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Abstract

The ½Fe=Cr�N superlattices with the uniaxial in-plane anisotropy and the stairs-like dependences of magnetization and

magnetoresistance on a magnetic field were MBE-grown on special (2 1 1)MgO substrates. It is shown that the ‘‘steps’’ on the MðHÞ

and DR=RðHÞ dependences are results of the multiple spin–flip transitions, i.e. 1801-reorientation of magnetic moments of ferromagnetic

sublayers in the superlattices. The transitions are found to be very sensitive to small variations of the Cr layers thickness.

r 2005 Elsevier B.V. All rights reserved.
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It was recently revealed that the magnetic state of
Co–Pt–Ru and Fe–Au multilayers with the uniaxial out-of-
plane anisotropy exists as a number of magnetic states with
the ferromagnetic (FM) and antiferromagnetic (AFM)
alignment of magnetic moments of adjacent FM layers
[1–5]. The transition from the one magnetic state to
another goes as a spin–flip (or metamagnetic) phase
transition, i.e. 1801-reorientation of the magnetic moment
of a FM layer inside magnetic domain. As a result of the
transitions, the step-like anomalies arise on the magnetiza-
tion curves. The theoretical explanation of the magnetiza-
tion processes in the Co–Pt–Ru multilayers was given in
Ref. [6] where the phase diagram for the finite-size
multilayers with the strong uniaxial out-of-plane anisotro-
py was analyzed. In particular, it is pointed out in Ref. [6]
that the unusual reorientation and multidomain effects
found in Ref. [2] are unknown both in bulk magnets and in
easy-plane AFM superlattices. However, magnetoresis-
tance data were not reported in Refs. [1–5]. Perhaps, it is
due to the fact that a sample used in the resistivity
- see front matter r 2005 Elsevier B.V. All rights reserved.
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measurements should be rather large and therefore it
contains a great number of the magnetic domains. The
total resistivity of a macroscopic sample turns out to be
weakly sensitive to the spin–flip transition in a small
domain. To make the effect of the spin–flip transitions on
resistivity observable, it is desirable to use a single domain
sample.
The purpose of this study is to show the possibility of

realization of the multiple spin–flip transitions in ‘‘classi-
cal’’ Fe/Cr superlattices with the uniaxial in-plane aniso-
tropy. In contrast to the Co–Pt–Ru and Fe–Au multilayers
having the complicate periodicity of atomic layers in the
multilayer stack, our Fe/Cr superlattices are much simpler
in preparation because of rather thick Fe and Cr layers.
Also the Fe/Cr superlattices have the in-plane magnetic
anisotropy and the single domain state in macroscopic
samples. Therefore the spin–flip transitions should be
accompanied by the step-anomalies in magnetoresistance
due to the well known correlation between magnetic and
magnetoresistive properties in multilayers with the GMR
effect. The synthesis and study of multilayers having
multiple switching magnetoresistive properties are impor-
tant for creation the multiple spin-logic devices [7].
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Fig. 1. Magnetoresistance DR=RðHÞ ¼ ½RðHÞ � Rs�=Rs in the ð2 1 1ÞMgO=
Crð90 ÅÞ=½Feð85 ÅÞ=Crð13:6 ÅÞ�12 superlattice. Magnetic field was applied

along easy axis in the film plane. The Rs is the sample resistance in the

saturation field Hs. The open circles correspond to the ascending branch,

and close circles—to the descending branch of the GMR hysteresis loop.
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Our investigations of Fe/Cr superlattices grown on the
MgO substrates with different crystallographic orientations
((1 0 0)MgO, (1 1 0)MgO and (2 1 1)MgO) have shown that
the ð2 1 1ÞMgO=½ð2 1 0ÞFe=Cr�N superlattice exhibits the
uniaxial in-plane magnetic anisotropy with easy axis
directed along ½1 0 0�Fek [1 1 0]MgO. It has been revealed
that the saturation field Hs in the superlattice grown on
(2 1 1)MgO substrate is approximately four times lower in
comparison with the Hs for the ð1 0 0ÞMgO=½Fe=Cr�N
superlattice with the same layer thickness. This important
experimental fact gives the possibility to shift the magne-
tization processes to the range of magnetic fields
(Ho500Oe) where the uniaxial in-plane anisotropy plays
a significant role.

The ð2 1 1ÞMgO=Crð80 ÅÞ=½Feð85 ÅÞ=Crðt; ÅÞ�N superlat-
tices with the Cr layers thickness in the range of tCr ¼

12C14 Å and the repetition number N ¼ 11; 12 were
grown by MBE. The thicknesses of Fe and Cr layers were
chosen with the aim to find the case when the uniaxial in-
plane anisotropy energy approximately equals to the
exchange coupling energy between FM layers.

The structure was investigated using low-angle X-ray
scattering and transmission electron microscopy. The
magnetization curves were measured by VSM and SQUID
at temperatures T ¼ 2K and T ¼ 300K. The standard
four-probe technique (PPMS, Quantum Design) was used
for resistivity measurements. The samples with sizes 1:5�
8mm and 5� 5mm were used for the resistivity and
magnetization measurements, respectively.

Fig. 1 shows the field dependence of the magnetoresis-
tance in the superlattice Fe/Cr with Cr layers thickness
tCr ¼ 13:6 Å. One can see, the presence of multiple step-like
anomalies on the DR=RðHÞ dependence in the magnetic
fields Ho500Oe. The GMR amplitude in the sample
measured at temperatures T ¼ 2K and T ¼ 300K were
found to be equal to 18% and 2.4%, respectively. To
analyze the stairs-like GMR dependence in connection
with a change of magnetic states in the superlattice, the
descending branch of the hysteresis loop (a) and the
corresponding branch of magnetoresistance (b) are pre-
sented in Fig. 2. The magnetization M is expressed in
Fig. 2(a) in unites of the magnetic moment M0 of one Fe
layer in the sample. It is obvious that the total magnetiza-
tion of the superlattice changes discretely. The value of DM

steps is proportional to M0. For example, step-anomaly
(denoted as 1 in Fig. 2(a)) corresponds to one spin–flip
transition which means here the 1801-reorientation of the
magnetic moment M i of ith FM sublayer. The total
magnetization of the sample is decreased at this anomaly
by the value of 2M0 due to the compensation of two equal
magnetic moments with the opposite direction.

The normalized magnetoresistance defined as
DR=RðHÞ ¼ ½RðHÞ � Rs�=DR0 is presented in Fig. 2(b).
The Rs is the resistance of the sample in the saturation field
Hs, and DR0 is the variation of the superlattice resistance
due to surface spin–flip transition. The presentation of the
magnetoresistance in unites of DR0 gives the possibility to
experimentally separate the surface spin–flip transition and
the transition occurs inside the superlattice: the DR0 value
corresponds to a surface spin–flip transition, and the value
2DR0 corresponds to a spin–flip transition inside the
superlattice.
To explain the different influence of the two type

spin–flip transitions on multilayer resistance, necessary to
note that the typical electron free path in Fe/Cr multilayers

is ‘�10C100 Å. The discussed above Fe/Cr multilayer has
the superstructure period L ¼ tFe þ tCr � 100 Å. The per-
iod is comparable or bigger than electron free path LX‘.
One can choose the elementary thickness cell including
nonmagnetic spacer and two half parts of thickness of
nearest FM layers. In this case (LX‘Þ the electron
scattering in different cells may be considered as indepen-
dent and each elementary cell is equivalent to the one spin-
valve element. It is clear that the surface spin–flip transition
involves the only one spin-valve element, while the
transition that occurs inside antiferromagnetically ordered
multilayer gives the resistance change which is equivalent
of a result of switching process in two spin-valve elements.
One can additionally note that the flip of magnetic moment
M i located between two antiparallel M iþ1 and M i�1

moments will not change the multilayer resistance. In this
case two spin-valve elements involved into the transition
give the equal resistance changes DR0 but with opposite
sign: DR ¼ �DR0 þ DR0 ¼ 0.
The comparative analysis of MðHÞ and DR=RðHÞ

dependences presented in Fig. 2 shows that the MðHÞ step
anomalies marked as 1, 2, 3, and 7 correspond to spin–flip
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Fig. 3. The ð2 1 1ÞMgO=Crð90 ÅÞ=½Feð85 ÅÞ=Crð12:4 ÅÞ�12 superlattice

hysteresis loop. Magnetic field was applied along easy axis in the film

plane. The magnetization is expressed in unites of the magnetic moment

M0 of the one Fe layer in the superlattice.
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Fig. 2. Normalized descending branch of magnetization hysteresis loop

and corresponding branch of GMR hysteresis loop in the

ð2 1 1ÞMgO=Crð90 ÅÞ=½Feð85 ÅÞ=Crð13:6 ÅÞ�12 superlattice. Magnetic field

was applied along easy axis in the film plane. The magnetization in Fig.

2(a) is expressed in unites of the magnetic moment M0 of the one Feð85 Å)

layer in the measured sample. The magnetoresistance DR=R ¼ ½RðHÞ �

Rs�=DR0 is presented in Fig. 2(b) in unites of DR0. The value DR0 is the

change value of the superlattice resistance due to the one surface spin–flip

transition.
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transitions inside the superlattice (DM ¼ 2M0,
DR=R ¼ 2DR0Þ, and the step number 6 in Fig. 2(a)
corresponds both to the reorientation of one magnetic
moment inside the superlattice and one of two ‘‘surface’’
magnetic moments (DM ¼ 4M0, DR=R ¼ 3DR0Þ. The
complicate reconstruction of magnetic order in the super-
lattice occurs in magnetic fields near the coercive field Hc,
where the quantitative correlation between MðHÞ and
DR=RðHÞ is not so clear. No transitions with the step
change of magnetization and DR=R ¼ 0 were detected.
From the fact one may conclude that each of two
consequent magnetic moments involved into multiple
spin–flip transitions are not the neighboring moments in
the superlattice.

The decrease of the nominal Cr layers thickness on small
value DtCr ¼ 1:2 Å in the superlattice ð2 1 1ÞMgO=½Fe=Cr�12
leads to the increasing of exchange coupling. The latter
changes considerably the magnetization behavior in the
sample. Fig. 3 shows the hysteresis loop for the superlattice
with the Cr spacer thickness tCr ¼ 12:4 Å. There are three
main differences in this hysteresis loop in comparison with
tCr ¼ 13:6 Å superlattice: (i) saturation field is approxi-
mately twice bigger than in superlattice with tCr ¼ 13:6 Å,
(ii) number of transitions in the field range H40 are
reduced from 3 to 2, and (iii) the first transition (denoted as
1 in Fig. 3) involves three magnetic moments which are not
neighboring ones in the superlattice. These results demon-
strate the strong dependence of multiple spin–flip transi-
tions on a small variation of the Cr layers thickness.
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