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We present an X-band ferromagnetic resonance (FMR) study of polycrystalline single Ni films 
and of two Ni layers separated by an Ag layer at room temperature. Films were deposited by 
sputtering on glass using Ag over- and underlays. The single Ni films have a FMR mode with 
a dependence of the resonance field on the angle a between the magnetic field and the plane in 
good agreement with theory. In samples with two Ni films coupled through an intervenient Ag 
layer, only one FMR mode is observed if the two Ni have identical thicknesses. When the films 
have different thicknesses a second weak resonance appears. The field difference between the two 
modes is a measure of the coupling between the Ni films. Results were obtained for a series of 
ssmplcs with the ,4g thickness varying in the range 10 < t < 30 A. Surprisingly, the two modes 
have opposite behavior with the variation of ar, for all values of t. The results suggest that the 
coupling is antiferromagnetic when the field is parahel to the film plane and ferromagnetic when 
perpendicular, regardless of t. 

I. INTRODUCTION 

The magnetic interaction between ferromagnetic films 
separated by metallic nonmagnetic layers has been attract- 
ing increasing attention since it was discovered a few years 
ago.’ Particular interest has arised about systems which 
show oscillatory behavior of the magnetic coupling with 
varying thickness of the nonmagnetic spacer layer, such as 
FeiCr, CoKr, and Co/Ku among others.‘e4 The interlayer 
coupling lras been investigated by means of various tech- 
niques, such as magnetizations and torque measurements, 
magnetorcsistance,” Brillouin scattering,’ and ferromag- 
netic resonance ( Fh%R) .5*h Theoretical models have been 
proposeda-” to explain the oscillatory behavior of the cou- 
pling but controversies still exist. One system that has re- 
cently called attention is Ag/Ni.“‘-” The nonmiscibility of 
Ag and Ni elements allows the preparation of superlattices 
with sharp interfaces nraking this system very interesting 
from the point of view of materials engineering. , 

In this paper we present a FMR investigation of Ni 
single layers and Ni double layers separated by a Ag spacer 
layer. This is a convenient system for FMR studies because 
Ni has a relatively small saturation magnetization com- 
pared to other transition metals, so that it can be saturated 
perpendicularly to the film plane by fields used in X-band 
sp&rometers. The initial objective of this study was to 
measure directly the coupling between Ni layers, since the 
FMR technique is most appropriate for this purpose.5’6 
However the results obtained with FMR at just one fre- 
quency do not allow a definitive interpretation of the res- 
onance modes in Ni/Ag/Ni sandwiches and of the cou- 
pling between layers. 

II. SAMPLES AND EXPERIMENTAL TECHNIQUE 

The samples used in our experiments are poIycrystal- 
line single Ni layers and sandwiches Ni/Ag/Ni. The two 

Ni layers have thickness of 90 and 110 A, made deliber- 
ately different so that the exchange, or out-of-phase, mode 
can be excited by the uniform microwave field. The Ag 
layer has variable thickness t in the range 10-30 A. The 
sandwich has a 25 A thick over-layer and a 50 A thick 
underlayer of Ag, deposited on a glass substrate. We have 
also measured the resonance in single Ni layers and in 
sandwiches with identical Ni thicknesses. The samples 
were prepared by sputtering in a Balzers BAS 450 system 
pumped to a base vacuum of 1 .X lo’.-” mbar. Ag and Ni 
were sputtered in dc and rf modes respectively. A con- 
trolled Ar(SN) partial pressure of 7~ 10-’ mbar was used 
during deposition and the target-substrate distance was 7 
cm. The FMR spectrometer is homemade, employing a 
400 mW klystron tube operating at a frequency of 9.4 GHz 
stabilized at the cavity resonance. The rectangular TEloz 
cavity with Q=2500 has field modulation coils operating 
at 100 kHz. The sample is located at the center of the 
cavity and mounted on a goniometer to allow measurement 
of the FMR spectra as a function of the angle between the 
static field Hand the plane of the film. All data were taken 
at room temperature. 

Ill. RESULTS AND DISCUSSION 

Typical field derivative FMR spectra for all samples 
are similar to those shown in Fig. 1 for the C= 15 A sand- 
wich. There is a strong, or main resonance, which shifts 
upwards in field as the angle u between the field H and the 
plane varies from 0 to 90”. The field-angle behavior of this 
mode is nearly identical in all samples and is also the same 
as in a single 200 A thick layer of Ni or in sandwiches with 
identical Ni layers. Thus, the main resonance is assigned to 
the in-phase or acoustic mode in a saturated sample, as will 
be shown shortly. The weak, or secondary resonance has 
opposite behavior, it shifts downwards in field with increas- 
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FIG. I. FMRspectraofNi (llO~)/Ag/(l5 .&)/Ni(90 A) sandwich for 
several angles (+ between the external field and the plane of the sample at 
9.4 GHz. 

ing angle Q. The relative amplitudes of both modes do not 
change much as they shift with varying a, even when they 
cross each other at a z 50”. Since the secondary mode ap- 
pears only in sandwiches, it is attributed to the coupling 
between t.he magnetizations in the two Ni layers. However, 
its field dependence is quite surprising, so its precise nature 
is not entirely clear at the moment. 

The angular dependences of the fields for the main (0) 
and secondary (0) resonances are shown in Fig. 2 for the 
f= 15 # sandwich. Also shown in the figure is a third weak 
mode ( A ), which appears only in some samples and in the 
vicinity of (r=90” or a=@. The field dependence of the 
main resonance has been calculated assuming that it cor- 
responds to the acoustic mode and that the magnetization 
is saturated over the entire range. Using the equations 
given by Layadi and Artman” for the angular dependence 
of the resonance field we obtain with 4?rM,,=4.2 kG the 
solid curve in Fig. 2. This effective magnetization includes 
a small uniaxial anisotropy, estimated from the value of the 
linewidth to be of the order of 0.3 kOe. This value for the 
magnetization is similar to that obtained by other au- 
thor8’” for 100 A thick Ni layers. The good agreement 
between theory and data indicates that the main resonance 
is indeed the acoustic or in-phase mode. The nature of the 
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FIG. 2. .ilngular dependence of the fields for resonance of the same 
sample of Fig. 1, as described in the text. 

secondary resonance, however, is not completely under- 
stood since its resonance field has the opposite behavior 
with varying angle. Assuming a coupling between the two 
Ni layers with energy per unit area in the form 

El2 = -KM, . Mi , (1) 

the resonance frequency for the out-of-phase precession or 
optic mode, for parallel moments and the field perpendic- 
ular to the film (a=90”) is, in the saturated regionsVLS 

a- =~w-t2fk-~~,d, (2) 

where H,,=KM/t is the exchange coupling field between 
the two layers. Since the resonance frequency for the 
acoustic mode at a=90” is 

cc-+ =y(H-4m&& (3) 

the difference between the fields for resonance at fixed o for 
the acoustic and optic modes, H’ -HA =2H,,, is a direct 
measure of the coupling between layers. With the field par- 
allel to the fiJ.m plane (a=O”) and parallel moments, the 
field difference between the acoustic and optic mode is also 
given by 2H,,. Since the relative positions of the two modes 
are reversed when the field changes from perpendicular to 
parallel, we speculate that the coupling between the films 
changes from ferromagnetic to antiferromagnetic as (Y var- 
ies from 90” to 0”. Antiferromagnetic coupling has been 
previously observed in Ag/Ni superlattices with in-plane 
field.“**’ The surprising result here is that the behavior 
described is observed for all thicknesses in the range 10 < t 
<30 A. 

if we stick to the interpretation that the coupling is 
ant.iferromagnetic when the field is in the plane, we have to 
consider the behavior of the magnetic moments. For small 
fields the moments in the two layers are antiparallel and 
nearly perpendicuIar to the field. With increasing field they 
rotate towards each other until they align with the field at 
H=2H,,. At this field the expressions for the resonance 
frequenc.ies change so that t.he difference K“ -E- does 
not give H,, directly. We have analyzed the field depen- 
dence using the expressions of Ref. 14 for the resonance 
frequencies. Fig. 3(a) shows the comparison between the- 
ory and the data of Figs. 1 and 2 for the 25 A sandwich 
with the field in the plane, assuming antiferromagnetic 
coupling with H,,= - 2.0 kOe and ihrMe,=4.5 kG. The 
agreement is satisfactory- For the field perpendicular to the 
film we consider ferromagnetic coupling with E&,,= 1.0 
kOe and hMetf=4.2 kG to obtain the solid lines in Fig. 
3(b). In this case the agreement. between theory and data 
is very good and the origin of the third mode is explained. 

The change in the coupling sign when the field varies 
from parallel to perpendicular to the film, suggests magne- 
tostatic effects arising from interface roughness as the 
source of coupling. While aligned in the plane, magnetic 
roughness poles generate fields which oppose the magneti- 
zation of adjacent layers. However, with the magnetization 
perpendicular to the film, these same poles would produce 
fields along the magnetization of the adjacent layer. This 
mechanism would also be consistent w-ith the change in 
magnitude of the coupling field. The value He,= 1.0 kOe 
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FIG. 3. (,a) Comparison between data (circles) and the model (solid 
lines) of Ref 14 for field parallel to the fi lm plane (cr-0) considering 
:Intif~n-!)magnetic coupling. $,= - 2.0 kOe, 4&f-4.5 kG. (b) Data 
und mode1 for field perpendicular to fihn (a= XI?), ferromagnetic cou- 
pling FIex= 1.0 kOe, 4&f-. 4.2 kc;. 

used to fit the ferromagnetic coupling case of Fig. 3(b) is 
about the same reported in Ref. 10 for Ag/Ni multilayers 
and of the same order of that reported in Ref. 6 for Ni/ 
Ag/NiFe sandwiches. However, the value Hex= -2.0 kOe 
obtained in the antiferromagnetic case might be a little too 
large. Since the fit in Fig. 3(a) is not entirely satisfactory 
and we have not measured the FMR spectra at various 
frequencies, a definitive identification of the modes is not 
possible at the moment. So the interpretation just pre- 
sented is still tentative. Further variable frequency FMR 

and Briliouin scattering experiments will be carried out 
shortly. 
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