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Magnetic properties of Co/Re hcp„101̄0… superlattices
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hcp(101̄0) Co/Re superlattices were grown via magnetron sputtering on Al2O3(112̄0) substrates. The
thickness of the Co layers was approximately 1.8 nm with the Re layer thickness varying between 0.5 nm and
3.0 nm. Low angle x-ray reflectivity revealed that for our growth conditions the interfacial roughness is
approximately 0.4 nm in each material at each interface. High angle x-ray diffraction, together with off-
specular x-ray diffraction, showed that the growth is epitaxial with the@0001# axis in-plane and parallel to the
Al2O3@0001# axis. Magnetization measurements indicate the presence of an in-plane uniaxial anisotropy in all
samples and antiferromagnetic coupling when the Re layer thicknesses are less than 1.0 nm and close to 2.0
nm. The uniaxial anisotropy was measured via ferromagnetic resonance and determined to be approximately 5
times smaller than in bulk Co for thicker Re layer samples. For thin Re samples, a spin-flop transition causes
a competition between the anisotropic magnetoresistance and the giant magnetoresistance when the external
field is applied parallel to the easy axis. The most notable consequence is that the magnetoresistance is positive
for small fields and negative for large fields when the current is perpendicular to the applied field. We also
report a magnetoresistance of;4.5% at 10 K, more than twice the maximum value previously reported for

hcp~0001! Co/Re multilayers. Co/Re hcp(1010̄) superlattices provide a new system whereby the role of
in-plane magnetic anisotropy in the magnetoresistance of metallic superlattices can be studied.
@S0163-1829~99!00317-3#
n
ag

d-
e

o/
t

f

n
ou

t
R
a
ro

F

s-
n

ie

e

xial,
e
an-
er-
be-
ort
ese
in-
ag-

e
ing

h
R
hile
ults
ag-

ed
k-
e-
the

ia
ase
r

I. INTRODUCTION

The phenomenon of giant magnetoresistance~GMR! has
been extensively studied since its discovery1 because of its
applications in magnetic sensor technology. In trilayers a
multilayers, this phenomenon relies upon the antiferrom
netic coupling between ferromagnetic layers separated
nonmagnetic metallic layers.2 Systems that have been stu
ied thoroughly in both trilayer and multilayer form includ
Fe/Cr, Co/Ag, Co/Ru, Co/Cr, and Co/Cu combinations.3,4 A
system that has not received as much attention is the C
system. The largest GMR reported for Co/Re multilayers
date does not exceed 2% at 18 K.5 In all of the past studies o
Co/Re multilayers, the samples were hcp@0001#-oriented
with no indication of in-plane epitaxy.5,6

There is much interest in the interplay between stro
uniaxial in-plane anisotropies and antiferromagnetic c
pling between layers because the anisotropy can stabilize
domain structure in the material, significantly alter the GM
behavior, and provide knowledge about fundamental m
netic interactions. The unusual magnetic and transport p
erties that this combination causes have been studied in
Cr~211! superlattices,7 Co/Cr multilayers,8–11 and Co/Ir
multilayers.12 From a fundamental point of view, these sy
tems can also be used to study spin-flop transitions in a
ferromagnets, as was previously done in Co/Cr~211!
superlattices.13

In this work, we study the growth and magnetic propert
of Co/Re superlattices grown on Al2O3(112̄0) along the
hcp@101̄0# direction. The samples were grown via magn
PRB 590163-1829/99/59~18!/11897~12!/$15.00
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tron sputtering with the Co layer thickness fixed at;1.8 nm
with varying Re layer thicknesses. The samples are epita
with their c axis in the plane of the film. As a result, th
superlattices have a significant in-plane twofold magnetic
isotropy which depends on the Re layer thickness. Antif
romagnetic coupling is evident for Re layer thicknesses
low 1.0 nm from magnetization and magnetotransp
measurements. Interestingly, the magnetotransport in th
samples is a combination of GMR, which depends on sp
dependent electron interface scattering, and anisotropic m
netoresistance~AMR!, which depends on the direction of th
magnetization with respect to the applied current. Depend
on the direction of thec axis and the applied current wit
respect to the external magnetic field, the GMR and AM
can have opposite signs and compete with each other, w
in other instances they can reinforce each other. This res
in unusual magnetotransport properties. The maximum m
netoresistance at 10 K is;4.5%, a factor of two larger than
previous work on Co/Re multilayers. We also discover
that antiferromagnetic coupling occurs for other Re thic
nesses, although the GMR is very small or negligible b
cause of the large magnetic anisotropy with respect to
antiferromagnetic coupling constant.

II. EXPERIMENTAL PROCEDURES

A. Growth

The samples were grown at West Virginia University v
magnetron sputtering in a high vacuum system with a b
pressure of 3.031027 Torr. The system consists of fou
11 897 ©1999 The American Physical Society
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11 898 PRB 59T. CHARLTON et al.
sputtering guns in a cluster focused on the substrate,
each gun having a shutter controlled by a crystal mon
controller. Each of the Co and Re sputtering sources ha
own quartz crystal monitor. The crystal monitors were ca
brated by depositing a thin film on a glass substrate and
determining its thickness from the interference pattern of
low-angle x-ray reflectivity. Up to five substrates can
mounted inside the chamber at one time. A quartz la
heater can heat up the surface of the substrate to 575
which was calibrated with respect to the heater’s thermo
eter by placing a thermocouple sensor on a substrate’s
face.

The Al2O3(112̄0) substrates were etched in a phospho
and sulfuric acid 3:1 mixture at 140 °C prior to mounting
the chamber. After the chamber achieved its base pres
the substrate was heated to 575 °C for 15 min to furt
clean its surface. The substrate’s temperature was then
duced to 560 °C, and a nominally 5.0 nm thick buffer lay
of Re was grown. This temperature was chosen because
angle and high angle x-ray diffraction showed that it yield
the smoothest, most crystalline Re buffer layers. In-pla
x-ray diffraction revealed that this layer grew along t
hcp@101̄0# direction and was epitaxial, with the@0001# di-
rection of the Re coinciding with that of the Al2O3. The
superlattices used to measure the magnetoresistance
grown on the buffer layer at a temperature of 158 °C~see
Sec. III below!. A total of twenty superlattice periods wer
deposited, with the Co layer being deposited first on
buffer layer. A sketch of the superlattice structure is found
Fig. 1.

B. X-ray diffraction

The structure of the multilayers was analyzed using b
small and high angle x-ray diffraction at West Virginia Un
versity. The data were acquired using a Cu rotating an
source attached to a bent graphite crystal monochrom
optimized for Ka radiation, and a four-circle, 29 cm bas

FIG. 1. Sketch of the superlattice structure used in this papes
is the roughness corresponding to each interface.
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goniometer. For the low angle scans, the width of the inco
ing beam was approximately 0.02°. The slits in front of t
detector were set to an angular width of 0.12° in order
admit all of the specular intensity for all the angles of inte
est. The low angle x-ray reflectivity was measured by p
forming a u22u scan at the specular condition, and th
scanning again withu offset by 0.10° to determine the dif
fuse background. The diffuse background was subtrac
from the specular scan to obtain the true specu
reflectivity.14 The true specular reflectivity was modeled u
ing an optical reflectivity model15 from which the interfacial
roughness was determined.

High angle x-ray diffraction was performed on the sam
goniometer described above, but the incoming beam was
limated by slits to approximately 0.20° wide, while the d
tector slits were set to an angular width of 0.08°. Someu
22u scans were performed with the wave vectorq along the
growth direction while others were performed withq having
a component perpendicular to the growth direction. The
ter in-plane scans were used to determine the structura
plane coherence.f scans of the in-plane peaks were al
performed by rotating the sample about the growth direct
while the detector was fixed at the Bragg condition of t
in-plane peak. The appearance of discrete peaks in af scan,
corresponding to the crystal symmetry of the film, indica
that the sample is epitaxial. This technique has been pr
ously used to determine the epitaxy of Fe/Rh and Fe/V
perlattices, among others.16,17

C. Magnetization measurements

A commercial superconducting quantum interference
vice ~SQUID! magnetometer at West Virginia Universit
was used to measure the absolute saturation volume ma
tization of the samples at room temperature. The ang
dependence of the magnetization hysteresis loops were
ried out using a vibrating sample magnetometer~VSM! at
Miami University and at West Virginia University using
conventional dc magneto-optic Kerr effect~MOKE! tech-
nique at room temperature.18 All samples were cut to very
nearly the same shape (;333 mm2 squares! to minimize
geometry effects in the measurements. Sample volume
the Co layers were obtained using the deposited thickn
obtained from the fit of the true specular x-ray reflectivit
and the area, determined by scanning the image into a c
puter and calculating the area with a drawing program. T
area of the samples was also measured with a caliper.

D. Ferromagnetic resonance

FMR measurements were made at room temperature
the external magnetic field in the plane of the sample. T
sample was mounted in a 35 GHz cavity, film side down,
the bottom of the cavity. Angle-dependent data were
tained by rotating the magnet about the cavity. Multip
peaks in a given spectra were resolved using a spectral fi
program if necessary. The effective magnetization and
isotropy of the sample was determined by fitting the li
position as a function of angle to the resonance equation
flat disk with the external field applied in the plane of th
sample.19 The resonance equation is given by
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S v0

g D 2

5@H cos~f2fH!14pMeff

1~HA112HA2!cos2 f22HA2 cos4 f#

3@H cos~f2fH!1~HA11HA2!cos~2f!

2HA2 cos~4f!#, ~1!

wherev0 is the frequency of the source~35 Ghz!, f andfH
are the angles of the magnetizationM and the applied field
H, respectively, with respect to thec axis,g5gmB /\ is the
gyromagnetic ratio,g is theg factor for Co (g52.19), Meff
is the effective magnetization obtained from the analysis,
HA1 andHA2 first- and second-order anisotropy fields. At 3
GHz f and fH are essentially equal. The anisotropy fiel
are described byHAi52Ki /M sat, whereK1 andK2 are the
first- and second-order anisotropy constants of a uniaxial
isotropy energy of the formUK5K1 sin2f1K2 sin4f, and
M sat is the saturation magnetization measured by SQU
magnetometry. Any possible out-of-plane uniaxial anis
ropy is included inMeff .

E. Magnetotransport measurements

The magnetoresistance of the samples was measure
ing the standard dc four-point Van der Pauw technique i
5.5 T superconducting magnet at a temperature of 10 K.
measurements were carried out in the following configu
tions: ~1! Hic, H'I ; ~2! Hic, Hi I ; ~3! H'c, Hi I ; and ~4!
H'c, H'I . Herec represents the direction of the~in-plane!
c axis, andI the direction of the applied current. The da
were acquired by scanning the magnetic field from posit
to negative values.

III. RESULTS AND DISCUSSION

A. Structure

All of the samples used in the present study had sim
interface roughness characteristics, according to our x
fits. Figure 2 shows the x-ray reflectivity data and the fit
two of these samples. The solid lines in the graphs repre
fits to the model mentioned above.15 The interface roughnes
between the Co and Re layers iss;0.4 nm60.2 nm, where
2s is approximately the full ‘‘width’’ of the interface. The
uncertainty of these numbers was determined by chan
the roughness parameters by hand and then obtainingx2

value after fitting all other parameters.x2 was then plotted as
a function of the roughness parameter in order to determ
the sensitivity of the model to the parameter. Other import
parameters that were obtained include the average Co an
layer thicknesses, the Re buffer layer thickness, and the
terface roughness at the top of the sample, between
buffer layer and the superlattice, and between the bu
layer and the substrate. The full results are shown in Tab

Prior to the growth of the samples presented in this stu
several superlattices with nominally identical Co and
thicknesses (tRe52.0 nm, tCo51.0 nm) were grown at dif-
ferent temperatures to optimize the growth temperature.
inset of Fig. 2 shows the interface roughness parameters
tained from the fits as a function of the growth temperatu
While the analysis of the specular reflectivity cannot diffe
entiate between interdiffusion and step disorder, it is reas
d
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TABLE I. Results of fits to low angle x-ray specular reflectivit
measurements. Units are in nm. Uncertainties are approxima
60.2 nm for roughness parameterss and 60.15 nm for layer
thicknessest. For the definitions of the roughness parameters,
Fig. 1.

tRe tCo sBuf-Sub sBuf-Co sCo-Re sRe-Co sRe-air

0.57 1.82 0.04 0.19 0.50 0.37 0.43
0.79 1.73 0.07 0.24 0.33 0.39 0.91
0.82 1.87 0.11 0.28 0.37 0.47 0.84
1.01 1.91 0.09 0.23 0.42 0.35 0.45
1.27 1.84 0.09 0.23 0.50 0.54 0.94
1.46 1.78 0.12 0.23 0.35 0.40 0.21
1.61 1.62 0.18 0.25 0.30 0.42 0.19
1.73 1.86 0.01 0.19 0.40 0.33 0.22
1.89 1.87 0.11 0.39 0.58 0.32 0.32
2.11 1.82 0.12 0.25 0.39 0.44 0.40
2.37 1.77 0.16 0.26 0.51 0.45 0.64
2.50 1.79 0.07 0.23 0.44 0.67 0.30
3.03 1.87 0.12 0.30 0.53 0.69 0.76

FIG. 2. Low angle x-ray true specular reflectivity for two Co/R
superlattices. The solid lines represent fits to the model describe
the text and the dots represent data. For~a!, the model indicates
tCo51.73 nm, tRe50.79 nm, and for ~b! tCo51.87 nm, tRe

53.03 nm. The roughness parameters for these and the o
samples can be found in Table I. Inset: Roughness parameter
nominally identical layer thicknesses (tRe52.0 nm, tCo51.0 nm)
as a function of sample growth temperature. (3) representssRe-Air,
(d) representssCo-Re, (s) representssRe-Co, (*) represents
sBuf-Co, and (1) representssBuf-Sub. The solid line is a guide to the
eye.
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11 900 PRB 59T. CHARLTON et al.
able to assume that at low growth temperatures the inter
roughness comes about from step disorder, while at h
temperatures it is dominated interdiffusion. This is possi
because Co and Re form an alloy for all concentrations
high temperatures.20 From this study, the optimal growth
temperature of the superlattice was determined to
;158 °C.

Figure 3 shows a high angleu22u scan with the wave
vector q along the growth direction of thetRe50.79 nm
sample. The Al2O3 substrate (112̄0) peak, the Re buffer
layer’s (101̄0) peak, as well as the main superlattice pe
are indicated. Note the fringes around the Re buffer la
peak, which result from the long-range lateral length sc
smoothness of the 5.3 nm thick buffer layer~according to the
low angle x-ray scattering, the rms roughness at the bu
layer-superlattice interface is only;0.1 nm). The inset of
Fig. 3 shows au22u scan withu misaligned by 1.07° with
respect to 2u/2. In this scan the superlattice peaks are o
served more clearly because the rocking curve of the s
strate is much narrower (;0.08°) than the misalignmen
and also because this technique effectively eliminates
fringe peaks resulting from the Re buffer layer. In contra
typical rocking curve full widths at half maximum of th
main superlattice peak were in the 3°25° range. In this
way, the main superlattice peak, as well as the sate
peaks, are clearly visible. The high angle patterns were
analyzed quantitatively because the presence of the bu

FIG. 3. High angleu22u scan withq along the growth direc-

tion for the tRe50.79 nm sample. The Al2O3 substrate’s (112̄0)
peak is indicated. Inset:u22u scan withu misoriented by 1.07°.
This lowers the intensities of the substrate peak and the Re b
layer’s finite-size peak, so that the superlattice peaks are more

dent. The Re buffer layer (1010̄) peak, as well as the superlattic
peaks are indicated. The numbers indicate the order of the sup
tice peak.
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layer fringes complicated the analysis. However, it is cle
from these scans that the samples are crystalline and@101̄0#
oriented.

Figure 4~a! is au22u scan of thetRe50.79 nm superlat-
tice with q along the@112̄0# direction of the buffer layer and
the superlattice, that is, withq having a component perpen
dicular to the growth direction. The substrate (0330̄), the Re
buffer layer (112̄0), and the superlattice equivalent (1120̄)
peaks are indicated. Figure 4~b! is af scan about the super
lattice @101̄0# ~growth! direction with q kept fixed at the
superlattice (112̄0) Bragg condition. The twofold symmetry
characteristic of epitaxial growth, is evident as the equival
(112̄0) and (21̄1̄0) planes match the direction ofq for f
angles 180° apart from each other. A similarf-scan symme-
try was observed for the Re buffer layer. This proves that
sample is epitaxial, with its in-plane@0001# axis parallel to
the @0001# axis of the substrate. Other samples with sm
tRe,2.0 nm also displayed similar in-plane peaks. In-pla
peaks for samples with largertRe were more difficult to de-
tect because of their proximity to the substrate and bu
layer peaks.

Finally, we were also interested in determining wheth
the strain in the Co and Re layers depends on the Re th
ness because strain could cause the effective magnetiz

er
vi-

lat-

FIG. 4. ~a! is au22u scan of thetRe50.79 nm superlattice with

q along the@112̄0# direction of the buffer layer and the superlattic

The substrate (0330̄), the Re buffer layer (1120̄), and the super-

lattice equivalent (112̄0) peaks are indicated.~b! is a f scan ob-

tained by rotating the sample about the superlattice@101̄0#

~growth! direction with q kept fixed at the superlattice (1120̄)
Bragg condition. The twofold in-plane crystalline symmetry of t
superlattice is evident.
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PRB 59 11 901MAGNETIC PROPERTIES OF Co/Re hcp~101̄0! . . .
of the Co layers to change. If the strain were the same fo
samples, then the position of the main superlattice p
would be a weighted average of the Re and Co lattice
rameters:

dSL5~ tCodCo1tRedRe!/~ tCo1tRe!, ~2!

wheredSL is the lattice parameter determined from Bragg
law using the position of the main superlattice peak.21 We
can rewrite this equation as

dSL~ tCo1tRe!

tCo
5dCo1dRe

tRe

tCo
. ~3!

In Fig. 5 we have plotteddSL(tCo1tRe)/tCo as a function of
the ratio tRe/tCo, using the values oftCo and tRe obtained
from the low angle fits described above. According to E
~3!, the graph should yield a straight line ifdRe anddCo are
the same for all samples, with the slope beingdRe and the
intercept beingdCo. In Fig. 5 the straight solid line repre
sents a linear fit for all data points withtRe/tCo,1.2. Clearly
the fit is excellent, and demonstrates that the lattice par
eter is on average the same for Co and Re for all sam
with tRe/tCo,1.2. From the linear fit we obtaindCo
50.213 nm anddRe50.246 nm, which represents an a
proximately 2.5% increase with respect to the Re (1010̄)
bulk lattice parameter of 0.239 nm, and a similar decreas
the Co lattice parameter with respect to the bulk value
0.217 nm. This is reasonable considering that the in-pl
(12̄10) lattice parameter of bulk Re is 0.138 nm and that
bulk Co is 0.125 nm, so that in order to accommodate

FIG. 5. dSL(tCo1tRe)/tCo plotted as a function of the ratio
tRe/tCo, using the values oftCo andtRe obtained from the low angle
x-ray reflectivity fits. The solid line represents a fit to a straight li
for points with tRe/tCo,1.2, which yields interplanar distances
dRe52.46 nm anddCo52.13 nm.
ll
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in-plane strain, the in-plane lattice parameter of Re decrea
and that of Co increases, causing the out-of-plane (100̄)
lattice parameter of Re to increase and that of Co to decre
For samples wheretRe/tCo.1.2 it was difficult to identify
the main superlattice peak because it was too close to
substrate and buffer layer peaks.

To summarize, a quantitative analysis of the low an
x-ray reflectivity revealed approximately 0.4 nm of interfa
roughness. High angle x-ray diffraction showed that t
samples are oriented along the@101̄0# direction with the
in-planec axis in the aligned with Al2O3 substrate’sc axis.

B. Magnetic properties

Figure 6 shows magnetization hysteresis curves meas
at room temperature for two representative samples, th
with tRe50.79 nm andtRe51.4 nm, with the external mag
netic field H applied both parallel and perpendicular to t
Al2O3 (112̄0) substrate’sc axis. For thetRe51.46 nm, the
loop is square withHic and sheared withH'c. This indi-
cates that the in-plane epitaxy indeed causes the samp
have an in-plane magnetic anisotropy. For thetRe50.79 nm
sample, both of the curves are sheared, indicating that t
is antiferromagnetic coupling between adjacent Co laye
However, note that forHic, there is a break in the slope a
H;1130 Oe, whereas no break is observed withH'c. This
is an indication that the magnetic anisotropy causes
antiferromagnetically-aligned Co layers to undergo a sp
flop transition, similar to the spin-flop transition in conve

FIG. 6. Magnetization hysteresis curves measured at room t
perature for two representative samples with the external magn

field H applied both parallel and perpendicular to the Al2O3 (112̄0)
substrate’sc axis. The Re layer thickness of each sample is labe
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11 902 PRB 59T. CHARLTON et al.
tional antiferromagnets. In conventional antiferromagne
this transition is first order, and causes the magnetiza
sublattices to ‘‘flop’’ at a critical field, so that a net magn
tization appears parallel to the applied field direction. T
spin-flop transition in a similar Co/Re sample was recen
observed directly via polarized neutron reflectivity measu
ments whose results will be published separately.22 Briefly,
the neutron reflectivity measured with polarization analy
of the antiferromagnetic peak was used to determine
angle of the antiferromagnetic moment as a function of m
netic field. These measurements showed that the spin
transition is gradual whenH is applied parallel to thec axis,
unlike the first-order spin-flop phase transition in conve
tional antiferromagnets. The effect of this behavior on
magnetoresistance measurements is discussed below.

Figure 7 shows the saturation magnetizationM sat of the
Co layers measured at room temperature of all of the sam
as a function of Re thickness. The error bars forM sat repre-
sent uncertainties in the thickness of the Co layers and
sample area measurements (610%). When tRe*1.0 nm,
M sat decreases monotonically within the data uncertainty
this trend is extended totRe50, one obtains a value o
M sat(tRe50);1400 emu/cm3, which agrees well with the
bulk value of Co. The decrease inM sat as tRe increases may
indicate that the Re atoms near the interfaces magnetic
disorder the Co layers. One possibility is that the Re int
face atoms, which suffer from some interdiffusion with t
Co, may couple magnetically with a low transition tempe
ture. Just as the Co atoms would tend to order this interfa
layer, the interfacial layer’s large magnetic entropy wou

FIG. 7. Saturation magnetizationM sat (s), measured via
SQUID magnetometry, and the effective magnetizationMeff (d),
measured via FMR, of the Co layers at room temperature of a
the samples as a function of Re layer thickness. The uncertain
M sat (610%) is a result of the uncertainty of the Co layer thickne
and the sample area.
,
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disorder the Co layer, thus lowering its magnetization. As
number of Re layers increases, the entropy of the bound
layer increases, thus lowering the magnetization even m
This magnetic disordering mechanism is similar to that o
served in CoF2 /FeF2 antiferromagnetic superlattices, whe
the Neél temperature of the FeF2 (TN;78.4 K) layers is de-
pressed by the CoF2, which has a much lower Nee´l tempera-
ture (TN;39 K).23 Increased strain is an unlikely source
this decrease because, as was shown above, the strain
sentially the same for all samples withtRe,2.2 nm. When
tRe&1.0 nm, there is a sudden drop inM sat. This drop could
be due to interdiffusion, which is of the same order as the
layer thickness in this range.

The magnetic anisotropy in these samples was obta
from FMR measurements. The inset of Fig. 8 shows
angular dependence of the position of the FMR line for
tRe51.46 nm sample. The solid curve represents a fit to
model described above in Eq.~1!. From similar fits to spectra
obtained for every sample, we obtained values for the ani
ropy constantsK1 andK2, as well as the effective magnet
zation Meff . Meff is plotted in Fig. 7 together withM sat.
Note that within the experimental uncertainties in these v
ues,M satandMeff agree well in the regiontRe*1.0 nm. This
means that there is very little, if any, surface or interfa
anisotropy perpendicular to the plane.

The values ofK1 andK2 obtained from FMR are shown
in Figs. 8~a! and 8~b!. K1 is small fortRe,1.0 nm, but even-
tually saturates at;0.73106 erg/cm3 as tRe increases.K2

f
in
s

FIG. 8. ~a! First order magnetic anisotropy constantK1 and ~b!
second order magnetic anisotropy constantK2 as functions of the
Re layer thickness. Values were determined from FMR angu
measurements. Inset: Position of the FMR line for thetRe

51.46 nm sample. The solid curve represents a fit to Eq.~1!. The
error bars are due primarily to the uncertainty inM sat.
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displays a similar type of behavior, with the value saturat
at ;0.23106 erg/cm3. For the thinnest sampleK2 is nega-
tive. This could be the result of the interface roughne
which for the thinnest sample would alter the magnetic pr
erties of the Co layers. The values ofK1 and K2 are lower
than the room temperature values ofK154.13106 erg/cm3

andK251.03106 erg/cm3 reported for bulk Co.24 However,
a similar reduction in the anisotropy constants has been
ported for Co(101̄0)/Cr(211) superlattices,25 with values of
K151.83106 erg/cm3 andK250.553106 erg/cm3. Interest-
ingly, the ratio for thicker Re layersK1 /K2;3.5 in Co/Re is
similar to that obtained in 50 nm thick,b-axis oriented Co
single films, although the actual values of the anisotro
constants in the thick films are approximately 5 times grea
(K153.43106 erg/cm3 and K251.03106 erg/cm3).26 This
could be a result of the strain built into the Co layers,
shown in the high angle x-ray diffraction, and not due to
intrinsic effect that would alter this ratio.

Magnetoresistance~MR! measurements at 10 K for tw
representative samples are shown in Figs. 9 and 10. The
is represented byDr/r[„R(H)2RS…/RS , where r is the
resistivity, R(H) is the resistance measured at an appl
field H, andRS is the resistance at the maximum field. T
data can be qualitatively explained assuming an in-pl
uniaxial anisotropy and taking into account giant magneto
sistance~GMR! and anisotropic magnetoresistance~AMR!
mechanisms. The GMR relies on the increased electron s
tering when the magnetization of the Co layers are antife
magnetically aligned and is always negative, that is, it cau
the electrical resistance to decrease as the field is incre

FIG. 9. Magnetoresistance measurements obtained atT510 K
for the tRe50.79 nm sample.c is the in-plane easy axis,I is the
applied current, andH is the applied magnetic field.
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from H50.4 In contrast, the AMR, which is a result ofs
2d scattering and spin-orbit coupling,27 depends on the di-
rection of the magnetizationM with respect to the currentI .
It is well known28 that in ferromagnetic materialsr i.r' ,
where r i is the resistivity measured withM i I and r' is
measured withM'I . Note that ifM or I are rotated by 180°,
there is no change in the AMR. The maximum change
AMR occurs whenM is initially either parallel or perpen-
dicular to I and then rotates by 90°. In Co single films th
AMR can be significant, on the order of a few percent, and
dependent on the film microstructure.29 In the case of the
Co/Re system, the AMR can be especially significant
cause the resistivity Re is approximately three times lar
than that of Co~18.6 mV cm for Re vs 5.8mV cm for
Co!.30 This causes a large portion of the electron transpor
occur through the Co layers, magnifying the AMR contrib
tion.

In the Hic, H'I configuration, thetRe50.79 nm sample
@Fig. 9~a!#, which according to the magnetization measu
ments is antiferromagnetically coupled, shows an initial r
in the MR asH decreases from saturation to approximately
kOe. However, the MR decreases again asH approaches
zero. This can be explained by taking into account the sp
flop transition inferred from the magnetization measu
ments, and corroborated by neutron diffraction. As the fi
decreases from saturation, the magnetizations of the Co
ers change from beingM ic and M'I to being approxi-
matelyM'c andM i I near the critical field at the spin-flop
transition. The degree to whichM is aligned'c near the
critical field depends on the relative strengths of the m

FIG. 10. Magnetoresistance measurements obtained aT
510 K for thetRe51.46 nm sample.c is the in-plane easy axis,I is
the applied current, andH is the applied magnetic field.
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netic anisotropy and the antiferromagnetic coupling. In t
region the MR increases due to the GMR, because of
change from a completely parallel to a partially antiferr
magnetic alignment of the magnetizations, and due to
AMR, because the magnetizations change their direc
with respect to the current. The fact that the MR peaks a
kOe, while the magnetization of the sample withHic shows
a change in slope at 1.1 kOe, could be a result of a nuclea
of the spin-flop transition at the top and/or bottom surfac
After the nucleation, the rest of the layers flop gradua
This causes a complicated magnetization arrangement
function of magnetic field. This is illustrated in Fig. 11
which shows a possible spin configuration of the superlat
as a function of field. The point at which the MR pea
depends on the details of the spin orientations, because
AMR depends on the specific direction of the layer mag
tizations with respect to the applied current.

Theoretical calculations by Folkerts31 indicate that if mag-
netization reversal through magnetic domain wall motio
GMR is observed ifuJAFu.KUtCo, otherwise there is no
spin-flop transition. HereJAF is the antiferromagnetic cou
pling strength between Co layers andKU is the effective
magnetic uniaxial anisotropy constant. Following the tre
ment by Folkerts, the total energy per bilayer per unit a
when the field is applied parallel to the easy axis can
written as

E52HM ~cosf11cosf2!22JAFtCocos~f22f1!

1KU~sin2f11sin2f2!, ~4!

wheref1 and f2 are the angles that the magnetizations
the two bilayers make with respect to the easy axis,H is the
external field, andM is the magnetization of each Co laye
The factor of 2 in front ofJAF takes into account that ther

FIG. 11. Sketch of the magnetizations of adjacent cobalt lay

MW 1 and MW 2, as functions ofH with Hic deduced from neutron
diffraction data. Notice that the spin flop transition is gradual.
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are two surfaces for each Co layer. Equating the express
for the magnetic energy of the spin-flop state (f15f2) with
the energy of the antiferromagnetic state (f150, f25p),
one obtains an expression forJAF in terms of the switching
field HSw. HSw is defined as the critical field required t
undergo the spin-flop transition, and is determined from
sudden change in slope in the magnetization measurem
Solving for JAF , one obtains

JAF52
KUtCo

2 S HSw
2 M2

4KU
2

11D . ~5!

For the tRe50.79 nm sample,HSw;1130 Oe from Fig. 6,
M;1100 G from SQUID measurements, andKU;K11K2
;0.603106 erg/cm3 from FMR measurements. This yield
JAF;20.11 erg/cm2, whose magnitude is smaller than, b
of the same order of magnitude as the coupling reported
Co(11̄00)/Cr(211) superlattices8 (20.24 erg/cm2) and Fe/
Cr~211! superlattices13 (20.55 erg/cm2). We also calculated
JAF520.11 erg/cm2 from the saturation field, as was don
for Fe/Cr~211! superlattices,7 in good agreement with the
calculation above. Unlike the Co/Cr~211! system, however,
no separate surface and bulk-like spin-flop transitions
clearly observed in the magnetization, although sepa
transitions are expected because the number of bilaye
even.13 One reason for this discrepancy could be that
J/KU ratio in the Co/Re system is approximately 5 tim
smaller than in the Co/Cr~211! system, thus leading to a

FIG. 12. Simulations of the MR data.c is the in-plane easy axis
I is the applied current, andH is the applied magnetic field. The
sum of the AMR and GMR is the solid line, the AMR is the das
dot line, and the GMR is a dashed line.
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situation where the surface spin-flop nucleates a gradual t
sition in the bulk, as discussed above. We also note that
large anisotropy value makes the Folkerts calculation ba
applicable, since in this caseJAF/2KUtCo51.04. This could
also be a result of lateral disorder, which would cause
distribution in exchange constants, or different anisotro
constants at the top and bottom Co layers, which wo
smear out the surface spin-flop transition.

We can qualitatively analyze the magnetoresistance in
three other configurations in Fig. 9 by again taking into a
count the GMR, the AMR, and the spin-flop transition. F
theHic, Hi I case@Fig. 9~b!#, as the field is lowered from its
maximum value, the angle between the Co layer magnet
tions in spin-flop increases. This causesM to have a compo-
nent perpendicular toI , so that the AMR decreases the res
tivity. As the field is decreased even further and adjacent
layers become antiferromagnetically alignedic, the resistiv-
ity increases due to both the GMR and the AMR. For t
H'c, H'I case@Fig. 9~c!#, there is no spin-flop transition
and the magnetization continuously goes from a para
alignment to an antiparallel alignment as the field is lowe
to zero. According to Folkerts,31 the GMR is always negative
in this case with little or no hysteresis. The AMR is al
negative sinceM'I at saturation andM i I near H50.
Therefore, a relatively large MR is observed~3.3%!. The
H'c, Hi I case@Fig. 9~d!# is the same as the previous cas
except that the initial drop in the MR is due to the AM
since in this caseM i I at saturation andM'I near H50,
whereas the increase in MR nearH50 is due to the GMR.
The two effects are almost of equal magnitude in this c
figuration, so the net change in MR from saturation toH
50 is approximately zero.

The results for thetRe50.79 nm sample can be compare

FIG. 13. Calculated MR~dashed line! and M2H loop ~solid
line! for the Hic case.
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with those of thetRe51.46 nm sample in Fig. 10. For th
Hic, H'I case@Fig. 10~a!# the MR is very small. If the Co
layers are magnetically uncoupled, there is essentially
change in the orientation ofM as the field is lowered, unti
both magnetizations flip at a negative field. Therefore,M is
always'I , and both the AMR and the GMR are zero. Th
small field dependence could be due to the normal mag
toresistance of the Re. For theHic, Hi I case@Fig. 10~b!#,
the MR is also not expected to change for the same reas
In practice, a small amount of negative MR (;0.1%) is
observed, perhaps due to a slight misalignment of the sam
with respect to the field. For theH'c, H'I case @Fig.
10~c!#, one would expectM to increasingly point along the
easy axis asH is lowered from saturation. This causes
increase in the AMR, which is reflected in the;2% nega-
tive MR shown in the figure. For the case ofHic, Hi I @Fig.
10~d!#, one would expect the same behavior as in the pre
ous case, but with a positive AMR, which is exactly what
observed in the figure.

The plausibility of our explanation of the unusual beha
ior of the tRe50.79 nm sample can be analyzed using t
orientation of the magnetic moments of the layers dedu
from neutron reflectivity measurements.22 A sketch of the
magnetic moments of two adjacent Co layers, as dedu
from the neutron reflectivity, is shown in Fig. 11 for theHic
case. Note the gradual spin-flop transition. TheM2H loop
can be calculated from the sum of the components ofMW 1 and
MW 2 along H, whereMW 1 and MW 2 are the magnetizations in
adjacent Co layers. To simulate the MR, expressions
needed for the AMR and the GMR. The GMR is propo
tional to the magnitude of the net antiferromagnetic mom
in the sample, or

FIG. 14. The MR measured with respect to saturation as a fu
tion of tRe measured in three different configurations.H is the ap-
plied magnetic field,c is thec axis, andI is the applied current.
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FIG. 15. MOKE magnetization loops measured withH applied parallel to the easy axis. The Re thickness is indicated in each fig
t
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DrGMR

rsat
5A

uM1
W ~H !2M2

W ~H !u

uM1
W ~0!2M2

W ~0!u
, ~6!

whereA is a constant,MW (H) is the magnetization of adjacen
Co layers as a function of applied magnetic fieldH, andrsat
is the resistivity at saturation. The AMR depends on
components of the magnetization parallel and perpendic
to the applied current. The total AMR contribution to th
resistivity can be written as

rAMR2r'

r i2r'

5
1

2
~cos2g11cos2g2!, ~7!

whereg1 andg2 are the angles of the magnetization of tw
adjacent Co layers with respect to the applied current. N
that in the AMR, for Hi I , rsat5r i , and for H'I , rsat
5r' .

Figure 12 shows the calculated magnetoresistance in
same current and field configurations used in the exp
ments. The only adjustable parameters areA for the GMR,
andDr for the AMR. The results of this simple phenomen
logical model reproduce the qualitative features of the dat
Fig. 9 except for theH'c, Hi I case. The poor agreement
this case may result from not accounting for the possibi
of misaligning thec axis with the applied field or contribu
tions due to a more complicated domain structure not ta
into account by the model. Note that in this case the con
bution to the MR is roughly an order of magnitude smal
than in the other configurations, which makes it vulnerable
other second order effects not taken into account by
model.

For a comparison of the MR and magnetization data,
calculated MR andM2H loop for the Hic, H'I case is
plotted in Fig. 13.Notice that in the simulation, as in th
actual data, the switching field does not correspond to
peak in the MR.From a qualitative analysis of MR measur
ments we conclude that the Co layers in thetRe50.79 nm are
e
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coupled antiferromagnetically. We note that the MR of t
tRe50.57 nm sample behaves like thetRe50.79 nm sample
in that theHic, H'I MR also shows a dip nearH50 and
that the magnitude of the MR is substantial.

In order to obtain further insight into the magnetic co
pling, Fig. 14 shows the MR, Drmax/rs[„R(0)
2R(30 kOe)…/R(30 kOe), whereR(H) is the electrical re-
sistance as a function of magnetic field. In theHic, H'I
configuration, the MR drops precipitously astRe increases.
Although it is tempting to conclude that the antiferroma
netic coupling is small or zero fortRe.1.0 nm, other types
of measurements must also be performed to prove this.
reason is that ifuJAFu,KUtCo, only a very small GMR and
AMR would be observed because the magnetizations of
jacent Co layers would not undergo a spin-flop transition31

SinceKU increases withtRe, the GMR would be reduced i
JAF did not increase withtRe. An indication that this is the
case for the Co/Re samples is the MR behavior in theH'c,
H'I configuration. In this case, there should always be
GMR31 and the AMR should always be negative~the same
sign as the GMR!. In Fig. 14~b! the value ofDr/r decreases,
but seems to oscillate slightly astRe increases, which is remi
niscent of the GMR oscillations in the Co/Ru and Co/
systems.3 In this configuration, however, it is impossible t
determine whether the GMR or the AMR oscillate. Neve
theless, the possible peaks in theH'c, H'I configuration
correspond to dips in theH'c, Hi I configuration. We there-
fore conclude that the nonmonotonic variations in the M
for tRe.1.0 nm are a result of variations in the AMR of th
samples, because the GMR should have the same sign,
spective of the direction of the applied current. The var
tions could be due to small differences in the structure or
layer thickness.

The behavior of the magnetization hysteresis loops m
sured with Hic shown in Fig. 15, however, could be a
indication that AF coupling could also occur fortRe
;2.0 nm samples, because their hysteresis loops are she
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or have steps. A similar behavior has been observed in
Cr~211! superlattices.7 The lack of a significant GMR for the
tRe;2.0 nm samples could be due to a weakeningJAF , com-
bined with a largerKU as discussed above. However, t
steps in the magnetization loops could also be caused by
formation of complex domain structures, so additional e
perimental evidence, such as neutron reflectivity meas
ments, is needed to prove this hypothesis.

IV. SUMMARY AND CONCLUSIONS

We have grown epitaxial hcp Co/Re(1010̄) superlattices
on Al2O3(112̄0) substrates. The interfaces of the samp
were quantitatively analyzed using low angle x-ray reflect
ity. The results show that;0.4 nm of material, or two
monolayers of each material are mixed at each of the in
faces. High angle x-ray diffraction, including in-planef
scans, show that the films are epitaxial. The magnetizatio
the samples measured via SQUID magnetometry agree
the FMR effective magnetization to within the uncertainty
the data, which indicates that there is no significant out-
plane magnetic anisotropy. Because thec axis of these
samples is in the plane, a significant in-plane magnetic
isotropy is observed. The in-plane uniaxial anisotropy c
stantsK1 andK2 were also determined from FMR measur
ments. For thicker Re samples (tRe.1.0 nm), K1;0.7
3106 erg/cm3 andK2;0.23106 erg/cm3. These values are
approximately 5 times lower than in bulk Co, but the ratio
these two numbers is the same as that observed in thick
films. This could be a result of the crystalline strain in the
.
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layers. For thin Re samples (tRe,1.0 nm), magnetoresis
tance measurements clearly indicate the presence of G
due to antiferromagnetic coupling between the Co layers
was previously observed in ~0001!-oriented Co/Re
multilayers.5 In these samples the MR behavior is relative
complex due to the spin-flop transition which results in
competition between the GMR and AMR effects. Magne
zation hysteresis loops also suggest that antiferromagn
coupling may be present at other Re thicknesses, altho
further studies are necessary to unequivocally prove this.
conclude that the GMR in Co/Re superlattices for thicker
layers is not necessarily due to a lack of antiferromagn
coupling, but could be a result of the large magnetic anis
ropy of the Co layers with respect to the antiferromagne
coupling between the Co layers. These results show tha
Co-based multilayers with a strong in-plane anisotropy it
important to take into account the AMR as well as the GM
Together, these two effects could be used to significan
enhance the efficiency of magnetoresistance-based devi
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