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The correlation between the interface structure and magnetic and transport properties for single-

crystal Co/Cu(110) and Ni8Fe2/Cu/Co/Cu(110) superlattices has been investigated. The interface struc-
ture was changed by changing the argon acceleration voltage of the ion beam sputtering and by anneal-

ing the samples. The interface structure was analyzed by simulating the Co NMR spectra. NMR is
sensitive to the atomic configuration, and as a result, various interface structures (atomic configuration)
were obtained, while the other structures remain unchanged. There was a correlation between the atom-
ic configuration and magnetic and transport properties, i.e., the giant magnetoresistance, the magnetiza-
tion, and the interlayer exchange coupling between the ferromagnetic layers. Both interlayer exchange
coupling and magnetization at the interface correlate with the interface structure. The interface struc-
ture is important in causing both antiferromagnetic coupling between magnetic layers and a large mag-
netic moment at the interface, and therefore plays an important role in producing giant magnetoresis-
tance.

I. INTRODUCTION

Various aspects of magnetic multilayers have been in-
vestigated by many research groups. ' Some of the ma-
jor problems to be clarified are the correlation between
the magnetic and transport properties and the characteri-
zation of the interface structure. Especially, for the giant
magnetoresistance (GMR), ' exhibited in many magnetic
superlattices, many theoretical ' and experimental'
studies concluded that a strong spin dependent interfacial
scattering plays an important role. But the relationship
between the magnetoresistance, magnetization, and inter-
face structure is still far form clear. In this paper we
mainly present the relations between GMR, magnetiza-
tion, and nuclear-magnetic-resonance (NMR) results on
(110) single crystal Co/Cu and NisFe2/Cu/Co/Cu super-
lattices, because Co/Cu(110) superlattices showed a large
GMR, although Co/Cu(111) superlattices showed a small
GMR (40%%uo at 4.2 K). Antiferromagnetic (AF) cou-
pling in Co/Cu(111) superlattices is somewhat unclear,
because stacking faults and pinholes may lead to fer-
romagnetic bridging across neighboring layers, and an
enhancement of conduction electron scattering at
paramagnetic interfaces' and loosely polarized interfa-
cial spins' have been proposed as possible mechanisms
for creating GMR in Co/Cu(111) superlattices. Up to
now, many attempts have been made to reveal the corre-
lation between GMR and interface states for Fe/Cr, '

Co/Cu, ' and NiFe/Cu. ' " In many cases, the inter-
facial structure was investigated by x-ray diffraction be-
cause of the easy manipulation. The x-ray diffraction is
basically a method to analyze a long-range order of sam-
ples, and gives ambiguous information for the lateral

scale of interfacial structure, and determination of the la-
teral length of roughness is dificult.

On the other hand, NMR is sensitive to the atomic
configuration, because the hyperfine interaction, Bhf has
a substantial contribution from the magnetic moment of
the nearest neighbors. Several studies on NMR for
Co/Cu superlattices have been already reported. ' '

However, the correlation between the interface structure
and the magnetic and transport properties has not been
clarified except in our previous paper. '

It is important to modify the interfacial structure,
keeping the perfect texture of the film, in order to analyze
the correlation between the properties of superlattices
and the interfacial states. Only superlattices having per-
fect texture allow the calculation of the interface states.
In many studies, interface states have been determined
for polycrystalline multilayers, which would not have
perfect texture.

From this standpoint, we prepare single-crystal Co/Cu
and NisFe2/Cu/Co/Cu superlattices, which have (110)
texture. The x-ray-diffraction study shows a main
diffraction peak at the position of the fcc-Co(220),
NisFe2(220), and Cu(220) peaks, and first satellite peaks
are also observed for all samples. Rocking curve widths
for the main peaks are about 1.2+0.2'. This allows us to
calculate the interface structure. We tried to modify the
interfaces of single-crystal Co/Cu and Ni8Fe2/Cu/Co/Cu
superlattices by changing the Ar acceleration voltage
(V~) and also annealed Co/Cu superlattices, which had
no significant change in x-ray-diffraction pattern
below the annealing temperature of 450'C. As a result,
we successfully prepared samples for which the GMR
is very different from each other for Co/Cu and
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NisFez/Cu/Co/Cu superlattices. Moreover, we have
studied the temperature ( T) dependence of the interlayer
exchange coupling (J) (Ref. 31) minutely for several AF-
coupled (Co 10 A/Cu 10 A)&00 superlattices in order to
understand better the effect of the J on the interface
structure. The T dependence of the saturation field (H, )

or J has been already reported for Co/Cu (Ref. 32) and
Fe/Cr (Ref. 33) superlattices. However, the detailed T
dependence has not been clarified. For polycrystalline
samples, determination of H, has an ambiguity due to the
broad tail of the magnetoresistance (MR} curves and per-
fect texture is needed for determination of J, because the
amplitude of J depends on the films' growth directions.
On the other hand, our samples have a high texture and
field induced metamagnetic transition due to the large
value of the uniaxial anisotropy (K„)of the order of 10
erg/cc, so the J can be correctly determined for the
[110]direction.

In this work, we show here that there exists a change
in interfacial structure which causes a significant change
in NMR spectra for Co/Cu and Ni&Fe2/Cu/Co/Cu su-
perlattices. For the NisFe2/Cu/Co/Cu superlattices,
field induced antiparallel magnetic alignment for adjacent
magnetic layers separated by Cu layers was observed due
to the difference of the coercive force between Co and
NisFe2 magnetic layers. This allows us to investigate
the scattering problem directly. It was revealed that the
interface structure at Co/Cu is important in causing both
AF coupling between adjacent magnetic layers and a
large Co magnetic moment at the interface, and therefore
plays an important role in producing the GMR. More-
over, we investigated the T dependence of the J, and
found that the amplitude of J is T dependent and has a
weak anomaly around T =30 K.

II. EXPERIMENT

The single-crystal Co/Cu, NisFe2/Cu/Co/Cu superlat-
tices were prepared by ion-beam sputtering (IBS) from
Co, Cu, NisFe2 targets onto single-crystal MgO(110) sub-
strates at a base pressure of 5X10 Torr. Sputtering
was carried out using 1.6X10 Torr argon ions. Vz for
sputtering was changed from 300 V to 1.4 kV in order to
change the randomness at the interface. The substrate
temperature was fixed at room temperature in order to
conserve other factors except for randomness at the inter-
face. The Co and Cu thicknesses for Co/Cu superlattices
were designed at 10 A and 10 A, respectively, in which
Cu thickness produces the AF coupling between the Co
layers separated by the Cu spacer layers, and the Co, Cu,
and Ni8Fe2 thicknesses were designed at 10, 50, and 20 A,
respectively, for Ni&Fez/Cu/Co/Cu superlattices, in
which Cu thickness produces the noncoupling between
Co and Ni&Fez layers. On the top of the (Co 10 A/Cu 10
A)&00 and (NisFe2 20 A/Cu 50 A/Co 10 A/Cu 50 A)&0

0
superlattices, 50 A Cu layers were deposited to prevent
oxidation. The amount of Co and Cu was confirmed by
chemical analysis using inductively coupled plasma-
optical emission spectroscopy with an ambiguity of +0.5
A. In addition to the Co/Cu superlattices, Co-Cu (9.5

at. %) alloy films having a thickness of about 1000 A
were also prepared onto single-crystal MgO(110) sub-
strates for comparison. Moreover (Co 10 A/Cu 10 A), 00
superlattices were annealed at temperatures of 150, 300,
450, and 500'C in a vacuum of 5 X 10 Torr, in order to
study the changing of the interfaces. The structure of the
films was confirmed by x-ray and electron diffractions.
Magnetoresistance was measured using a conventional
four-point probe method with a magnetic field applied in
the plane of films. NMR experiments were performed in
zero field using an incoherent spin-echo spectrometer.
The Co N MR signals in the Co/Cu and
NisFez/Cu/Co/Cu superlattices were observed in a wide
frequency range from 110 to 230 MHz. In order to cali-
brate the frequency dependence of the measurement sys-
tem, the reference signal was measured together with
each spin-echo signal. Moreover, we corrected the co

dependence of the spin-echo signal to obtain the number
of atoms which resonate at a particular frequency. The
magnetic properties for the films were investigated by us-
ing a Quantum Design superconducting quantum in-
terference device magnetometer.

III. CALCULATION METHOD
OF INTERFACE STRUCTURE

We adopt a simulation method for analyzing the inter-
face structure. This simulation method is useful to recog-
nize the in-plane distribution due to the atomic short-
range order (ASRO) parameters, compared with the con-
ventional method using the binomial distribution func-
tion, although much time was used to calculate the in-
terface structure. The probability of finding a Co atom at
a particular nearest-neighbor Co atom site is given by

P(X; )=X;+a;(1—X; ),
where X; is the average fraction of Co atoms and a,. is the
ASRO parameter in the ith layer. a; =0 implies a ran-
dom distribution of Co and Cu atoms in the ith layer, and
a; &0 and a; &0 correspond to the segregation and clus-
tering of the Co and Cu atoms, respectively. We
designed the Co thickness at 10 A for Co/Cu and
Ni&Fez/Cu/Co/Cu superlattices. The 10 A thickness for
Co corresponds to eight monolayers of the fcc(110)-
oriented plane. Thus the NMR spin-echo intensity for a
system having four monolayers of Co and Cu was calcu-
lated. The atomic numbers of the system for simulating
the atomic configuration, taking ASRO into account, are
20X20X6 for the number of atoms in the directions of
the x, y, and z axes, respectively.

First, we give the probability of P(X, )=X, to a Co
atom at the (1, l,z} coordinate. Then after judging the
species of the atoms in the (1, l,z) and (1,2,z —1) coordi-
nates, we give the probability of P(X;)=X;+a;(1—X;)
to the Co atom at the (1,2,z) coordinate. Next, after
filling in all the coordinates using this process, we calcu-
late the number of Co atoms for the 12 nearest neighbors.
Then we fit the NMR spin-echo intensity corrected by
the value of the spin-spin relaxation time with this calcu-
lated intensity, ' taking the boundary conditions of
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(O, i,z)=(20, i,z) and (i, O, z)=(i, 20,z) (1 ~i ~20) into ac-
count.

IV. RESULTS AND DISCUSSIONS

V~ =600 V for Co/Cu superlattices and have a maximum
at Vii =700 V for Ni&Fez/Cu/Co/Cu superlattices. This
intensity behavior correlates with the interface structure
as shown in a later section.

A. Structure 8. Cp/Cu suyer1attices

Figure 1 shows the transmission electron diffraction
(TED) patterns for (Co 10 A/Cu 10 A), oo and (NisFez 20
A/Cu 50 A/Co 10 A/Cu 50 A), o superlattices. Only
spots of the superlattice and MgO can be observed for all
Vii. The structure of Co/Cu and Ni8Fe2/Cu/Co/Cu su-
perlattices is perfectly (110) oriented and about 3 vol%
distorted face centered cubic (to be exact, face centered
tetragonal). In-plane [110] and [100] directions of the
Co/Cu and Ni8Fe2/Cu/Co/Cu superlattices are parallel
to the [110] and [100] directions of the MgO single-
crystal substrates, respectively. The x-ray-diffraction
study shows a diffraction peak at the position of the fcc-
Co(220) and Cu(220) peak for Co/Cu superlattice, and
fcc-Co(220), NisFez(220), and Cu(220) peak for
NisFe2/Cu/Co/Cu superlattices and first satellite peaks
were also observed for all samples. Rocking curve widths
for the main peaks decrease from 1.37 to 1.13' for
Co/Cu superlattices and from 1.63 'to l.35 for
NisFe2/Cu/Co/Cu superlattices with increasing V~.
I.ow-angle diffraction peaks due to the superlat tice
periodicity show only the first-order peak for the 20 A
sum of the Co and Cu layer thickness and show the first-
to third-order peaks for the 39 A sum of the thickness for
Co/Cu superlattices and show the second- to fifth-order
peaks for Ni8Fe2/Cu/Co/Cu superlattices. All samples
deposited using different values of Vz have no significant
change in x-ray-diffraction pattern except the intensity of
the satellite peaks for the mean peaks and low-angle su-
perlattice lines. The intensities of the satellite peaks and
low-angle superlattice peaks have a maximum at
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Figure 2 shows the Vz dependence of the MR curves at
0 0

room temperature for (Co 10 A/Cu 10 A), oo superlat-
tices. The shape of the MR curves is sensitive to V~.
The V~ dependence of the MR ratio is quite strong, and
the MR ratio has a maximum around Vz =700 V. The
field-induced resistivity change (hp) also has a maximum
around Vii =700 V, and the saturation resistivity (p, ) has
a minimum value at Vz =600 V.

Figure 3 shows the V~ dependence of the residual mag-
netization at zero field at room temperature and the satu-
ration magnetization at several temperatures. For the
samples with small MR ratios, an increase in the residual
magnetization was observed. The residual magnetization

(Co10A/Cu10A)

50—
~ 40g
~ 30—
CL
+ 20-

10—
0—

—55 3
P
14.54pQ-cm

Co/Cu superlattices Ni, Fe,/Cu/Co/Cu superlattices

e 0
22O q qq 002

o 0
000

(Co10A/Cu1
o 20 V&=1kV

~ &0-

0—

b, P
P

= 33.15%
= 10.21'-cm

o
002 l i 1

SUperlattice, oMgO

0
220

-10

(Co10A/Cu1 0 A)

Ve = 1.4 kV

I

-5
I

0
H (kOe)

I

1.73%
P

b, P = 0.66pQ-cm

10
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FIG. 2. Argon acceleration voltage dependence of MR
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curves at room temperature for (Co 10 A/Cu 10 A) &pp superlat-
tices.
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several temperatures for (Co 10 A/Cu 10 A) &oo superlattices.

&„r=aP„Ir+b+P, ,
l

where the first term is the contribution from the self-
magnetic moment (Iu„ir)and second term is the contribu-
tion from the nearest-neighbor moments (p;). Figure 5
shows the NMR spin-echo intensity versus frequency
plots in zero field and at 4.2 K for (Co 10 A/Cu 10 A)IIxI
superlattices prepared at Vz =400, 600, 700, 1000, and
1400 V. The lines are widely distributed from 120 to 230
MHz, and the V~ dependence of the NMR spectra is sub-
stantial. The main lines in all the spectra in Fig. S appear
to be close to the value of fcc Co. No signal was observed
at the higher frequency side of the fcc line, which indi-
cates that the amount of hcp Co is very small. For a per-
fectly fiat interface, the main line (12 Co nearest neigh-
bors) and two interface lines (11 Co and 1 Cu nearest
neighbor, and 7 Co and 5 Cu nearest neighbors) are ex-
pected for (110)-textured superlattices. This is not the
case for these samples, so the interface regions are rather
mixed. The solid lines in Fig. 5 show spectra well fitted
by six Gaussian lines, assuming the same value of
linewidth for each line. The deviations of the reconstruc-
tion of the spectra with six Gaussian lines were very
small, as shown in Fig. S. The spacing between the lines
was found to be 1S MHz with a scatter of 2.0 MHz for
(110)oriented Co/Cu superlattices.

Figure 6 shows the results of well-fitted parameters of
X; and a; with an uncertainty of 610%. The form of the

0 0
interface for Co 10 A/Cu 10 A superlattices varies as V~
changes. Alloying mostly occurs within one plane of the
interface layer for V~=400 and 600 V, and within two
planes for V& =700, 1000, and 1400 V. An important re-
sult is the correlation between the MR ratio and X;. The
Co atomic fraction X; for the interface alloy regions is
nearly uniform and equal to 50 at. %%uo forsuperlattices
having small resistivity change (hp). On the other hand,
for superlattices which show large Ap, the tendency of
the distribution of X; in the interface alloy regions from
70 to 30 at. % Co for superlattices prepared under the

is nearly zero and equal between Vz =600 and 700 V, al-
though the MR ratio prepared at the condition of
V~ =700 V is larger than that at Vz =600 V. The satura-
tion magnetization (M, ) also has a slight maximum at
around V~ =700 V at room temperature. This magnetic
property is associated with the interface structure in the
superlattices, as described later. Interlayer coupling J,
uniaxial anisotropy K„,and saturation magnetization M,
change the shape of the MR curves in accordance with
the change in V~. A K„ofthe order of 10 erg/cc is in-
troduced with the easy axis of the magnetization parallel
to the in-plane Co/Cu[100] direction. This large value of
EC„ introduces the metamagnetic transition in antifer-
romagnetically coupled Co/Cu superlattices at the field
of H, =2J/M, t, where t is a ferromagnetic layer thick-
ness (10 A), when a magnetic field is applied parallel to
the easy axis.

In order to analyze the spectra in terms of its local
structure, for Co-Cu (9.5 at. %%uo )allo y film s, NM Rspectra
were measured as a reference. The NMR spectra at 4.2
and 77 K for this alloy in zero field are shown in Fig. 4.
X-ray-di6'raction measurement showed that this film had
also a fcc structure with a texture of the [110] direction
perpendicular to the film plane. The first and second sa-
tellite lines in about 17 and 34 MHz of the lower frequen-
cy side, respectively, of the fcc main line (216 MHz) are
observed. The resonance frequency of the main line is
nearly the same as that of pure fcc Co (217 MHz). The
first and second satellite lines are assigned to Co with 11
Co and 1 Cu nearest neighbors and 10 Co and 2 Cu
nearest neighbors, respectively. The hyperfine field (Bhf)
of all lines is T independent below 77 K for Co-Cu alloy
films.

From these results, the NMR spin-echo intensity of su-
perlattices was analyzed based on the assumption that the
substitution of nearest-neighbor Co atoms by Cu atoms
yields a discrete shift in B&& due to the reduction of s-
electron polarization of Co atoms;

CORRELATION BETWEEN THE INTERFACE STRUCTURE AND. . .
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TABLE I ~ The saturation field and amplitude of the AF cou-
pling estimated from the magnetoresistance data and residual
magnetization at zero field at 5 K and room temperature for the
several Co/Cu superlattices.

Ar acceleration
voltage V~ (V)

M, /M,
(kGe) (erg/cm ) (deg)

5 K 297 K 5 K 297 K 5 K 300 K

400
600
700
1k
1.4k

2.07
5.24
3.96
3.55
1.25

1.97
4.22
3.19
2.90
1.20

0.146
0.372
0.280
0.252
0.087

0.140
0.279
0.214
0.206
0.085

0.845
0.019
0.055
0.432
0.983

0.881
0.016
0.052
0.378
0.982

conditions of Vz =600 V, and 95 to 5 at. % Co and 80 to
20 at. Po Co for V~ =700 and 1000 V, respectively, is ob-
served. The largest MR ratio was observed at Vz =700
V, which has the interface alloy regions extending over
two planes. This suggests that interface structure and
GMR are strongly correlated, and that GMR requires
atomically mixed interfaces (chemical distribution in the
interface alloy region}. This chemical distribution
changes the magnetic properties as shown in Fig. 3. One
is the change of the J between the magnetic layers. The
nearly uniform and equal to 50 at. %%uoCoatomi c fraction
X; for the interface alloy regions having small MR ratio

implies that the number of Cu atoms increases abruptly
for 12 Co nearest-neighbor sites at the interface regions.
This gives rise to a change in the magnetic properties of
Co atoms at the alloy regions so that the amplitude of the
AF coupling becomes very weak and magnetic moment
for adjacent magnetic layers separated by Cu layers does
not show the antiparallel alignment as shown in Table I.
Another is the change of the M, due to the change in the
interface magnetization. This would give rise to a change
in the scattering of conduction electrons at the interfaces.

The ASRO parameter for the superlattices is between 0
and 0.2. This implies that atoms at the interface are like-
ly to form a random distribution and have a slight ten-
dency to form clusters among the same kind of atoms.
This tendency is considered to be due to the immiscible
relationship between Co and Cu.

C. NisFe2/Cu/Co/Cu superlattices

From the results of the Vz dependence of Co/Cu su-
perlattices, we found that the large MR ratio occurs for a
distribution of Co atomic fraction X; for the interface al-
loy regions. It was revealed that these interface struc-
tures change the magnetic properties such as interlayer
coupling and the Co magnetic moment of the interface.
The relation between the GMR and the AF coupling has
been accepted by many researchers. Therefore we inves-
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tigated whether there is a correlation between the MR
and the Co magnetic moment at the interface. In order
to examine the scattering center problem directly,
NisFe2/Cu/Co/Cu superlattices are best, because J for
this system is nearly zero due to the thick Cu layer, and
field induced antiparallel magnetic alignment state be-
tween Co and NisFe2 layers was observed due to the
difference of the coercive force between Co and Ni8Fe2.
Figure 7 shows magnetization versus magnetic field
curves for (NisFe2 20 A/Cu 50 A/Co 10 A/Cu 50 A)&o
superlattice at 5 K. E„wasintroduced due to the epitax-
ial strain when Co and Ni8Fe2 is deposited on Cu as we
will describe in Sec. IV E, and the easy axis of the magne-
tization is the NisFez/Cu/Co/Cu[100] direction. When
the field was applied to the NisFez/Cu/Co/Cu[100]

direction, field induced antiparallel magnetic alignment
states between Co and Cu layer were observed for the all
V~ dependence samples.

Figures 8 and 9 show the Vz dependence of the MR ra-
tio and M„respectively, for (NisFe2 20 A/Cu 50 A/Co
10 A/Cu 50 A), o superlattices. Large MR ratios were
observed associated with the field induced antiparallel
magnetic moment state. Both MR and M, are also sensi-
tive to Vz and have a maximum around V~ =700 V.

Figure 10 shows the Co NMR spectra at 1.5 K as a
function of Vs for (NisFez 20 A/Cu 50 A/Co 10 A/Cu
50 A ) ~p superlattices. The lines are widely distributed
from 110 to 235 MHz, and the Vz dependence of the
NMR spectra is substantial. The main lines in all the
spectra in Fig. 10 appear to be close to the value of fcc
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tween the lines was found to be 15 MHz with a scatter of
2.1 MHz for (110)-oriented NisFe2/Cu/Co/Cu superlat-
tices.

Figure 11 shows the results of well-fitted parameters of
X; and a;. The Co atomic fraction X,. for the interface al-
loy regions of Co 10 A/Cu 50 A varies as Ve changes.
Alloying occurs within three planes of the interface layer

7
(NiBFeq 20A/Cu 50A/Co 10A/Cu 50A)qp

6 — & T=5K
e T=296K

4
O

~~
CO

3
O

0
500 1000 1500
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FIG. 8. Argon acceleration dependence of MR ratio at 5 and
296 K for (Ni8Fe2 20 A/Cu 50 A/Co 10 A/Cu 50 A) &p(110) su-
perlattices. The field was applied to the easy axis
(Co/Cu/Ni, Fe,/Cu[100] direction).

I i i & i I i & i i I

-10 -5 0 5 10
H (kOe)

FIG. 7. Magnetization versus magnetic field curves for
(Ni8Fe2 20 A/Cu 50 A/Co 10 A/Cu 50 A)&p(110) superlattices
at 5 K. Uniaxial anisotropy was induced. The easy axis is the
Co/Cu/Ni8Fe2/Cu [100]direction.

FIG. 9. Argon acceleration dependence of saturation magne-
tization at 5, 100, and 297 K for (Ni8Fe2 20 A/Cu 50 A/Co 10
A/Cu 50 A)»(110) superlattices.

for all Vz. An important result is the correlation be-
tween the MR ratio and X;. Total numbers of the Co
atoms in the mixed Cu interface regions (total numbers of
Co atoms in layers 5, 6, and 7 in Fig. 11) for the superlat-
tices having small MR ratio is larger than that for the su-
perlattices having large MR ratio. This suggests that
numbers of the Co atoms in the mixed Cu interface and
GMR are strongly correlated. Large numbers of the Co
atoms in the mixed Cu interface imply the increases in
the number of Cu atoms for 12 nearest-neighbor sites to a
Co in the interface regions. This may give rise to changes
in the magnetic properties of Co atoms at the interface
alloy regions so that some spins decrease the magnetic
moments due to the hybridization between the Co and Cu
atoms. This gives rise to a change in the scattering of
conduction electrons.

The ASRO parameter for the Co/Cu interfaces is be-
tween 0 and 0.6. This implies that atoms as the interface
have a slight tendency to form clusters among the same
kind of atoms. This tendency is considered to be due to
the immiscible relationship between Co and Cu.

D. Annealing effect for Co/Cu superlattices

Next we study the correlation between the MR ratio
and the ASRO parameter, i.e, . segregation of the Co and
Cu atoms for Co/Cu(110) superlattices. From the results
of the interface structure, the interface alloy regions for
the as-deposited (Co 10 A/Cu 10 A),oo(110) superlattices
prepared by the IBS method have an almost random dis-
tribution (ASRO parameter 0 ~ a; ~ 0.2). We used the
annealing method to change the ASRO parameter. An-
nealing of the Co/Cu superlattices would change the
ASRO parameter a; & 0, because Co and Cu atoms have
an immiscible relationship. First, we show the annealing
temperature ( T„)dependence of the MR ratio for (Co 10
A/Cu 10 A)mo superlattices. T„dependence of the MR
ratio for the (110) textured (Co 10 A/Cu 10 A), oo super-
lattices was not so sensitive below 300'C as shown in
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TABLE II. The frequency of the main line of the ' Co NMR spectra for the several Co/Cu and
Ni8Fe2/Cu/Co/Cu superlattices. The shift in the NMR main line is expressed solely in terms of pure
volume lattice expansion. The final entry shows the effect of expanding the Co lattice spacing to match
that of Cu lattice.

Sample

(Co 10 A/Cu 10 A),
as deposited
(Co 10 A/Cu 10 A),
150'C annealing
(Co 10 A/Cu 10 A))oo
300'C annealing
(Co 10 A/Cu 10 A ) ]00
450'C annealing
(Co 10 A/Cu 10 A),
500'C annealing
(Co 25 A/Cu 10 A)„
(Co 50 A/Cu 10 A)
(Ni8Fe2 20 A/Cu 50 A/
Co 10 A/Cu 50 A)&0

V& =700 V
Co~Cu

&R/R (%)
at RT

55.3

55.3

55.4

2.1

1.8

33.0
10.5

2.0

Main line
frequency (MHz)

210.4

210.2

209.0

209.3

216.4

215.0
215.3

209.0

204.9

Equivalent lattice
expansion 5V/V(%)

2.7

2.8

3.3

3.2

0.23

0.8
0.7

3.3

5.3

Table II. When the Tz was increased to T~ =450 C,
MR ratio for the (Co 10 A/Cu 10 A) &co(110) superlattices
became very small, associated with the changing of the J
from antiferromagnetic coupling to ferromagnetic (E)
coupling. Figure 12 shows the low angle (LA) and high
angle (HA) x-ray-difFraction patterns at T~ =150, 300,
450, and 500'C. Significant change was not observed in
x-ray-diffraction measurements below the T~ =450 'C, al-

though the MR ratio fell to a very small value. Only the
intensity [half width at half maximum (HWHM)] for the
LA x-ray-diffraction patterns slightly decreases (in-
creases) with increasing T„,although the intensity
(HWHM) for the HA x-ray-difFraction patterns increases
(decreases) with increasing T„.When Tz was increased
to 500'C, LA x-ray diffraction disappeared and HA x ray
showed the double peaks, whose peak positions are nearly

(Co10A/Cu10A)~os on MgO (110)

150'C a
Small Angle 3

150'C ann.

3.40 3.80

300'C a
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4.20 4.60
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5.00 64.0 68.0 72.0
L 4

~ 28 (deg. )
76.0 80.0 84.0 88.0

3

FIG. 12. Low angle and high angle x-ray-
difFraction patterns at T& =150, 300, 450, and
500'C for (Co 10 A/Cu 10 A) &Do(110) superlat-
tices. The x-ray-diffraction pattern of as-
deposited (Co 10 A/Cu 10 A)&00(110) superlat-
tices was nearly equal to that of the superlat-
tice annealed at T& = 150'C.

3.40 3.80 4.20 4.60
. 28 (deg. )

5.00 64.0 68.0 72.0 76.0
1

2
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for as-deposited Co/Cu superlattices are widely distribut-
ed from 120 to 230 MHz and this distribution as a func-
tion of the frequency becomes narrower with increasing
T~, and for the superlattices annealed at T~ =500'C,
only the main line and first satellite line were observed.
The main lines in the spectra for the samples as deposited
and annealed at T„=150,300, and 450 C appear to be
close to the value of fcc Co or, exactly speaking, exhibit-
ed about 7 MHz shifts to the lower frequency side com-
pared with the bulk value, and that for T~ =500'C is
nearly equal to the value of fcc Co (217 MHz). The hcp-
Co line was not observed at the higher frequency side of
the fcc line for any T~. These lines indicate that there is
not a perfectly flat (110) interface for any T~. The solid
lines in Fig. 13 are the spectra well fitted by Gaussian
lines, assuming the same value of linewidth for each line.

Figure 14 shows the results of well-fitted parameters of
X; and u, for as-deposited and T~ =150, 300, and 450 C
annealed samples. For the sample annealed at
T~ =500'C, we could not simulate the interface struc-
ture by approximating it as alloying within three planes
of the interface. Interface alloying regions would be
more than three planes for the sample annealed at
T„=500C. For the samples as-deposited (V/i=700 V)
and annealed at T~ =150 and 300'C, alloying occurs
within two planes of the interface layers and for the sam-
ple annealed at Tz =450 C, alloying occurs within three
planes. The ASRO parameter u; increases with increas-
ing Tz. This is due to the immiscible relationship be-
tween Co and Cu. For all samples having interface alloy
regions within two planers, both MR ratio and magneti-
zation M, have nearly the same value, although the
values of the ASRO parameter a; increases. Therefore,
increasing of the ASRO parameter cx, does not correlate
with the MR ratio. Apparently, increasing of the ASRO
parameter a; shows the segregation of the Co atoms (Cu
atoms). For the sample annealed at 450'C having the in-
terface alloy regions within three planes, in-plane distri-
bution of Co has the island structure (large value of a;).
The interface island structure induces the change of in-
terlayer coupling between magnetic layers from AF cou-
pling to I coupling, the decrease of the MR ratio and the
slight increase of M, (M, = 162.5 emu/g at room temper-
ature). From these results, the ASRO parameter a; are
found to not correlate with the MR ratio for the samples
having the same interface magnetization.

F. Amplitude of the interlayer coupling
and interface structure

Another important issue is the interlayer exchange
coupling (J) between ferromagnetic layers across non-
magnetic spacer layers. ' Our samples have a metamag-
netic transition, so the J can be correctly determined for
Co/Cu superlattices having various interface structure
using the relation of 0, =2J/M, t, when the field is ap-
plied to the easy axis direction, where t is thickness of a
magnetic layer. Figure 15 shows the typical T depen-

gHe
(C010A/CU10A)1 00 600V:.'
H//Mg 0[100]

~ ~

- &Hs
~ rr

~ g~ 0 ~

MO ~ ~ 0&
~ ~ &Hs

~ ~

~:)Hs
~( ~OMOOOOOO

———~le
~ $ ~ ot

Co distance increases when Co is deposited on Cu. The
distance between the atoms of Ni8Fe2 on Cu also in-
creases because the spot of TED for Ni8Fe2/Cu/Co/Cu
superlattices shows coherent structure as shown in Fig. 1.
As shown in Table II, expansion of the atomic volumes
has been estimated from the shifts of the NMR main lines
of the several samples. When Tz was increased or Co
thickness was increased for Co/Cu superlattices, strain in
the Co layers was relaxed. In fact, TED and the x-ray-
difFraction studies support this result. This tendency of
the strain in the Co layers agrees with the value of E„.
When uniaxial anisotropy is due to this stress induced by
epitaxial growth, the elastic energy is written as
K„=—ok, = —(ce)A, , where A, is the magnetorestriction
constant, c. is epitaxial strain, and c is the elastic tensor.
This equation is transformed by E„=—c» A, ,O05a /a
when the field is applied to the [100] axis. When c and A,

are assumed to have values of the same order as for hcp
bulk Co and NisFe2, the large value of IC„(5.1X10
erg/cc for Co/Cu superlattices and 2.3X10 erg/cc for
Ni&Fe2/Cu/Co/Cu superlattices) can be explained from
the order of 5a/a = l%%uo. This value is nearly the same
value as estimated from the TED pattern (Qa/a = -2%%u~

estimated from Fig. 1) and we consider that the large
value of K„is due to the distortion of the lattice. Same
behavior was observed for Ni8Fe2/Cu superlattices epi-
taxially grown on a MgO(110) substrates.

E. Epitaxial strain and uniaxial anisotropy
T=300K 0 ~ ~+ e

~ see ~ oOI~ ~N~0

It is known that Bbf depends on the atomic distance,
deduced from its pressure dependence. The pressure has
two effects on Bhf. decrease in the spin density associated
with the 3d electrons (core contribution), and increase in
the magnitude of the valence spin density at the nucleus.
For Co, the valence contribution outweighs the core con-
tribution, so a hyperfine field increases its magnitude un-
der pressure. A typical value for Co is 48h f /+ hf= —1.16k V/V. Thus the shift of the main line of the
spectra is related to the atomic volume ( V) or the strain
in the lattice. Therefore, our result suggests that the Co-

~r
T=200K:.~&"'

7=100K~ .~
7=50K~ '

~ ~

T=5K

-10 0
H (koe)

FIG. 15. Magnetization versus field curves at several temper-
atures for as-deposited (Co 10 A/Cu 10 A)&00 superlattices
prepared under the condition of V& =600 V.
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dence of the M H-curves for (Co 10 A/Cu 10 A), cp
( V~ =600 V) superlattices. We defined the value of H, at
the middle point of the hysteresis loop of the M-H
curves. The 8, is T dependent and increases with de-
creasing temperature. Figure 16 shows the T dependence
of the J for the three (Co 10 A/Cu 10 A), pp superlattices
[V~=600 V (as deposited), V~=700 V (as deposited),
Vz =700 V (150 C annealed)]. The amplitude of the J is
T dependent and has a weak anomaly around T =30 K.
The large T dependence of the J was observed below 30
K, which was suppressed when the sample was annealed
at Tz =150'C. The Co NMR spectra for the 150'C
annealed Co/Cu superlattice showed a smaller intensity
for the interfacial spin echo spectra than that for the as-
deposited Co/Cu superlattice due to the la,rge value of a;
(ASRO parameter} as shown in Fig. 13.

Explanations of the J have been based on the modified
Ruderman-Kittel-Kasaya-Yosida theory ' and on the
idea of quantum confinement of the electrons within the
individual spacer and ferromagnetic layers. ' The ob-
servation of oscillations as a function of the ferromagnet-
ic layer thickness in Co/Cu and Fe/Cr multilayers ' is
influential and characterized by the quantum confinement
theory. Mathon et al. showed that T dependence of the
J are determined entirely by the properties of the spacer
layer Fermi surface (T dependence of the amplitude of J
is proportional to T/sinh[ak~ T], where a is the constant,
and k~ is the Boltzmann factor) and independent of the
exchange splitting (magnetization) in the ferromagnetic
layer, although the overall amplitude of J is determined
by two factors: the curvature of the Fermi surface in the

nonmagnetic spacer layer and the bulk exchange splitting
in the ferromagnetic layers. Our T dependence data of J
(a weak anomaly around T =30 K and the large T depen-
dence of the J below 30 K) cannot be explained except for
changing the exchange splitting parameter. In order to
confirm the eff'ect of the exchange splitting (magnetiza-
tion in Co} on J, we directly observed the T dependence
of Bhr at Co nucleus for (Co 10 A/Cu 10.5 A)ipp
(V+=700 V) superlattices. The T dependence of the
Bhf of the interface lines is very large compared with that
of the bulk line. This is the evidence that the band state
of Co in the interface alloy regions is different from that
of bulk Co due to the hybridization of the Co d band with
the Cu sp conduction band. This Co band state hybri-
dized with Cu sp conduction band is expected to intro-
duce the effect similar to partial confinement and depen-

I I I I I I I I
J

I I I I I I I I I [ I I I I I I I I I

(Co10A/Cu10. 5A)

happ
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FIG. 16. Temperature dependence of the amplitude of the in-
terlayer exchange coupling between magnetic layers for the

0
three (Co 10 A/Cu 10 A) &oo superlattices under the condition of
V& =600 V (as deposited), V& =700 V (as deposited), and
Vz =700 V (150'C annealed),

dence of the exchange splitting in the ferromagnetic lay-
er. Further work related to the effect of the exchange
splitting on Jwould be necessary.

V. CONCLUSION

In conclusion, we studied the correlation between the
interface structure, and magnetic and transport proper-
ties for Co/Cu(110) and NisFe2/Cu/Co/Cu(110) superlat-
tices. As a result, it was found that there is a correlation
between interface structure and GMR, M„and J. Inter-
face structure causing both AF coupling between mag-
netic layers and a large magnetic moment at the interface
plays an important role in producing GMR. Moreover,
we found that the amplitude of J has a weak anomaly
around T =30 K.
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