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Antiferromagnetic coupling in (111)-oriented Co/Pt superlattices
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Nuclear magnetic resonance (NMR) and low-temperature magnetization measurements are used to
demonstrate antiferromagnetic (AF) coupling in molecular beam epitaxy grown (111)-oriented Co/Pt su-
perlattices. Drastic changes in the NMR spin-echo spectra as a function of the in-plane dc magnetic-
field strength provide conclusive evidence of AF interlayer coupling in these structures, consisting of 35-
and 52-A Co and 18-A Pt bilayers. The structure of the Co films is mainly hcp (70%) and the coupling
energy per unit area, as determined from in-plane magnetization loops is found to range up to 1 erg/cm?.

I. INTRODUCTION

Since the discovery of the oscillatory exchange cou-
pling! between magnetic layers via a nonmagnetic spacer
layer, a great number of transition-metal (TM) spacers
have been explored.? The periods of exchange oscilla-
tions are determined by the geometry of the Fermi sur-
face of the TM spacer.® The interest of magnetic films
exhibiting interlayer antiferromagnetic (AF) coupling re-
sides in their eventual giant magnetoresistance (GMR).*
GMR occurs because of the drastic difference in the resis-
tance of the film between the antiparallel and parallel (in
a saturating field) alignments of the magnetic layers. This
reflects the fact that the electron mean free path in a fer-
romagnetic transition metal is spin dependent. The
strength of the AF coupling is found to increase exponen-
tially with increasing number of spacer d electrons.
However, surprisingly enough, Co/Pt multilayers (Pt has
5d° configuration) were reported to exhibit no AF cou-
pling.? The reason may be that AF coupling is obscured
by magnetic anisotropy or interface roughness.? Very re-
cently the periods of exchange oscillations for (111)-
oriented Pt spacer layers were calculated by Stiles® to be
either short (~5 A) or long (~25 A), as compared to
usual values in the range 9-12 A. In this paper we re-
port spin-echo nuclear magnetic resonance (NMR) and
magnetization studies in (111)-oriented Co/Pt multilayers
containing thick Co layers, prepared by molecular-beam
epitaxy with Pt layer thickness around 18 A. Conclusive
evidence for AF coupling in these samples is found both
from the field dependence of NMR spectra and magneti-
zation experiments.

II. SAMPLE PREPARATION
AND CHARACTERIZATION

The samples with Co layer thicknesses of 35 and 52 A
were grown on (0001) sapphire and (111) GaAs sub-
strates, respectively. The Pt and Co layers are parallel to
the (111) plane. Both samples contained 15 Co/Pt bi-
layers with Pt layer thickness of about 18 A. The multi-
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layers were grown using different seed films. A 200- A-
thick Ag(111) film was used for growth® on GaAs(111)
and a 30-A-thick Pt(111) film for growth’ on sapphire
(0001).

High-angle x-ray specular scans for both samples are
shown in Fig. 1. For the sample grown on sapphire (sam-
ple 1) a set of six superlattice peaks is observed, overlap-
ping a broad peak due to the Pt seed layer. The
A1,04(0006) peak is extremely sharp and was not record-
ed in this case. In the scan for the sample grown on
GaAs(111) (sample 2), a big Ag(111) peak showing total
thickness fringes can be observed. This peak extends
through the superlattice diffraction region, some of which
satellites appear strongly distorted.

The experimental data for sample 1 were fitted using a
parameter refinement procedure.®” ! Bulk in-plane and
out-of-plane spacings were assumed for the Pt film.
NMR measurements indicate that about 30% of the Co
films is fcc in both superlattices, and a weighted average
of hcp and fce Co interplanar spacings was therefore as-
sumed, taking the hcp in-plane atomic density (equivalent
to the fcc one within 0.1%). Bulk Pt and hcp Co Debye-
Waller and scattering factors were assumed. Layer thick-
ness fluctuations are taken into account by assuming a
discrete Gaussian variation of the number of atomic
planes in each layer about an integer average value N.
The width of the Gaussian distribution is denoted by o .
Chemical interdiffusion can be added to the calculation
by substituting the scattering factors (fCo and fPt) of
both materials in the layers at the interface by a weighted
average of both scattering factors with an interdiffusion
parameter v (1). In this way, the scattering factor of the
first Co layer is given by [1—v(1)]fCo+v(1)fPt. In the
second and third monolayers the interdiffusion parameter
is given by v(1)exp(—wv(2)) and v(1)exp(—2v (1)), re-
spectively. Finally, the distance between the last layer of
a material and the first of the other one can be varied us-
ing a Gaussian distribution of width v (3) about the aver-
age value [(dCo+dPt)/2]. The contribution of the
Pt(111) seed layer was included using a Lorentzian peak.
Figure 1(a) shows experimental data and the best fit ob-
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FIG. 1. High-angle x-ray-diffraction results. (a)
Al1,0,(0001)/30 A Pt/[35 A Co/18 A Pt]X15. The solid line is
a fit to the experimental data as explamed in the text. (b)
GaAs(111)/200 A Ag/[19 A Pt/52 A Co]X15/19 A Pt. The
Ag(111) contribution with total thickness fringes can be ob-
served in the left side of the scan.

tained. From the fit the Co and Pt thicknesses are found
to be 34 and 19 A, respectively. The thickness distribu-
tion within each layer is summarized in Table I.

The strong contribution of the Ag(111) peak in sample
2 makes a similar analysis difficult to realize. Neverthe-
less, a study restricted to the peaks far from the Ag peak
allows us to estimate the Co and Pt layer thicknesses to
be 52 and 19 A, respectively. No direct information con-
cerning interfacial roughness can be extracted. Since
both samples were grown under the same conditions it is
possible, in principle, to extend some of the results ob-
tained for sample 1 to samp]e 2. Fitting the experimental
data of this sample using as input parameters the num-
bers obtained for sample 1, a broader thickness distribu-

TABLE I. Thickness distribution within the Co and Pt lay-
ers.

Thickness (A) N (ML) oy v(1) 0(2) v(3)
Co 3542 17 0.99

0.02 7.9 0.16
Pt 181+0.7 8 0.26

tion can be concluded, extending up to 9 and 4 mono-
layers (ML) wide in the Co and Pt layers, respectively.
One should be, nevertheless, very conservative about
these numbers. Previous high-resolution transmission-
electron-microscopy (HRTEM) studies on Co/Pt super-
lattices grown under the same conditions’ showed an ex-
tensive growth disorder, specially twins and stacking
faults, that could explain this thickness dispersion. The
distortion of several superlattice peaks near the Ag(111)
is noticeable in sample 2. One could interpret such a dis-
tortion as an overlapping of the superlattice peaks with
the total thickness fringes coming from the Ag, but nei-
ther their intensities nor their positions are in agreement
with such an assumption. An effect due to the coex-
istence of fcc and hep Co can be a tentative explanation:
if the grain size for fcc and hcp Co in sample 2 is big
enough, coherent diffraction from both phases can hap-
pen and the results may be interpreted as the contribu-
tion from two different superlattices, one with Co fcc and
the other with Co hcp. The overlap of both contributions
would give rise to the observed distortion in the peaks.
Since the Co layers in sample 1 are thinner, the smaller
fcc and hep Co grains would give rise to an average Co
lattice constant instead, with a single contribution to the
diffraction process.

III. EXPERIMENTAL RESULTS
AND INTERPRETATION

The Co NMR measurements were carried out at 2 K
using a variable-frequency spin-echo apparatus. The
sample was mounted inside a Dewar tail around which
was fitted an exciting coil, such that an rf field, of up to
about 12 Oe, was parallel to the film plane. A dc magnet-
ic field of up to 12 kOe can be applied perpendicular to
the coil axis, either in plane or perpendicular to the sam-
ple surface. For **Co nuclei, a shift AH (kOe) in the reso-
nance field is related to a shift AF (MHz) in the resonance
frequency by the ratio AF /AH =1.0054 MHz/kOe.

A broad Co spin-echo spectrum in zero external field
as viewed in the top of Fig. 2 is characteristic of hcp
Co.!! The most important information, however, is con-
tained in the continuous change of the line shapes in the
presence of an increasing dc magnetic field parallel to the
film plane. The magnetization is lying in the film plane
for the present samples with Co layer thicknesses equal
or greater than 30 A. When the dc field is increased to 4
kOe a new sharp line appears in the low-frequency wing.
This line is not related to an in-plane anisotropy as might
be expected since the NMR measurements were un-
changed after rotating the films 90° about the normal
direction. Similar results are obtained with the sample
with Co layer thickness of 35 A. To understand the
presently observed shape transformation better, we first
compare the present field-induced spectra of Co/Pt mul-
tilayers with spectra observed in zero external field, in a
(111)-oriented Au/70 A Co/Au sandwich'!' (dashed line
in top panel). The sharp and broad lines were shown to
arise from the fcc and hcp phases, respectively. In a dc
magnetic field parallel to the film plane these lines are
simply shifted, without any deformation to lower fre-
quency as the hyperfine field H, is negative. The field
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dependence of the resonance spectra in the present Co/Pt
samples is interpreted as evidence for AF coupling in
these samples and is discussed as follows.

First it is recalled that the spin-echo signal in magnetic
materials is proportional to the enhancement factor 1 of
the rf field. In ferromagnetic films the factor 7, which re-
sults from domain rotation, is equal to the ratio H, /H ,
(Ref. 12) where H , is the in-plane anisotropy field. For
(111) texture the H , value is checked to be small as evi-
denced from torque measurements. In antiferromagnetic
films with negligible in-plane anisotropy, 7 is determined
by the AF coupling strength. To show this we assume
that a field H is applied, in the plane, perpendicular to
the antiferromagnetic direction. The magnetization M|
will deviate by an angle 6 from this direction. The energy
density function, neglecting the magnetic anisotropy, can
be written as

E =—HMssin0—(J 5 /t) cos20 , (1)

where J,p is the interlayer exchange parameter per sur-
face unit and ¢ the magnetic layer thickness.
The equilibrium angle 6 is given by the relation
oE

EY) = —HM, cosO+(4J yp /t)sinb cosf=0
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FIG. 2. Co spin-echo spectra at 2 K in Co/Pt superlattice
with Co layer thickness of 52 A, for different values of magnetic
field parallel to the film plane. The dashed line represents the
spectrum in a (111)-oriented Au/70 A Co/Au sandwich exhibit-
ing a sharp fcc and a broad hcp line.

or
HM,t
4T or

sinf= (2)

If H is a rf field the nuclei will see an effective trans-
verse rf field H, sinf. The enhancement factor is defined
as

__H,sind6  H, 3)
"TH T H.,
with
Hpp= Mt

From relation (2), H,yx is identical to the saturation
field. If the multilayer contains regions which experience
strong AF coupling but are only loosely ferromagnetical-
ly coupled with other regions, 7 will vary locally within
the sample. As a consequence only the signal with high 7
values can be observed in zero external field. This signal
is strongly reduced in a dc magnetic field greater than
H ,. Consider now a dc field H applied in the plane in
any direction, stronger than the flip field to make all the
antiferromagnetic directions perpendicular to H. Apply-
ing a small field h perpendicular to H is equivalent, in
first order, to simply rotate H by an angle a given by
tana=h/H. Consequently, the magnetization and the
hyperfine field are also rotated by a. The rf field is
several orders of magnitude smaller than the dc field so
that tana ~sina ~a. In this case the enhancement factor
is given by

=" (4)

which is the same as for a ferromagnetic film, with
H >>H ,. Thus in a saturating field the resonance spec-
tra reflect the actual distribution of the hyperfine field.
Once the saturation is reached there is no further defor-
mation of the spectra as for a simple ferromagnetic film.
The fraction of the fcc phase, represented by the sharp
line observed in a saturating field, is estimated to be 30%.

The present NMR findings are corroborated by magne-
tization measurements. The in-plane magnetization
curve shown in Fig. 3 is typical of multilayers with AF
coupling or of ferromagnetic films having an in-plane uni-
axial anisotropy with the ¢ axis perpendicular to the field.
This curve is independent of the orientation of the field
within the plane, supporting the AF behavior by ruling
out an anisotropy effect. The remanent magnetization of
about 15% represents the fraction of the sample which
experiences no AF coupling. The convex shape of the
magnetization curve reveals a distribution in AF cou-
pling strength. Within the approximation of negligible
in-plane anisotropy, the saturation field H; is identified as
the maximum H,p value. The in-plane magnetization
curve can be fitted by assuming a distribution of H;
values ranging from zero (ferromagnetic fraction) to a
maximum value. Good agreement is obtained by assum-
ing, for the AF regions, equal contributions with
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H,=2,3,4,5,6 kOe for the sample with 52-A Co layer
thickness. There is a close correspondence between the
NMR and magnetization results. The NMR signal in
zero external field arises mainly from regions showing
remanent magnetization. In a dc field of a few kOe the
spread in the enhancement factor across the sample is re-
duced such that the signal due to AF regions can be ob-
served. The resolution of the fcc lines is achieved at the
saturation field, where all the fcc hyperfine fields are anti-
parallel to H. Similar behaviors were observed for the
sample with 35- A Co layer thickness with a maximum H,
value of 8 kOe.

The maximum J ,p value is about 1 erg/cm? for both
samples. The mechanism of AF coupling may be the
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction at
large distance which has been shown to overcome the d-d
interaction between the central Pd layer and the Co lay-
ers in Co/Pd multilayers.!> The respective d-d interac-
tion which leads to the well known ferromagnetic polar-
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FIG. 3. Reduced magnetization at 10 K as a function of dc
magnetic field parallel (a) and perpendicular (b) to the film plane
for the sample with Co layer thickness of 52 A. The solid line
represents the calculated curve assuming a distribution of AF
coupling strength with H; values equal to 2, 3, 4, 5, and 6 kOe,
respectively.
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FIG. 4. Co spin-echo spectra at 2 K in a field of 11 kOe per-
pendicular (solid lines) and parallel (dashed lines) to the film
plane for the samples with Co layer thicknesses of (a) 52 A and
(b) 35 A. The dotted lines represent the expected contributions
of hep Co.

ization of Pt is smaller for Pt atoms so that the RKKY
interaction is expected to be more apparent in Co/Pt
multilayers.

The hyperfine field is expected to be quasi-isotropic for
the fcc phase and anisotropic for the hcp one. 4 With
respect to the parallel polarization the resonance frequen-
cy of the fcc line in perpendicular orientation should in-
crease by about 18 MHz, due to the demagnetizing field
47M ~ 18 kOe of Co. For bulk hcp Co, the hyperfine
field with magnetic moment along the c¢ axis has been re-
ported to be 8 kOe smaller than that associated with the
moment lying in the ¢ plane.!> Thus for (0001) Co layers
the resonance frequency in the perpendicular orientation
is expected to increase by 10 MHz. This is born out by
our results as shown in Fig. 4. We measure fcc shifts of
16.5 and 18.5 MHz for the samples with Co layer
thicknesses of 35 and 52 A, respectively. Note that a ten-
sile strain exerted from the Pt lattice onto the Co layers
will slightly distort the fcc Co lattice resulting in a re-
duced shift. This strain is expected to decrease as the Co
thickness increases, showing better agreement for the 52-
A sample. For the hcp spectra the shifts are estimated to
be 11+1 MHz, showing that the anisotropic part of the
hyperfine field is of the order of the bulk value.

IV. CONCLUSION

In conclusion, AF coupling in (111)-oriented Co/Pt su-
perlattices with the Pt layer thickness of 18 A has been
observed by the simultaneous use of the spin-echo
method and magnetization results. The coupling energy
per unit area is found to range up to 1 erg/cm? The
structure of the Co films is mainly hcp (70%), as deduced
from NMR spectra. This proportion is coherent with the
high-angle x-ray studies which also imply that fcc and
hep Co phases arise from different crystallites. These re-
sults confirm the model, used in this paper, of separate re-
gions exhibiting local interlayer AF coupling of different
strengths which appear through the analyses of the NMR
and magnetization data.
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