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Interlayer exchange coupling and giant magnetoresistance in FeÕV „001… superlattices
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Magnetization and magnetoresistivity studies of Fe/V~001! superlattices are reported. The first giant mag-
netoresistance peak with respect to the vanadium and iron layer thicknesses is investigated. The interlayer
antiferromagnetic coupling strength is found to show a peak at a vanadium layer thickness of 13 atomic
monolayers ('20 Å) with a full width at half maximum of about 2 monolayers. The antiferromagnetic
coupling shows a maximum at an iron layer thickness of about 6 monolayers ('9 Å) for series of superlat-
tices with vanadium thicknesses around 13 monolayers. The magnitude of the giant magnetoresistance shows
a similar variation as the antiferromagnetic coupling strength.
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I. INTRODUCTION

The interlayer exchange coupling~IEC! of ferromagnetic
layers through a nonmagnetic metal has attracted a lo
attention in the last decade, in connection to the gi
magnetoresistive~GMR! effect observed in antiferromag
netically coupled layers.1,2 This interaction has been show
to oscillate between ferromagnetic~FM! and antiferromag-
netic ~AF! coupling when varying the spacer lay
thickness.3 The IEC has also, both experimentally an
theoretically,4 been shown to depend on the thickness
the magnetic layers. In this case, the coupling coeffici
does not necessarily change sign but may only show
varying magnitude with increasing layer thickness. Simi
variations of the GMR ratio with the magnetic lay
thicknesses have been reported.1 Fe/V ~iron/vanadium! su-
perlattices have been shown to couple antiferromagnetic
for Fe ~3 monolayers!/V ~12–16 monolayers!,5 and in a se-
ries of Fe(10 Å)/V(tV), oscillations were found with a
maximum in the strength of the antiferromagnetic coupl
at V layer thicknesses oftV522, 32, and 42 Å.7 One atomic
monolayer ~ML ! of a Fe/V ~001! superlattice amounts to
about 1.5 Å.

In this paper, the influence of the thickness of t
Fe layers on the IEC and the GMR of Fe/V~001! superlat-
tices near the first AF coupling peak (V'13 ML) is
examined.

II. EXPERIMENT

A. Sample preparation and characterization

The Fe/V superlattices~SL! were grown in a three targe
magnetron sputtering system with a base pressure of 1210

Torr. The polished MgO ~001! substrates (10310
30.5 mm3) were ultrasonically precleaned in ethanol, is
propanol, and acetone before they were outgassed at 80
for 30 min. The sputtering gas was Ar with a purity
0163-1829/2002/65~21!/214430~6!/$20.00 65 2144
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99.9999% and the targets used were Fe~99.95%!, V~99.7%!
and Pd~99.95%!. The sputtering gas pressure was 5.0 mT
and the substrate holder temperature was 400 °C. The sa
holder was electrically isolated from ground potential a
rotated (;30 rpm) during deposition to prevent thickne
gradients. The epitaxial relationship between Fe and M
~001! is Fe @001# i MgO @001# and Fe@110# i MgO @010#.
This arrangement gives a nominal lattice mismatch of 3.5
On the substrate, Fe and V were alternately deposited
using computer-activated shutters. The layer thicknes
were monitored by the deposition time. Typical depositi
rates of Fe and V were 0.65 Å/s and 0.45 Å/s respectiv
The samples were capped with palladium~Pd! to avoid oxi-
dation. In this paper we use the nomenclature Fe (X ML !/ V
(Y ML !, whereX andY indicate the nominal thicknesses o
the Fe and V layers in atomic monolayers, respectively. T
Fe thickness ranged from 3 to 13 ML (X53, 5, 6, 9, and 13
ML !, while V thicknesses (Y 5 11, 12, 13, 14, and 15 ML!
were chosen around the first AF coupling peak nearY
513 ML.5

The structural quality of the SL were investigated
x-ray diffraction~XRD!. The measurements were carried o
in the low-angle region (2u51 –20°) and in the high-angle
region (2u520–100°). A Siemens D5000 powder diffracto
meter was used with the beam defined by 0.3° diverge
and receiving slits. For full width at half maximum~FWHM!
measurements, the beam was defined by 0.05° slits. The
Ka radiation was monochromatized by a secondary grap
monochromator. The SUPREX model was used to determ
the Fe/V interface quality.6 Table I gives for all SL the num-
ber of atomic monolayers and repetitions, the thickness
Pd, as well as the nominal and measured superlattice per
L. The nominal L is estimated fromL5X3aFe/21Y
3aV/2, whereaFe52.8664 Å andaV53.0274 Å are the
lattice parameters of Fe and V, respectively. The measureL
value is obtained from the XRD measurements. The e
©2002 The American Physical Society30-1
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A. BRODDEFALK et al. PHYSICAL REVIEW B 65 214430
on the superlattice perioduL~nominal!2L~measured!u is
small, and amounts on average to 0.35 Å, i.e., less than
ML.

One of the superlattices, Fe~9 ML!/V ~13 ML! was char-
acterized by transmission electron microscopy~TEM!. A
cross-section specimen was prepared by gluing two thin
sample pieces face to face and subsequently cutting s
from the sandwich. Each slice was mechanically ground
both sides to a thickness of 100mm. The slice was then
dimpled to a thickness of 10mm at the specimen cente
whereafter the specimen was ion milled until electron tra
parency. The TEM analysis was carried out using both
Tecnai F30 ST field-emission gun TEM operated at 300
with a Gatan Imaging Filter and a Jeol 2000 FXII TE
operated at 200 kV.

B. Magnetization and magnetoresistance measurements

Hysteresis loops were recorded for all SL at 10 K in
Quantum Design MPMS5 superconducting quantum inter
ence device magnetometer. The magnetic field was app
along the@100# and @110# directions of the Fe layers. Th
absolute value of the magnetization has been calculated
ing the total volume of the Fe layers in each SL as the m
netic volume, neglecting any influence from induced m
ments in the V layers.7 For the SL where the coupling wa
found to be ferromagnetic and an in-plane anisotropy w
observed, the anisotropy constantK proportional to the en-
ergy difference between the@110# and the@100# direction
was deduced from the enclosed area of the two magne
tion curves in the first quadrant of the magnetization
applied field curves. Since the field was applied in pla
where the shape anisotropy is small, no correction

TABLE I. Data on the Fe (X ML !/V (Y ML ! superlattices.
Number of atomic monolayers and repetitions,Pd thickness, as
well as nominal and measured superlattice periodL.

Superlattice Pd (Å) NominalL (Å) MeasuredL (Å)

3/11330 100 20.95 20.80
3/12330 100 22.46 22.95
3/13330 100 23.98 24.30
3/14330 100 25.49 25.85
3/15330 100 27.00 27.65
5/12330 100 25.33 25.30
5/13330 100 26.84 27.00
5/13330 20 26.84 26.50
5/13330 0 26.84 26.60
5/14330 100 28.36 28.25
6/11330 100 25.25 25.20
6/13330 100 28.28 28.30
9/11330 100 29.55 28.35
9/12330 100 31.06 31.05
9/13330 100 32.58 32.80
9/14330 100 34.09 34.15
13/11330 100 35.28 36.70
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the field for demagnetization effects was done. For the
where antiferromagnetic coupling was observed,
coupling strength was estimated fromJ5m0MsHsattFe/4,
where tFe is the thickness of the Fe layers andHsat is the
saturation field.5 Resistivity r(H,T,u) and magnetoresis
tance ~MR! were measured using a standard four-pro
method and a Maglab 2000 system from Oxford Instrume
with a rotationary probe. The magnetoresistance w
recorded in the current-in-plane geometry.u refers to
the angle between the current and the in-plane magn
field. The resistance was deduced forHi I (u50) and
H'I (u590°) by rotating the sample and always feeding t
current between the same contacts. The MR is defined
Dr/r0 5 (r02rsat)/r0, with r05r(H50) andrsat5r(H
5Hsat).

III. RESULTS AND DISCUSSION

A high-angle radial scan of the Fe~3 ML!/V ~13 ML!
superlattice is shown in Fig. 1. The peak at 62.5° is the F
~002! Bragg peak, surrounded by five satellite peaks wh
originate from the superlattice periodicity. The peaks a
sharp and well defined indicating a high structural quality
the sample. The structural coherence length (z) in the
growth direction can be estimated from the linewidth of t
Bragg peak usingz51/Dq, where Dq is the linewidth
~FWHM in Å21) in the radial direction,q52 sinu/l is
the scattering vector andu is the angle of the inciden
and the diffracted x-rays with respect to the sample.
out-of-plane structural coherence length of about 400
was obtained for the Fe~3 ML!/V ~13 ML! superlattice.
No other peaks than those seen in Fig. 1, were dete
in the range 2u520–100° except reflections from th
substrate. Furthermore, a texture scan performed on
Fe ~3 ML!/V ~13 ML! superlattice showed four~220!
peaks separated by 90° indicating a single-crystalline su
lattice.

The SUPREX model was used to determine the Fe/V
terface roughness. The specular component of the low-a
x-ray diffraction data from the Fe~3 ML!/V ~13 ML! super-

FIG. 1. High-angle x-ray diffraction scan from the Fe~3 ML!/V
~13 ML! superlattice. log refers to the natural logarithm.
0-2
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INTERLAYER EXCHANGE COUPLING AND GIANT . . . PHYSICAL REVIEW B 65 214430
lattice in the range 2u5228° is shown in Fig. 2. The resul
from the fitting procedure is also shown in the figure whe
two distinct superlattice satellites are clearly visible. The
crease in intensity of the satellites corresponds to an ave
interface roughness of about two atomic monolay
(;3 Å). Furthermore, the results from the fit also indica
that the Fe-on-V~Fe deposited on V! interfaces have a some
what larger roughness than the V-on-Fe interfaces, a re
that is consistent with a recent Mo¨ssbauer investigation o
the Fe/V interfaces.8 It should be pointed out that x-ray dif
fraction furnishes structural information averaged ov
length scales corresponding to the coherence length of
photon. In the x-ray diffraction setup that was used, the
fective in-plane coherence length of the radiation at l
angles is limited by the spectral resolutionDl/l, to about
1000 Å. This means that we are measuring random inter
roughness as well as correlated roughness induced by
substrate. Reflection high-energy electron diffraction patte
of the Fe and V surfaces indicate a two-dimensional layer
layer growth of both materials.

The TEM micrograph in Fig. 3 shows a cross section
the Fe~9 ML!/V ~13 ML! superlattice. The superlattice ex
hibits flat layers, with no significant thickness fluctuatio
or waviness. Superlattice satellite reflections a
observed around the Fe/V~002! diffraction spot in the se-
lected area electron diffraction~SAED! pattern shown in
the figure. It is also evident that the specimen is sin
crystalline and the epitaxial relationship between the sup
lattice and the substrate is Fe/V@001# i MgO @001# and Fe/V
@110# i MgO @010#, as discussed above. A detailed TE
investigation of the interface quality will be further pe
formed.

As exemplified in Fig. 4~a! for Fe~6 ML!/V ~11 ML!, the
SL with a V layer thickness of 11 monolayers, all show
fourfold in-plane anisotropy, with@100# as the easy axis, ex
cept for Fe~3 ML!/V ~11 ML!, which appeared isotropic
inplane. This sample saturated at very low fields, which a
excludes AF coupling. The difference in magnetocrystall

FIG. 2. Low-angle x-ray diffraction scan~specular component!
for the Fe~3 ML!/V ~13 ML! superlattice. The solid line is the fit to
the measured data~filled squares!.
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anisotropy energy (Ea) between the@110# and the@100# di-
rections DEa5Ea@110#2Ea@100#, proportional to the an-
isotropy constantK, increased with the thickness of the ma
netic layers. K, however, does not exhibit theK5Kv
12Ks /tFe dependence (tFe is the thickness of the magneti
layers,Kv the volume, andKs the surface coefficient of the
magnetocrystalline anisotropy! that is expected if all SL are
equally strained@cf. inset of Fig. 4~a!#. The observed devia
tions from such a behavior are probably due to the mag
toelastic coupling, since the Fe layers are strained to acc
modate a common in-plane lattice parameter with the
layers.9–11

Fe ~3, 6, and 9 ML!/V ~13 ML! are magnetically isotropic
in plane, but rather large fields are required to reach sat
tion, implying that the Fe layers are antiferromagnetica
coupled. In Fig. 4~b!, the magnetization curve for the Fe~6
ML !/V ~13 ML! is plotted. The saturation field is conside
ably larger for the isotropic V~13 ML! SL than for the V~11
ML ! SL measured along the hard@110# direction. For a larger
Fe thickness, Fe~13 ML!/V ~13 ML!, the superlattice shows
a restored fourfold in-plane anisotropy and the magnetiza
curves for this sample is very similar to the correspond
curve for the Fe~13 ML!/V ~11 ML! SL. This shows that
magnetization wise, the AF interlayer coupling has beco
unresolvably weak for Fe layers in the thickness range 9
ML; as seen in the inset of Fig. 4~b!, the saturation field of
the AF coupled SL drastically decreases when increasing
amount of Fe in the superlattice. The saturation magnet
tion increases with the number of monolayers of Fe in
samples@cf. Fig. 4~c!#.

The magnetic field dependence of the normalized resis
ity (r/rsat or r/r0) for the Fe~3, 6, and 9 ML!/V ~13 ML!
SL, as well as for the Fe~13 ML!/V ~11 ML! sample are

FIG. 3. SAED pattern~top! and TEM micrograph~bottom! of
the Fe~9 ML!/V ~13 ML! superlattice.
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A. BRODDEFALK et al. PHYSICAL REVIEW B 65 214430
shown in Fig. 5~a!. GMR is observed for the first thre
samples, superposed with an increasing anisotropic ma
toresistance~AMR! component of same order of magnitud
as for the corresponding sample in the V~11 ML! series. Fe
~13 ML!/V ~13 ML!, on the other hand, displays like Fe~13
ML !/V ~11 ML! only AMR features. The saturation field
derived from the GMR curves agree with the correspond
values derived from the magnetization measurements for
SL with thin Fe layers, whereas for the Fe~9 ML!/V ~13
ML !, a saturation field is clearly seen in the MR behavior b
is not resolvable in the magnetization curves. The co
sponding value ofDr/r0 for the current Fe~3 ML!/V ~13
ML ! is lower than a previously reported value5 ~3% com-
pared to 7%!, which could be attributed to the difference
thickness of the capping layer of Pd used, (100 Å compa
to 30 Å in the earlier study!. The capping layer may affec
the coupling strength.12 The thickness of the capping laye
also sets the amount of current going through the supe

FIG. 4. Magnetization vs magnetic field for~a! Fe ~6 ML!/V
~11 ML! and ~b! Fe ~6 ML!/V ~13 ML!; T510 K. For the
FM coupled SL @inset of ~a!#, the variation of the anisotropy
constantK with the inverse of the Fe thickness is included.
the AF case@inset of ~b!#, the variation of the saturation field
is added. In ~c! the variation of the saturation magnetizatio
with the inverse of the number of monolayers of Fe is shown;
results for the ferromagnetically coupled superlattices are plotte
filled triangles. The bulk value is added for comparison~filled
circle!.
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tice, which in turn affects the MR ratio. We have observ
that the resistivity ratio between 300 K and 10
@r(300K)/r(10K)# and the magnitude of the measure
GMR ratio show a considerable covariation. A larger res
tivity ratio yields a lower GMR value for nominally simila
Fe/V SL. One obvious reason behind this behavior is as m
tioned above, a difference in thickness of the Pd capp
layer that we always grow to protect the Fe/V SL from ox
dation; in addition, Pd allows the SL to be further process
facilitating their hydrogenation.13 Figure 5~b! shows the ef-
fect of this layer on the~magneto!resistivity for an Fe~5
ML !/V ~13 ML! SL. Without Pd, or for a small thickness o
Pd, the resistivity ratio between room and helium tempe
tures amounts to;1.3. It increases by more than a factor
two for ;100 Å of Pd. At the same time the magnitude
the GMR effect drops from;8 –9 % to;3%. In the fol-
lowing, we will compare the GMR ratios of Fe/V SL havin
similar zero magnetic field resistivity ratio
@r(300K)/r(10K);2, see inset of Fig. 7#. The SL in the V
~11 ML! series show only AMR, as shown in the inset
Fig. 5. The size ofDr/r0 increases with increasing F
layer thickness, as may be expected from the increa
magnetic layer thickness and increasing magnetocrysta
anisotropy.

e
in

FIG. 5. ~a! Magnetoresistance curves for the AF coupled
~main frame! and for one of the FM coupled SL~inset!. ~b! illus-
trates the contribution of the Pd capping layer to the~magneto!re-
sistivity, showing the GMR~right! and resistivity~left! ratios of Fe
~5 ML!/V ~13 ML! SL with, respectively, 0, 20, and 100 Å of Pd
The dotted lines are guides to the eyes.
0-4



d
L

th
In
e
n
s
r
e
fo

wo
x-

s
in

ou

n

e/

yer.

es.
ing
tch
dy-
lane
sing
nces

g-
g
ices
in

red
et;
to
of

the

V
,

yer
ce
m
rg-
f’’
u-

a V
nd

led

INTERLAYER EXCHANGE COUPLING AND GIANT . . . PHYSICAL REVIEW B 65 214430
In Fig. 6~a! the AF interlayer coupling strength is plotte
vs the number of V monolayers for SL with 3, 5, and 9 M
of Fe. The three series of Fe/V SL show a maximum of
AF coupling strength at a V thickness of about 13 ML.
Fig. 6 ~b!, the AF coupling strength is plotted vs the Fe lay
thickness for series of SL with V thicknesses of 12, 13 a
14 ML. The AF coupling strength is weaker at a V thickne
of 12 ML, but all series of Fe/V SL show similar trends fo
the dependence of the coupling strength on the Fe thickn
a broad maximum at about 6 ML of Fe may be estimated
all V thicknesses.

The MR values of SL in the V~11 ML! and V ~13 ML!
series are displayed in Fig. 7. It is worth noting that the t
Fe ~13 ML! SL show an almost identical behavior only e
hibiting an AMR effect. The GMR for the V~13 ML! series
shows a maximum of about 5% at an Fe layer thicknes
about 6 ML. For the same Fe thickness, the AF coupl
strengh as well shows a maximum@cf. Fig. 6~b!#, which
could be related to the oscillatory character of the AF c
pling strengh with the magnetic layer thickness.16 The GMR
@cf. Fig. 7# and the AF coupling strengh@cf. Fig. 6~b!# vanish
rapidly when increasing the Fe thickness above 10 ML, a
do not seem to reappear for even larger thicknesses.10,14Pre-
liminary results from a study on FeNi/V superlattices15 indi-
cate a similar behavior. In many other systems, such as F
~Ref. 17!, Fe/Ti ~Ref. 18!, or even Co/Cu~Ref. 19!, the GMR

FIG. 6. Coupling strength of the antiferromagnetically coup
SL for ~a! varying V thickness and~b! varying Fe thickness. The
dotted lines are guides to the eyes.
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remains for much larger thicknesses of the magnetic la
Theoretically,16,19,20 the AF coupling ~and its oscillations!
also remains for relatively larger magnetic layer thickness
The superlattice quality remains the same with increas
iron layer thickness, however, due to the lattice misma
between Fe and V, the in-plane lattice parameter of the bo
centered-tetragonal superlattice and the mean out-of-p
lattice parameter decreases somewhat with increa
Fe layer thickness. These changes of the structure influe
the electronic structure of V~and Fe! and could possibly
change the ability of the V layer to mediate antiferroma
netic coupling.21 The rapid disappearance of the AF couplin
and the associated GMR in the present set of superlatt
will be further discussed in a study of the FeNi/V tw
system.

As mentioned above, we have in Fig. 7 only conside
the SL showing similar resistivity ratios, as seen in the ins
the GMR values in this plot are thus directly comparable
each other. Of course, differences in the crystalline quality
the films and interfaces may influence the magnitude of
GMR.22

IV. CONCLUSIONS

The interlayer exchange coupling of Fe/V~001! superlat-
tices shows a first antiferromagnetic maximum at a
thickness of about 13 ML. At a V thickness of 13 ML
the coupling has a maximum strength at an Fe la
thickness of about 6 ML. The magnetoresistan
shows GMR effects for the AF coupled SL with a maximu
magnitude at the Fe thickness where the AF coupling is la
est. It was also found that there is a surprising ‘‘cutof
thickness of the magnetic layer, above which the AF co
pling vanishes.

Measurements on a series of Fe/V superlattices with
thickness of 11 ML showed four fold in-plane anisotropy a

FIG. 7. Magnitude of the GMR and AMR vsNFe for all SL. The
inset shows the correspondingr300K /r10K resistivity ratio.
0-5
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only anisotropic magnetoresistance for all Fe layer thi
nesses. An AMR of the same magnitude was seen su
posed on the GMR effect for the series of SL with a
thickness of 13 ML.
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