows one to reconstruct a magnetic
depth profile14,15 that is not available for standard inductive
magnetization measurements, such as SQUID magnetometry.
Neutron reflectivity has been successfully used to study the
penetration of vortices and the magnetic penetration depth in
thin superconducting films.16,17 It also played an important
role in the elucidation of the magnetic structure in magnetic
heterostructures.18 More recently, off-specular reflectivity of
polarized neutrons was used to study magnetization reversal
in an array of micron-sized ferromagnetic islands.19 Here, we
calculate how the impurity-spin magnetization is affected by
the shape-dependent surface-induced anisotropy and analyze
the possibility to detect this magnetization in the polarized-
neutron reflectivity of thin polycrystalline films of homoge-
neous dilute magnetic alloys.

II. FORMALISM

In a grain subjected to a magnetic fieldB, the thermody-
namic average for the impurity-spin component alongB can
be written as6,11,12

kSBl = −
1

2mBZ o
k=1

2S+1

expS−
Ek

kBT
DdEk

dB
, s1d

whereS is the impurity spin andmB is the Bohr magneton.
The Landé factor of the electron is assumed to be 2 and the
partition function Z is defined asZ=ok=1

2S+1exps−Ek/kBTd.
The indexk=1, . . . ,2S+1 labels the rootsEk of the secular
equation

uHSB8SB
− EdSB8SB

u = 0 sSB,SB8 = − S, . . . ,Sd, s2d

with the Hamiltonian

H = − 2mBS ·B + Han, s3d

whereS is the impurity-spin operator. The HamiltonianHan
describes the surface-induced magnetic anisotropy for an im-
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purity spin. This anisotropy is caused by the interaction of
the magnetic impurity with conduction electrons, which un-
dergo spin-orbit scattering by nonmagnetic host atoms. In
Refs. 7 and 8, an explicit expression for the HamiltonianHan
was obtained for the case of magnetic impurities in a semi-
infinite nonmagnetic host. The method, suggested in Refs.
10–12 and briefly described below, allows one to deriveHan
for samples with more complicated shapes.

To the lowest order in the electron-impurity and spin-orbit
interaction, the anisotropic contribution to the self-energy of
the impurity spin arises from the fundamental process7,8 in-
volving the spin-orbit scattering of an electron by two host
atoms. Denoting this contribution asFsR ,R8d, whereR and
R8 are radius vectors of the two host atoms in a coordinate
frame with the origin at the magnetic impurity, the Hamil-
tonianHan is expressed as

Han=
1

a6 E
grain

d3RE
grain

d3R8FsR,R8d, s4d

wherea3 is the volume per host atom and the integrations are
performed over all possible positions of host atoms within
the grain. It is convenient to rewrite Eq.(4) in the form

Han=
1

a6FEwhole

space

d3REwhole

space

d3R8FsR,R8d

+E outer

domain

d3RE outer

domain

d3R8FsR,R8d

− 2E outer

domain

d3REwhole

space

d3R8FsR,R8dG , s5d

where the first term on the right-hand side is obviously iso-
tropic and can be omitted. ForRkF.1 sR8kF.1d, wherekF

is the Fermi wave number of conduction electrons, the func-
tion FsR ,R8d rapidly decreases with increasingR sR8d be-
cause of a decrease of the overlap integral between spherical
waves centered atR sR8d and at the magnetic impurity.8

Therefore, assuming that the distanced between the mag-
netic impurity and the nearest element of the grain surface
significantly exceeds13 kF

−1, the second term on the right-hand
side of Eq.(5) can be neglected when compared to the third
one. In the latter term, we choose for the “primed” host at-
oms a coordinate frame with thez-axis parallel toR, obtain-
ing

Han= − 2E
0

2p

dwE
0

p

dq sin qsesq,wd ·Sd2Isq,wd, s6d

Isq,wd =E
Rfsq,wd

`

dRR2E
0

p

dq8 sin q8

3E
0

`

dR8R82fsR,0,R8,q8d, s7d

where esq ,wd is the unit vector in theR-direction, R
=Rfsq ,wd describes the grain surface, and the function

fsR,q ,R8 ,q8d is given by expression(27) of Ref. 8. To
leading order in the(small) parameter 1/sdkFd, one finds

Isq,wd = −
2A

pkFRfsq,wd
, s8d

where A is the material-dependent anisotropy-strength
constant.8,10 Using the relation dwdq sin q
=df ·esq ,wd /Rf

2sq ,wd, where df is the grain-surface element
with coordinatessRfsq ,wd ,q ,wd, we finally obtain12

Han=
4A

pkF
E

surface
df ·R f

sR f ·Sd2

Rf
6 . s9d

The integration is performed over the surface of the grain,
and R f is the radius vector drawn from the impurity site to
the surface element df.

Next, we analyze the specular reflection of neutrons by
films of dilute magnetic alloys for the case when the applied
magnetic fieldB is parallel to the surface of the film, using
the transfer matrix formalism.14,20 Equations(1)–(3) and (9)
allow us to find the position-dependent impurity-spin com-
ponentkSBl in a grain of arbitrary shape and then to calculate
the magnetization profiles across a film that can be probed by
the neutron reflectivity measurements. In a single-crystal
film, where the surface-induced anisotropy forms for impu-
rity spins an easy plane parallel to the film surface, the ther-
modynamic average of the impurity-spin magnetic moment,
2mBkSl, is always aligned with the applied magnetic field.
Because of the competing influence of film surfaces and dif-
ferently oriented interfaces between grains on the impurity-
spin magnetic anisotropy, the conditionkSl iB may be vio-
lated for an impurity in a polycrystalline film when the
distance between this impurity and an interface between
grains is comparable with or smaller than the film thickness
t. Hence, in grains with lateral sizes as small as a few na-
nometers, i.e., for the granular films under consideration(in
Sec. III calculations are performed for granular films witht
=30 nm), a certain fraction of impurities may have magnetic
moments that are not parallel to the magnetic fieldB. How-
ever, when averaging the impurity-spin magnetic moments
over the surface area that is coherently probed by neutron-
reflectivity measurements(typically of the order of tens of
micrometers)21,22 the averaged magnetization is parallel toB
in a film with randomly oriented grains, due to symmetry
reasons. The same also holds for films with an ordered ori-
entation of grains, which provides an in-plane symmetry
axis, when the applied magnetic field is parallel to that axis.
Below, we assume that one of the above two cases occurs.

For simplicity, we neglect surface roughness as well as
the neutron-beam angular divergence. More detailed calcula-
tions reveal that for realistic values of the surface roughness
and beam divergence, the conclusions presented below re-
main unaffected. The vacuum-film-substrate structure is
modeled as anN-layer system, the first(semi-infinite) layer
being the vacuum and theNth (semi-infinite) layer being the
nonmagnetic substrate. The film is subdivided intoN−2 thin
layers labeled by the indexj s j =2, . . . ,N−1d. Within each of
these layers, the impurity-spin magnetizationkSBl j is ap-
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proximated by the valuefkSBlgcs obtained by averaging the
local magnetizationkSBl over the middle cross section of the
layer.

Since the magnetization is aligned with the applied mag-
netic field, the reflected intensity of the neutron beam can be
written as14,20

R± = UM21
±

M11
± U2

, s10d

where the superscripts “+”(spin up) and “−” (spin down)
stand for neutrons with spins parallel and antiparallel to the

magnetic field, respectively. The transfer matrixM̂± is given
by

M̂± = D̂−1sq1
±dHp

j=2

N−1

fD̂sqj
±dP̂sqj

±,djdD̂−1sqj
±dgJD̂sqN

±d

s11d

with transmission matrices

D̂sqd = S1 1

q − q
D s12d

and propagation matrices

P̂sq,dd = Se−iqd 0

0 eiqdD . s13d

In Eq. (11), dj is the thickness of thej th layer, whileqj
± is the

transverse component of the neutron wave vector

qj
± = HS2p

l
D2

− 4pr jbj ±
2mgnmn

"2 Bj

− FS2p

l
D2

±
2mgnmn

"2 BGcos2 uJ1/2

, s14d

wherel is the neutron wavelength,u is the angle between
the incident neutron beam and the surface of the film,r j and
bj are the atomic density and the coherent neutron-scattering
length of thej th layer, respectively,m is the neutron mass,
gn=−1.9132 is the Landé factor of the neutron, andmn is the
nuclear magneton. The effective in-plane magnetic field in
the j th layerBj coincides withB for j =1 andj =N, while for
j =2, . . . ,N−1, it is given by

Bj = B + 2m0mBr j
impkSBl j , s15d

wherem0 is the permeability of the vacuum andr j
imp is the

atomic density of magnetic impurities in thej th layer of the
film. Assuming that the magnetic alloy is sufficiently dilute,
we use forr j

imp the expressionr j
imp=cj

imprhost, with cj
imp the

atomic concentration of magnetic impurities andrhost the
atomic density of the undoped host medium. Taking into ac-
count Eq.(15), we can rewrite Eq.(14) in the form

qj
± = FQ2

4
− 4pr jbj ±

4mgnmnm0mBr j
imp

"2 kSBl jG1/2

, s16d

whereQ=4pl−1 sinu is the momentum transfer for reflected
neutrons.

Once the valueskSBl j of the impurity-spin magnetization
have been calculated, Eqs.(10)–(13) together with Eq.(16)
completely determine the neutron-reflectivity coefficientsR+

andR− for the structure under consideration. Below, we will
analyze the spin asymmetrys, which is defined as

s=
R+ − R−

R+ + R− s17d

and reflects the difference in reflectivity for spin-up and spin-
down neutrons. As can be seen from Eqs.(10), (11), and
(16), this normalized difference is sensitive to the magneti-
zation profile across the film.

III. RESULTS AND DISCUSSION

Let us now consider the impurity-spin magnetization and
the neutron reflectivity for thin Fe-doped Au films that con-
sist of parallelepiped-shaped grains and are deposited on a
semi-infinite nonmagnetic substrate. In order to reduce the
number of input parameters, we assume that all grains within
a film are equal and, moreover, have an identical orientation.
The grain edges are taken parallel to the axes of a Cartesian
coordinate frame. Thez-axis is assumed to be perpendicular
to the film. Consequently, the height of the grainsaz coin-
cides with the film thickness, which is chosen to be 30 nm in
the calculations below. The lateral grain sizes areax anday.

For an arbitrary positionsx,y,zd of a magnetic impurity in
a parallelepiped-shaped grain, the integration over the grain
surface in Eq.(9) can be performed analytically, leading for
the HamiltonianHan to an expression of the form

Han= AfSx
2bsx,y,zd + Sy

2bsy,x,zd + Sz
2bsz,x,yd

+ sSxSy + SySxdcsx,y,zd + sSxSz + SzSxdcsx,z,yd

+ sSySz + SzSydcsy,z,xdg s18d

with the functionsbsj ,h ,zd and csj ,h ,zd sj ,h ,z=x,y,zd
explicitly given in Refs. 11 and 12. For the anisotropy-
strength constant in dilute AuFe alloys, a valueA=0.12 eV
was inferred6 from a comparison between theoretical and
experimental data for the anomalous Hall effect in thin AuFe
films. We use the aforementioned results6,11,12 to calculate
the position-dependent magnetizationkSBl of an Fe spinsS
=2d in AuFe grains. Next, the impurity-spin magnetization
kSBl is averaged over all positions of impurities within a
cross section parallel to the film surface. This average,
fkSBlgcs, as a function of the distance between the cross sec-
tion and the film surface, represents the magnetization profile
across the film.

In Fig. 1 we show the calculated magnetizationfkSBlgcs as
a function of the distance between the cross section and the
film surface for grains with different lateral size(grains with
a square base,ax=ay, are considered). The calculations are
performed for a temperatureT=1 K and a magnetic fieldB
=1 T, which is taken parallel to thex-axis. Due to the
surface-induced magnetic anisotropy, the magnetization of
impurity spins rapidly decreases when the cross section un-
der consideration approaches the surface of the film. Even in
the middle of the film, the magnetization remains signifi-
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cantly smaller than its bulk value, which is 1.653 at the con-
sidered values ofT, B, and S. A less trivial result is the
substantial difference, revealed by our calculations, between
the magnetization profile in flat grains(with ax and ay sig-
nificantly larger thanaz) on one hand, and that in pillarlike
(with ax,ay,az) and nearly cubic grains on the other hand.
In the latter case, the maximum magnetization is clearly
shifted from the middle cross section toward the surface.
Based on the results shown in Fig. 1, we also conclude that
the magnetization averaged over the whole grain is a nonmo-
notonous function of the lateral size of the grain. When
modifying the grain shape from pillarlike to flat, this average
magnetization first increases, next reaches a maximum at
ax,ay<40 to 60 nm, and finally decreases, approaching a
nonzero limiting value atax,ay→` (the limit of a single-
crystal film).

In Fig. 2 the spin asymmetrys, calculated for AuFe films
on a semi-infinite nonmagnetic substrate, is plotted as a func-
tion of the neutron momentum transferQ for films with dif-
ferent lateral grain sizes. For the SiO2 substrate the following
parameters14 are used: rN=rSiO2=25.1 nm−3, bN=bSiO2

=15.8310−6 nm. The atomic concentration of Fe in the
AuFe films is assumed to be homogeneous:cj

Fe=2 at. % for
j =2,… ,N−1. For the atomic density of these layers, the
density of pure Au is used14 : r j =rAu=59 nm−3. The scatter-
ing length is assumed to bebj =cj

FebFe+s1−cj
FedbAu, where14

bFe=9.45310−6 nm and bAu=7.63310−6 nm. The spin
asymmetry in the absence of the surface-induced anisotropy
sA=0d is also shown. At any lateral size of grains under
consideration, the surface-induced anisotropy is seen to sub-
stantially reduce the amplitude of the oscillations ofs versus
Q when compared to the case ofA=0. At the same time, the
detailed shape of these oscillations is appreciably different

for different values ofax anday, reflecting the corresponding
differences between the magnetization profiles in grains with
various lateral sizes(see Fig. 1).

Figure 3 displays the spin asymmetry calculated for one

FIG. 3. Spin asymmetry, calculated for a polycrystalline AuFe
film with an Fe concentration of 2 at. % on a semi-infinite SiO2

substrate, as a function of the neutron momentum transferQ at
different magnetic fieldsB and temperaturesT. Results are shown
for the case of vanishing surface-induced anisotropy( A=0, thin
curves) and for the case ofA=0.12 eV (thick curves). The lateral
size of the grains isax=ay=40 nm, while their height,az=30 nm,
coincides with the film thickness. The magnetic field is parallel to
the x-axis.

FIG. 1. Cross-section average for the magnetization of impuri-
ties in parallelepiped-shaped AuFe grains,fkSBlgcs, as a function of
the distance between the cross section and the film surface, which is
taken to lie in thexy plane. Different curves are for different lateral
size of grains with square basesax=ayd. The height of the grains,
az=30 nm, coincides with the film thickness. The magnetic field,
B=1 T, is parallel to thex-axis. Calculations are performed for a
temperature T=1 K and an anisotropy-strength constantA
=0.12 eV.

FIG. 2. Spin asymmetry, calculated for polycrystalline AuFe
films with an Fe concentration of 2 at. % on a semi-infinite SiO2

substrate, as a function of the neutron momentum transferQ. Re-
sults are shown for the case of vanishing surface-induced aniso-
tropy (A=0, thin dashed curve) and for the caseA=0.12 eV with
different lateral grain size(thick curves). The height of the grains,
az=30 nm, coincides with the film thickness. The magnetic field,
B=1 T, is parallel to thex-axis. Calculations are performed forT
=1 K.
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particular AuFe film at different values ofT andB. From Fig.
3 we conclude that the suppression by the surface-induced
anisotropy of the spin asymmetry remains quite strong in a
rather wide range of temperatures and magnetic fields, al-
though it becomes relatively less pronounced with increasing
T or B.

We now address the question how the magnetization pro-
files and the spin asymmetry depend on the orientation of the
in-plane magnetic field with respect to the grain edges. We
assume that the magnetic field is directed along one of the
symmetry axes of the grain and forms an anglea with the
x-axis. In Figs. 4(a) and 4(b) the magnetization profiles are
shown ata=0 anda=p /4 for a cubic grain and for a flat
grain with a square basesax=ay=50 nmd, respectively. Fig-
ures 4(a) and 4(b) imply that for both types of grains the
dependence of the magnetization ona is weak. However, the
situation dramatically changes when the shape of the grain
base in thexy plane substantially deviates from a square. In

Fig. 4(c), the magnetization profiles are plotted for a grain
with ax=50 nm anday=30 nm. For most of the impurities in
this grain, the magnetic anisotropy is dominated by the effect
of grain surfaces parallel to thex-axis (total area of these
surfaces is substantially larger than that of surfaces perpen-
dicular to thex-axis). Due to a combined effect of the four
“large” surfaces, impurity spins tend to be aligned parallel to
the x-axis. As a result, the impurity-spin magnetization
fkSBlgcs reaches its maximum value for a magnetic fieldB
parallel to thex-axis and significantly decreases when rotat-
ing B toward they-axis.

In Fig. 5 we show the spin asymmetrys versus the mo-
mentum transferQ for neutron reflection by a film that con-
sists of laterally anisotropic grains withax=50 nm anday
=30 nm. As before, the neutron spins are assumed to be ei-
ther parallel or antiparallel to the applied magnetic field. As
expected from the above results for the magnetization pro-
files, the oscillation amplitudes ofs versusQ strongly de-
crease when changinga from 0 (magnetic field parallel to
the long axis of the grains) to p /2 (magnetic field parallel to
the short axis of the grains). It is worth noting that this effect
becomes more pronounced for smallQ (i.e., at small angles
between the incident neutron beam and the surface of the
film), where the reflected intensity of the neutron beam is
sufficiently high. Obviously, the described effect cannot be
observed in films with a completely random orientation of
grains. However, our calculations imply that a strong depen-
dence of the neutron-spin asymmetry on the orientation of an
in-plane magnetic field can be observed when, in addition to
an anisotropy of the lateral shape of grains, there also exists
a preferred orientation for the long axis of the grains in the

FIG. 4. Cross-section average for the magnetization of impuri-
ties in parallelepiped-shaped AuFe grains,fkSBlgcs, as a function of
the distance between the cross section and the surface of the film,
which is taken to lie in thexy plane. Different curves are for dif-
ferent anglesa between the direction of the applied magnetic field,
which lies in the plane of the film, and thex-axis. Calculations are
performed for a temperatureT=1 K, a magnetic fieldB=1 T, an
anisotropy-strength constantA=0.12 eV, and different lateral sizes
of the grains. The height of the grains,az=30 nm, coincides with
the film thickness.

FIG. 5. Spin asymmetry, calculated for a polycrystalline AuFe
film with an Fe concentration of 2 at.% on a semi-infinite SiO2

substrate, as a function of the neutron momentum transferQ for an
in-plane applied magnetic field parallelsa=0d and perpendicular
sa=p /2d to the x-axis. The film is considered to consist of
parallelepiped-shaped AuFe grains with lateral sizesax=50 nm and
ay=30 nm. The height of grains,az=30 nm, coincides with the film
thickness. Calculations are performed for a temperatureT=1 K, a
magnetic field B=1 T and an anisotropy-strength constantA
=0.12 eV.
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film plane. Experimentally, it might be possible to grow films
with such an anisotropic microstructure using an appropriate
substrate and appropriate deposition conditions,23,24or by us-
ing lithographic methods.

IV. CONCLUSIONS

We have shown that the surface-induced anisotropy re-
duces the magnetization of impurity spins. We find that the
reduced magnetization results in a weaker spin asymmetry in
the polarized-neutron reflectivity of thin polycrystalline
AuFe films. This effect remains pronounced for a wide range
of temperatures and magnetic fields.

Our calculations reveal a qualitative difference between
the magnetization profiles in films with flat grains and the
profiles in films consisting of pillarlike or nearly cubic
grains. Consequently, the spin asymmetry as a function of
the momentum transfer becomes sensitive to the shape of the
grains forming the film.

For films with a laterally anisotropic microstructure, the
spin asymmetry is shown to strongly depend on the orienta-
tion of an in-plane magnetic field. Polarized-neutron reflec-
tivity measurements on such films will provide a direct probe
of the surface-induced magnetic anisotropy of impurity spins
in dilute magnetic alloys.
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