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Uniaxial in-plane magnetic anisotropy and exchange bias in Sm/Fe bilayers
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We have studied structural and magnetic properties of quartz/Sm~25 nm!/Fe~15 nm! thin films by grazing
incidence x-ray diffraction, atomic force microscopy, longitudinal magneto-optic Kerr effect, and supercon-
ducting quantum interference device magnetometry. Both Sm and Fe layers exhibit growth in a preferential
direction with textured granular structure. The Fe layer is composed of small elongated grains~36 nm long and
21 nm wide!. The Fe grains are monodomains and are all parallel aligned due to the texture effect. Therefore,
their magnetic shape anisotropy is summed, producing a final uniaxial in-plane magnetic anisotropy in the film.
The Sm/Fe system is an antiferromagnetic/ferromagnetic bilayer exhibiting exchange bias coupling below 40
K. The long-range character of Sm-Fe spin interaction located near the interface maintains this coupling, in
spite of disorder effects at the interface, such as Sm-Fe alloying, and results in a power-law decay with
temperature for the exchange bias field (HE). @S0163-1829~99!09025-6#
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Over the last several years the growth of epitaxial m
netic thin films on single crystal substrates has allowed
study of a wide variety of magnetic properties.1 Interesting
results have been obtained in magnetic thin films based
rare-earth~RE! metals going from pure metal films2 and bi-
and multilayers3 to superlattices,4 the study of magnetic or
dering in the layers as well as the magnetic coupling betw
them being one of the most investigated subjects.

The interlayer exchange coupling may be of long or sh
range, leading to various magnetic properties. The interla
coupling through long-range interaction is well depicted
ferromagnetic layers separated by a paramagnetic one, w
the exchange coupling between the ferromagnetic layer
an oscillatory and decreasing function of the paramagn
layer thickness, and which couples the layer’s moment p
allel or antiparallel~for a recent review see Ref. 5!. This
coupling is mediated through the Ruderman-Kittel-Kasu
Yosida ~RKKY ! long-range interaction.

On the other hand, exchange coupling of short range
curs in antiferromagnetic~AF!/ferromagnetic~FM! inter-
faces, first observed by Meiklejohn and Bean6 in small par-
ticles of Co with oxidized surface. The main feature of th
coupling, also known as exchange bias~or exchange anisot
ropy!, is a shift of the center of hysteresis loops from ze
field. It has been observed in bilayers with permalloy~FeNi!
and an AF material, such as FeMn,7 CoO,8 and NiO,9 and
more recently in Fe/FeF2 bilayers.10 Roughly speaking, the
source of this asymmetry originates from exchange coup
of AF and FM spins at the interface. Cooling the sample i
positive field from above the AF ordering temperature (TN),
the field values required to invert the magnetization of
FM layer (MFM) from 1MFM to 2MFM and from2MFM
to 1MFM are different because, besides the Zeeman ene
there exists the exchange coupling between AF and FM s
PRB 600163-1829/99/60~1!/68~4!/$15.00
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which depends on theinitial configurationof AF spins at the
interface. Actually, the AF initial configuration produced b
the field cooling serves to lock the interactions of individu
spins at the interface. The hysteresis loop can be shifte
negative or positive fields, the value of the shift being
ferred to as the exchange bias field (HE). Several models
have been proposed to explain the sign and intensity ofHE ,
taking into account different initial AF spin
configurations.12–17 Note that any kind of disorder at the in
terface such as roughness, alloying, and dislocations tend
decrease the magnitude ofHE .11

In the present paper, we report structural and magn
properties of quartz/Sm~25 nm!/Fe~15 nm! thin films. In the
Sm/Fe bilayer it is well understood how the microstructu
contributes to the magnetic anisotropy of the film. The
layer is composed of small elongated monodomain partic
with their major axes parallel. Thus, the magnetic shape
isotropy of individual particles is ‘‘added,’’ producing
uniaxial magnetic anisotropy in the film. Such uniaxial a
isotropy has been clearly observed from measurements o
coercive field (HC) at room temperature, varying the ang
between the sample easy axis and the applied magnetic fi
Furthermore, resulting from exchange coupling the Sm
bilayer exhibits shifted hysteresis loops below 40 K@the
(TN) of Sm is 106 K ~Ref. 18!#, and the dependence o
temperature ofHE was measured. One interesting aspect
this system is the long-range character of the RKKY int
action between the Sm-Sm and Sm-Fe spins near the in
face, which has not yet been explored in other AF/FM bila
ers.

Films of quartz/Sm/Fe have been grown in an ultrah
vacuum~UHV! chamber with a base pressure lower than
31029 mbar. Both Sm and Fe were evaporated using a co
mercial Omicrom electron-beam evaporator at a low dep
68 ©1999 The American Physical Society
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tion rate~2 ML/min!. The quartz substrates were cleaned
immersion in acetone before loading into the chamber,
by annealing at 600 K for 1 h in UHV conditions. First, the
Sm layer was evaporated onto the quartz substrate at r
temperature followed by a fast heating up to 900 K. Afte
wards, the Fe layer was evaporated onto the Sm one at r
temperature. In order to induce a uniaxial anisotropy
deposition of Sm and Fe layers was carried out with
vapor beam arriving onto the substrate forming an angle
the normal surface of approximately 5°. In addition, it h
recently been shown through the initial growth of Sm on
substrates that Sm atoms have great mobility at the surf
favoring the formation of elongated grains.19 The character-
ization of films was madeex situthrough grazing incidence
(>1°), large angle x-ray diffraction and AFM. The AFM
analyses were done using a commercial system~Topometrix,
Discoverer model! in the noncontact mode.

Analyzing the~100! and ~110! reflections for Sm and Fe
layers, respectively, on grazing incidence and rotating
film around an axis perpendicular to the film plane, we o
served that the peak intensity exhibits a periodic behav
This means that the deposition of Sm and Fe layers lead
a preferential growth along a crystallographic orientat
forming grains with a textured structure. Atomic force m
croscopy~AFM! measurements provided the mean size
Sm grains~about 80 nm! and show that the Fe grains a
elongated and oriented along a preferential direction~see
Fig. 1!. The latter grains are 36612 nm long and 2167 nm
wide with aspect ratio equal to 1.6, approximately. It is
teresting to remark that, although the grain size follows
distribution function, the aspect ratio is almost the same
the whole size range.

Magnetization measurements were performedex situ
through longitudinal magneto-optic Kerr effect~MOKE! and
Supercondicting quantum interference device~SQUID! mag-
netometry. Our MOKE setup is composed of a diode la
emitting red light~wavelength 670 nm!; the polarizer and the
analyzer is arranged almost crossed, and the magnetic fie

FIG. 1. AFM image of Fe layer. The image shows elongated
grains with the mean length and width as 36612 nm and 21
67 nm, respectively. Note that the major axes are all parallel.
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applied in the plane of light incidence. The incident light w
linear p polarized and lock-in detection with light amplitud
modulation was used.

Hysteresis loops were measured using MOKE at ro
temperature with the magnetic field applied in the film pla
and forming an angle (u) in respect to the direction of mino
axes of the Fe grains. We show in Fig. 2 the coercive fi
(HC) at room temperature for the field applied in differe
orientations.HC follows a sinusoidal dependence onu, os-
cillating between 23 and 38 Oe with a periodicity of 180°.
fact, this periodicity agrees with AFM measurements, i.
the Fe grains exhibit the same uniaxial symmetry. Note t
at room temperature the Sm layer is not magnetically
dered, and the magnetic response is attributed to the Fe l
only. Hence, we attributed the observed magnetic anisotr
to the shape anisotropy of the Fe grains. In addition, this i
is supported by the fact that the size of Fe grains obser
here is below or of the order of the critical diameter for
(> 40 nm as mean diameter! below which a magnetic par
ticle becomes monodomain. If the Fe grains are larger t
the critical value, magnetic domains will be present ins
the grains and no magnetic anisotropy should be observe
conclusion, the granular textured microstructure is the sou
of the uniaxial magnetic anisotropy observed in the film.

In the light of the noninteracting monodomain gra
model given by the Stoner and Wohlfarth~SW! model20 one
can discuss in more detail the hysteresis loops. The squ
ness behavior, typical of angles whereHC has the maximum
value~see Fig. 3!, e.g.,u586°, is characteristic of magneti
zation curves of monodomain particles for the magnetic fi
applied parallel to the easy axis~long axis of the grain!. In
this case, the magnetization reversal occurs through cohe
rotation. On the other hand, for orientations whereHC has
the minimum value, e.g.,u5190°, hysteresis loops corre
spond to the hard axis. In that case, the magnetization rot
up to a critical value, above which the magnetization su
denly turns to the field direction.21 Note that, according to
the SW model, for the magnetic field applied along the h
direction no hysteresis exists. However, in our system,
observed hysteresis may result from the interaction betw
the grains.

e

FIG. 2. Measurements of coercive field (HC) by changing the
angle between the magnetic anisotropy axis and the magnetic
applied in the plane of the film. This curve indicates that the m
netic anisotropy is uniaxial. The line is a guide to the eyes.
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In Fig. 4 hysteresis loops measured on a SQUID mag
tometer~Quantum Design, MPMS XL model! at 5 K for u
586° show that the hysteresis loops centers are shifted
Oe to negative field~see inset!. The same behavior is ob
served when the sample is cooled with or without magn
field, at least up to 10 kOe. It probably occurs because u
decreasing the temperature a local field from the Fe laye
Sm atoms at the interface is sufficient to lock in the excha
interaction. In Fig. 4 we show the temperature dependenc
HE plotted in a log-log scale. Note that contrary to oth
systems exhibiting exchange bias coupling,HE decreases
very quickly, following a power law decay with temperatur
HEa1/Tg, whereg51.0360.08. Furthermore, the fact tha
HE vanishes at the temperature value of 40 K, which is
low TN of Sm ~106 K! and not atTN , as usually occurs in
these systems, may be due to either the rapid decreasin
HE , or to a possible reduction ofTN , caused by the forma
tion of some nonequilibrium alloy at the interface.

Before discussing the origin of the power law temperat
dependence ofHE , it is interesting to remark that due to th
high reactivy of the rare earths, a source of disorder ar
from formation of a Sm-Fe alloy at the interface, whic
could be enough to destroy a magnetic coupling. From
results, we have not been able to determine the thicknes

FIG. 3. Hysteresis loop foru586 ~full line! and 190°~dashed
line! measured by MOKE at 300 K.

FIG. 4. Exchange bias field (HE) as a function of temperature i
log-log scale. The inset shows a hysteresis loop performed at
shifted to negative fields.
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the region of alloying or disorder in our samples. From o
AFM measurements on a Sm surface we have found a m
roughness amplitude of 0.8 nm. However, after Fe deposi
an interdiffusion of Sm-Fe ions occurs. Due to the high
activity of rare-earth metals, one can expect the thicknes
alloying to be greater than the roughness of the Sm surf
Nevertheless, the long-range character of the rare-earth
interaction overcomes the thickness of this disordered
gion. Thus, it is reasonable to conclude that even with all
ing or other sources of disorder at the interface, the Sm
layer coupling interaction still prevails.

Cooling the sample from aboveTN the majority of Sm
spins at the interface will point along the field direction, wi
some in the opposite direction. In that way the exchan
coupling2JSm,FeSi ,SmSj ,Fe summed for all Sm and Fe spin
at the interface is maximum ifSi ,Sm has the same value fo
all Sm spins; otherwise the exchange coupling decrea
thus decreasingHE @JSm,Fe is the exchange constant betwe
Sm and Fe spins, andSi ,Sm(Fe) is the spin variable for a Sm
~Fe! spin i#. Note that spatial disorder caused by roughn
or alloying also decreasesHE by randomizingSi ,Sm(Fe) . For
a given temperature, if a Sm spin aligns opposite to the fi
direction, due to long-range Sm-Sm spin interaction ot
Sm spins will also be antiparallel within a correlation leng
Hence, it produces a quick decrease of the exchange
pling with temperature, and therefore ofHE . It is well
known that long-range spatial interactions and long-ran
memory effects exhibit power laws as a signature.22 Thus,
the observed power-law decrease of HE with temperature
may be interpreted as a consequence of long-range inte
tions at the interface.

From the above comments it is natural to consider that
spin configuration at the interface plays a crucial role in
exchange bias. Spin polarized electron diffraction stud
have shown the existence of magnetic properties at the
face that differ from the bulk in magnetic thin films.23 For
instance, the magnetic order and the ordering temperatu
the surface may be different from those of the bulk, and
same should occur at the interfaces. It has been reported
this effect is more pronounced in rare-earth systems,24 due to
long-range spin interactions. Hence, the knowledge of
spin configuration at the interface is of fundamental imp
tance in the understanding of exchange bias in Sm/Fe bi
ers.

Another possible explanation for our results consists
considering the alloy formation at the interface interacti
with the Fe layer, forming thus two distinct hard and so
phases as a spring exchange behavior. For instance, re
results have been reported in SmCo alloy/TM bilaye
(TM 5 Fe and Co!.25 In the latter the demagnetization curv
exhibits two steps, each corresponding to soft~TM! and hard
~SmCo! layer magnetization reversal. In Sm/Fe bilaye
however, such behavior is not observed, but only a shift
the hysteresis loop, as occurs in exchange bias coupling

In summary, we have shown that in the quartz/Sm~25
nm!/Fe~15 nm! system, Sm and Fe layers grown with a te
tured granular structure give rise to a uniaxial magnetic
isotropy in the plane of the film. An exchange bias coupli
between Sm and Fe layers exists in spite of the Sm
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alloying/disorder at the interface, and furthermore,HE de-
creases as a power law with temperature. We assume
this is a consequence of the long-range character of Sm
and Sm-Fe interactions at the interface.
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