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Ferromagnetic resonance provides a unique technique to evaluate tlie strength of interlayer
ex:hange coupling between ferromagnetic layersseparated by “non-magnetic” layersin mag-
netic multilayer structures as well as the internal magnetic energies within eacli magnctic
layers. Thedispersion relations, which are sensitive to both the effective uniaxial anisotropy
energy and tlie interlayer exchange coupling constant A5, have bcen calculated for sys-
tems consisting of two identical ferromagnetic layers eitlier parallel or anti-parallel coupled
through a " non-magnetic” spacer. Theextcnsionsof these calculations t0 asymmetric struc-
tures and/or multilayer structures are discussed. Ferromagnetic resonance techniques have
been applied to many magnetic multilayer structures and several results will be reviewcd.

|. Introduction

Multilayerad structures constructed by alternating
layers of ferromagnetic materials, sucli as Co, Fe, Ni and
Permalloy, and separated by nominally "non-magnetic"”
materials have received much attention in the past sev-
eral years. These nominally "non-magnetic" materi-
als include the noble metals, Ag, Au and Cu, and in
addition non-ferromagnetic materials sucli as Pt, Pd,
Cr, and Ru. Recent advances in sample preparation
techniques, such as molecular beam epitaxial methods
(MBE) have nade it possible to produce a large vari-
ety of magnet clayered structures with repeatabl e mag-
netic propert es. Tlie interest lias been concentrated
on tlie novel magnetic behaviors which have only been
observed for ilms with layer thicknesses on the order
of scvcral atomic layers, as wdl as tlie possibility of
fabricating new materialsfor practical applications. In
tlie early worlk on a Fe/Cr structure!2, a clear-cut anti-
paralel coupling between the adjacent Fe layers was ob-
served. Further investigationson the samestructure re-
vealed an oscillation behavior between parallel and anti-
parallel coupling as afunction of tlie Cr thickness®. For
tlie applicaticn interest, this series also exhibits a giant
magnetoresistance due to the change in the conduction
electron scattering mechanisms astlie orientation of the
magnetization is modified by the application of an ex-
ternal magnetic field®. In the Co/Pt or Co/Pd multi-
layer structures®®, the internal uniaxial anisotropy en-
crgy was sigaificantly enhanced with the decrease of
the Co thickness. Samples with perpendicular mag-
netic anisotropy were reported as the Co thickness was
reduced below ~ 15 A. Another important property of

this serieswas the cnhancement of the magneto-Kerr ef-
fect at shorter wave-length whicli increased the interest
on Co/Pt and Co/Pd multilayer structures as a promi-
ncnt perpendicular magneto-optical recording media.

In each case, these unusual characteristics are due
to asignificant modification of tlie internal energies of
the magnetic multilayer structures, especialy tlie uni-
axial anisotropy energy developed from tlie interface
between the magnetic/ “non-magnetic” layer and tlie
interlayer exchange energy between two adjacent fer-
romagnetic layers through "non-magnetic” spacers. As
will be shown in this paper, magnetic resonance is ause-
ful technigue to investigate these magnetic properties.
In the ferromagnetic resonance (FMR) experiment, the
position of the uniform precessing resonance mode is
sensitive to the magnetic anisotropy energy, the magne-
tostatic energy and tlie Zeeman energy. The variation
of tlie uniform mode as a function of tlie orientation of
tlie applied field can, in general, separate the contribu-
tions from different energy terms. In addition to the
uniform mode, there are high order spin-wave modes
corresponding to the rf magnetization having eitlier an
amplitude or a phase difference from one magnetic layer
to the next. Since an extraexchange energy termis in-
volved in theinternal energies, theshift of the spin-wave
modes from the uniform mode will provide an evalua-
tion of the interlayer exchange coupling strength.

In section 11, the theory of the coupled ferromag-
netic film resonance (CFFR) will be introduced. As a
special example, the theory will be applied to a system
consisting of two identical ferromagnetic layers sepa-
rated by a "'non-magnetic” layer. The parallel and anti-
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parallel interlayer excliange coupling will be considered
separately witli tlie applied external field along both
tlie parallel and normal orieiitations to the filin plane.

In section IIT, some experimental results of tlie mul-
tilayer structurcs will be discussed. Since tlie range of
variables tliat can be clioscn for a given structure is
very broad and each structure will have its own unique
set of material parameter, it is difficult to "catalog" all
tlic data available from tlie various magnetic resonance
experiments.

A technique tliat obtains complimentary informa-
tion to CFFR is Brillouin liglit scattering in which
an incoming liglit wave scatters off tlie structure and
excites or absorbs tlie same magnetic excitations as
observed in tlie magnetic resonance process. Instead
of sweeping tlie magnetic field at a constant fre-
quency in CFFR, tlie resonance condition is achieved
by “sweeping” frequencics at constant applied field in
Brillouin light scattering experiment. Details about
tlie experimental set-up aiid results were given in tlie
literaturest/»7=12,

I1. Rcsonance Condition

11.1. General Consideration

When a ferromagnetic material is placed in an ap-
plicd static magnetic field, tlie magnetic moments in
tlic material, if perturbed from their equilibrium orien-
tation, will precess around their equilibrium direction
due to tlie torque which can be expressed in terms of
eitlier an effective internal field H.;; or a gradient of

tlic expression for tlie energy density, | , such tliat,
1dM
;—E=—MXHeH=MXVMS, (1)

where ¥ is tlie gyromagnetic ratio and M is tlie mag-
nctization. Tlie equation of motion can be solved by
using tlie coordinate systcm show in Figure 1 in which
tlie small deviations from equilibrium are in tlie 84 and
é, directions. This orientation of the coordinate sys-
tem is used in order tliat tlie dispersion relatiori can
be obtained as a function of tlie orientation of M from
a direction normal to the film to one lying in the film
plane. In this coordinate system the magnetization has
tlieform

wliere my and my are the small transverse components
of tlie magnctization associated witli tlic precession,
mg = Mé0, my = Msin06¢ and 60 and 64 are small
deviations from the equilibrium direction.

In tliesystem witli N ferromagnetic layers separated
by “non-magnetic” layers but coupled by an exchange
iiiteraction, it is convenient to use the encrgy per film
arca E instead of volume energy density £:

M;  -M;
E t - ii 1+1
Z & ZA s vyl

i=1
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wliere ¢; and &; are tlie thickness and energy density of
tliesth layer, and A; ;41 isthe exchanﬁe energy per unit
surface area between tlie itli and (i t 1)th layers. Tlie
negative sign isclioscnso tliat A; ;4.1 will be positive for
parallel coupled systcm and negative for anti-parallel
system.

Figure 1: Tlie coordinate systcm uscd for tlie evalua-
tion of tlie CFFR condition.

Tlie resonance equation (1) will have tlie new form:

1 dM; 1

—— =M; —Var, E P = .

o X <t,‘VAI'E) s (2 L2, )N)
(4)

In tlie equilibrium orientation, the magnctization will
not have a variation in either time or space across each
magnetic layer and Eq. (4) reduces to

1 1 E,
M; x =V E=— | Ep8y — %8, | = 5
P X TV ” ( 5,84, singioe.) 0, (8

where the notation Fy, = dE/30; and Ey, = 0FE/0¢;

is used.

Theequations of motion are linearized by expanding
Eqg. (4) about tlie equilibrium orientation and retaining
only terms to the first order of my, and my, expressed
in Eq. (2). In linearized form the equations of motion
become a set of 2N equations:
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where Eq,9, = 8°E[00:00;, Ey.s,
Ey.4; = 0*F,00;0¢; .

Eq. (6) can be expressed in matrix form!314 with
the roots of the determinant giving the resonance fre-
gucncies of the multilayer system. In general N modes
at different fiequencies will be obtained for a given ap-
plied field. In the case that the N magnetic layers are
identical and not coupled with their adjacent layers,
those N modes will be degenerate and the dispersion re-
lation will be thesame as that of asingle magnetic layer
system. The :llipticity of the precession, mg, /mg,;, and,
in the case o' coupled layers, the phase shift from one
layer to another can also be obtained from the eigen-
vector (me,, mg,, ...... , me, mygy,) corresponding to
each mode.

The internal energies &; that normally contribute to
the resonance equations (6) are the following:

= 82E/0¢4:¢; and

a. Zeeman Energy
In the presence of an applied magnetic field Hy, the
energy expression is given as
& = —Ha-M; = ~HyM;[cosOy cost;
- ¢H)] ’ (7)

4 sinfysinb;cos(¢;

where 8y and ¢ are the orientation angles of the ap-
plied external field Hj.

b. Cubic Crystalline Anisotropy Energy

In this contribution the crystalline anisotropy en-
ergy Will be considered for the condition that all three
unique axes in the cubic structure may be oriented nor-
mal to the film, [001], {110] and [111]. For a [001] ori-
ented film the energy expression has the form

' K, )
Ehoryi = ‘(Mz,ng?,i+Myz,iMzz,i+M3,iMz2,i)
+ f}é M2 My M2
- K sint0;5in?2¢;  sin?20;
- 1,4 4 4
sin?0;5in%20;s5in%2¢;
+ Kai T 3 (8)

For a [110] oriented film the energy expression has
the form (x || [001])



270

Philip E. Wigen and Zhenyong Zhang
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For a[l11] orieiitcd film tlie energy expression Iias] the form (x || [112])

cos (MA MY ME O MZAMZ, 2
5[6111]5 = IX}Z( :’l ?)y'z 42’1 I’fz 2 §J\J§’i1\{y,i——\/ijlfx,ij\[y,,-z\lf,i
(3
Ko (VEMz s — My ) [(Me s + V20, 3)? = 302 )
AT 108
- R sint0;cos%d;  sin0;sin?¢;  cos'0;  sin?20;cos?¢;
T 4 3 4 8

GG

+—\g—2_-s-in40,-sin¢;cosa¢,-

e isinQO;(ﬂcosqﬁi — sing;)?

[sin0;(cos¢; + /2sing;)? — 3cos?0;)?

- -—\g—isingwisin?d)i)

(10)

C. Uniaxial anisotropy eriergy

lii addition to tlie demagnetization encrgy produc-
ing an casy plane material, auniaxial anisotropy encrgy
can be introduced iiito tlie material if it lias hexagonal
symmetry with tlic c-axis normal to tlic plane or if an

1My Iy
gui = —If: . o f(qu,,‘ Yl — 2
’ 2ui 02 M3

The first term in Eq.  (11) will include the de-
magnctization encrgy 2w M2, and tlic internal uniaxial
aiiisotropy eiergy —Ii'g'u,;ﬂlj,i/x'l[f following the rela-
tion;

I,rejf

Youid

= Koy; = 2771\1;2 . (12)

d. Surface aiisotropy energy

—K Y sin20;sin’¢; — Kyy isin'0;sine; .

108

induced uniaxial anisotropy energy is present due to
strains developed during growth or iii the case of nlloy
filins, aregular variation iii tlie position of certain ions
i tlic lattice producing a growth iiiduccd anisolropy
encrgy. To thic fourth order of Afy ; tlie form for the
ciicrgy expression will be;

(11)

Oune of the important contribution to the uniax-
ial aiiisotropy cncrgy Ka,: comes from the surface
anisotropy®®~1?_ Tii (he case where a magnetic layer
has a thickness grentcr tlian the magnetic correla-
tion length, which is oii tlie order of a few hundred
Angstroms, tlic presence of asurface aiiisotropy encrgy,
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Kyur, will iInfluence the resonance condition of the sur-
[ace spins and produce a “pinned” boundary condition
that gives rise to standing spin-wave modes that can be
excited across the thickness of the film!3. In the case of
typical multilayer films, the filin thicknesses are on the
order of 10 & and the excitation energy of the higher
order spin-waves associated with a single layer would
Le so large, on the order of 10? tesla, that they will not
Le observed 11 the CFFR experiment. As a result the
surfuce anisotropy cnergy, instcad of aflecting only the
surfuce of each film, will be weighted over the film thick-
ness to produce an cffective volume anisotropy energy
having the form

Koui = K3, ; + 2Ksuri/ti (13)

where ]\"{,’u,i is the bulk uniaxial anisotropy energy and
the factor of 2 in the second term arises from the two
surfaces acting on each layer.

Anothier contribution to the encrgy densily &£ comes
from the direct exchange interaction between magnetic
spins within each layer. However, as will be shown later,
the strength of the exchange interaction between two
magnctic layers, Aj2, is much smaller (1073 ~ 107%)
than that within the ferromagnetic layer itsell. As a
result in the normal CFTR modes, the rf magnetiza-
tion vectors ir. each individual ferromagnetic layers are
nearly uniforra across the film but they can have both
a phase and an amplitude difference {rom one ferro-
magnetic layer to the next!®. As a result, to first or-
der cach layer is trcated as a continuous media with
a uniform magnetization M;. In some multilayer sys-
tem for whicl: the magnetic layer thickness is on the
order of 100 ~- 1000 A, the contribution from the ex-
change interaction within each layer may not be neg-
ligible. In this case the calculations must include the
spin-wave encrgy within cach layer as reported in the
litcraturc!t,12,20-22,

c. In-planc anisotropy encrgy

Iu the casc of the anti-parallel coupled films, an in-
plane uniaxial anisotropy energy, in addition to that
Liaving a unique dircction normal to the structure, will
produce a unique axis in the plane of the film. Two ori-
cutations of the applied magnetic field will be of interest
for our purpose. One will be with the casy axis parallel
to the x-axis and the form of the encrgy expression will
be

Epi= —sz\/ffyi/ﬂ/[f = —D¥sin%0;cos’¢; (14)

and the other will be with the easy axis parallel to z-
axis and the form will be

£h; = —DiM?;/M? = —Djcos®0; , (15)

where Df anc D} are the in-plane anisotropy energy
constants for which the easy axis is along the x-axis or
tlie z-axis respectively when the D values are positive.

f. Linewidth and damping parameters

The linewidth in the CFFR spectrum is relatively
broader than that of a single lerromagnetic film. One of
the most importaut coutribution to the linewidth may
be due to the inhomogencities in the internal ficlds of
the sample®®. These inhomogencitics may arise from
non-homogencous stresses in tlie filin or any variation
in the layer thickness from layer to layer or the fluctu-
ation of the interlayer diffusion between the ferromag-
netic and “non-magnetic” laycers.

Anotlier contribution, when the inhomogeneitics do
not dominate, is the spin rclaxation processcs in the
multilayer films. Relaxation terms cannot be included
directly into the encrgy expression and must be added
to the right hand side of the equations of motion,
Eq.(4), as a pliecnomenological damping term. The
damping term in the Gilbert form is

o d
- ml\ll X ml\/ll , (16)
where a is the damping parameter. This phienomeno-
logical term predicts a symmetric Lorentz shape ab-
sorption line with the linewidth Al = 2wa/y; if the
ith layer is not coupled with the other layers!®.

The intensity of the CI'FR modes is sensitive to
both the amplitude and the phase variation [rom one
layer to another. In the microwave resonance, the rf
pumping field has a space variation, on the order of 1
cm, much larger than the sample’s dimension which is
on the order of 1 mm. As a result the rf ficld across
the filin surface can be treated as a uniform field which
only varics as a function of time. Assuming that the
direction of the rf ficld is always parallel to the z dirce-
tion and M; stays in the x-y plane (l.e. 0; = 7/2) the
intensity of each mode will have the relation!®?!

2

N N
I x Ztimg,i /Zli(m&- +m3 ;). (17)
i=1 i=1
In the next part, a ferromagnetically coupled
(A;; > 0) trilayer system, which includes two ferro-
magnetic layers separated by a “non-magnetic” layer,
will be considered.

I1.2. Parallel Coupled Trilayer System

In the trilayer system, the internal energy density
for cach layer , & and & may include any of the en-
crgy terms in Eq. (7) through Eq. (15). As observed
in the previous scction, the details of the internal en-
crgies have a profound cffect on the positions of the
resonance. However, for the purpose of illustration in
this section, the forms of the cnergy to be used in the
analysis will be limited to the Zeceman energy with the
external field Hy in the x-y plane, the effective uniaxial
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anisotropy energy liaving a unigiie direction normal to
tlie place (y-axis) and the interlayer excliange energy.
Tlie calculation including tlie cubic anisotropy energy

&=
Il

= —Hg[t, M;sinfcos(¢; —

M2
~H, - (z,M1+t2M2)—( A
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can be found in the literature!?:23,25
unit area will tlien have the form:

The encrgy per

M
21 + tzlzeff

M;-M
Coul2 Mg ) - App—2

AII 1‘42

é1r) + taMasinbycos(dg — ¢pr)] — t11\2u lszn2013in2¢1

—121(2u 2311120252'722(}52 — Aiz]coshicosly + sinbysinbacos(¢y — d2)]. (18)
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Figure 2. The dispersion relations for a system con-
sisting of two identical parallel coupled ferromagnetic
layers with the external field applied top) in tlie plane
o tlie film; bottom) normal to thefilm plane. The val-
ues of parameters used in tliisfigure are H, = —12 kG
and H.. = 20kG. The 11 represents the acoustic mode
and 1} is the optical mode.

Tlie equilibrium orieiitation of the magnetizationin
eacli layer can be obtained from Eq. (5). For an easy

plane material, 1\55{ < 0, when tlie magnetic fidd is
applied in the plane of the structure along tlie x-axis,
tlie magnetization in botli layers will be oriented anng
the direction of tlie applied field. Tlius tlie hysteresis
loop for tlie coupled system will be tlie same as tliat for
the uncouplet system in this geometry.

When the magnetic field is applied normal to tlie
film, y-axis, tlie applied field must work against tlie
torque induced by the uniaxial/demagnetization en-
ergy. In tlie case tliat tlie two ferromagnetic layers have
different effective anisotropy fields Hlu; = 2K57% /M;,
tlie magiietization in eacli film will not always be paral-
lel to eacli otlier below tlie saturation field. Asa result
tlie applied field must also work against tlie torquein-
duced by the interlayer excliange encrgy, Ajz. Only
when Hy 1 = Hy 2 = Hy, the equilibrium orientation of
M; will aways be parallel to My and independent of
tlie exchange energy. Tlie y-compoiient of tlie magne-
tization in tliis case will have a simplified form

M, = M(—Ho/H,) (19)

and the film becomes saturated when Hy = —-H,.
Again tliis equilibrium orientation is tlie same condi-
tion expected for a single ferromagnetic film.

The dispersion relations can be obtained from Eq.
(6) by letting N = 2 and assuming that tlie response of
the rf magnetization is of the form ezp(iwt). A typica
example of the dispersion curve, w/+, versus tlie applied
magnetic field, Hy isshown in Figure 2 at both tlie par-
allel orientation, Hp )) x and the perpendicular orien-
tation, Hg || y assuming tliat the properties of tlie two
ferromagnetic layers are identical (i.e. My = M, = M,
H,; = Hyp = H, and t; = i; =1). One o tlie
inodes will have tlie magnetization in eacli film pre-
cessing in phase witli the same amplitude (mg; = me, ~
and mg 1 = mgy3), tlieacoustic mode (11), and tliedis-
persion relation is tlie same as tliat for tlie individual
ferromagnetic layers as if they were to remain uncou-
pled

% = Ho(llo — Hy)

(Lo || x)
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and (20)
% = Hoy+H, (Ho>-H,) (Holly)?2l)

lii tlie otlier mode, the rf magnetization of tlie two
layers will precess witli tlie same amplitude but in tlie
opposite direction (mg,1 = —mg 2 and mg 1 = —my 2),
tlie optical rnode (f|). The frequency of tlie optical
mode is sliifted to a liiglier value due to tlie additional
torque introduced from tlie excliange coupling term be-
cause the magnetization in each individual layersis not
oriented parallel to eacii otlier during the precession.
Tlie dispersion relation in the saturation region will
have tlie same form asin Eq. (20) if tlie external field,
Hy,isrcplaced by Hy+2H,,, wlieretlieexcliangefield is
defined as H,, = A;2/tM. Below tliesaturation region
with tlie app'ied field normal to thefilm, the resonance
frequency of the optical mode remains at high values
and decreases witli the increase of tlie field. Tlie dis-
persion relation of tlie optical mode in this region will
be

Wiy = 2H(2H., — Hy + HE/H,). (22)

Tlie intensity of each mode can be calculated from
Eqg. (17). Th: acoustic mode will have a large intensity
while tlie intensity of tlie optical mode will be zero. As
a result tlie cptical mode will not be excited by a uni-
form rf field. One way to overcome tlie difficulty is to
make samples with different tliicknesses in each layer.
However theintensity of the optic mode will still be zero
if the thickness difference between the two layers does
not produce a. difference of the effective anisotropy field

ers M4 et My
—-H, - (thl + igMz) — I tHhK — L + L, K :

2u,1 Mf

H, ; from one layer to another”?3, because tlie ampli-
tude of tlie rf magnetization in each layer is inversely
proportional to tlie film tliickness. In most systems,
the effective uniaxial anisotropy field H, ; will cliange
witli the change of tlie film thickness. As mentioned
before, one of tlie main contributions to tlie uniaxial
anisotropy energy comes from tlie surface anisotropy
energy which will produce a 1/¢ dependence of tlie ef-
fective field. When tlie magnetic layer tliickness is on
the order of 10 A, tlie change of the effective anisotropy
field H,; (several kG) due to tlie cliange of the film
tliickness (several A) will belarge enough to see aweak
optic mode on tlie liigh frequency or low magnetic field
side of tlie acoustic mode.

11.3 Antiparallel Coupled Ferromagnetic RIi-
laycr System

In the case of anti-parallel coupling betwcen tlie fer-
romagnetic layers, tlie sign of tlie exchange coupling
cocfficient, A;3, changes. While this is a subtle change
in tlie equations of motion it has a profound eflect on
tlie equilibrium orientation of the magnetization in tlie
two ferromagnetic layers as well as on the dispersion
relation.

For two ferromagnetic films coupled anti-parallel
and having a uniaxial anisotropy energy normal to
the film, K;{f < Q as wdl as an in-plane uniaxial
anisotropy of tlie form given by Eqg. (14), tlie energy
density can be expressed as

v, M2 M2, :
— (Dltl Mlé +D§t2 M22 — Ajg———

= —Hglti Mysinbicos(¢y — ¢nr) + tgMasinbacos(da — é)]
—(K;lf‘;fltlsinz’ﬁlsinzqﬁl + K;{’fztgsinZOQsinquz) — (D5t sinficos¢?

+DZ135in?03c08%¢2) — Arafcosficoshs + sinfisinfacos(dy — ¢2)] . (23)

The external field Hg is assumed to lie in the x — y
plane and the exchange coupling constant, Aja, is less
than zero.

As in the paralel coupled system the equilibrium
orientation of the magnetization of each layer can be
obtained from Eq. (5). Assuming again that each layer
is identical, My = My = M, K£ll, = Kélk — K$i/,
t1 =t; =t and Df = D = DX, the application of

r

the external field along the easy axis (Hg || x) will pro-
duce three different sets of conditions for the magneti-
zation. For increasing magnetic field, the first region
isin the range 0 < Ho < \/Hp(2H.. T Hp) = Hy,
where Hp = 2D*/M is the in-plane anisotropy field
and H, = |Aj2}/tM is the exchange field acting on
each layer. In thisfield range the magnetization of the
films continue to lie along the +x-axis. At thespin flop
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ficld for iiicrcasing magnetic ficlds, 71y = 11y, tlic spiiis
reorient toward tlie dircction perpendicular to tlic field
along tlie fz-axis but canted toward tlic x-axis at the
angle 0y = 7 — 0y = sin™ ' [1Iy /(21 — Hp). lii tlic sce-
ond region tlic spiiis remain caitctl until tlic ficld has
rcachied tlic saturation ficld [y = Iy oy = 2/ — Ip,
at which value tlic spiiis lie parallel to tlic x-axis in
tlie saturation state. The tliird range of fidd values is
for Iy > 11y sar for which tlic magnetization is always
aloiig tlie direction of tlie magnetic ficlcl.

For dccrcasiiig  magnetic  field tlic  spin
flop occiirs at a lower fidd value of
Iy = \/lp(2l e — Hp)?/(2He, + Hp). This rcsiilts

Tlic magnitude of tlic X component of tlie net magneti-
zalion as a function of tlie external ficld applied along
tlic x-direction is shown in Figiire 3.

When tlie magnetic ficld is applicd normal to tlie
film, (I || y), tlie spins arc forced to rotate about
tlic a-asis toward tlic y-nsis within tlic x-y planc and
a spin-flop coiiditioii isiiot observed. Tlic equilibrium
condition from Eq. (5) gives tlic coiiditioii ¢; = 7 —
¢y = sin‘l[Ho/(QHex'I'HD - I1,)}. Uiitler these condi-
tions, tliciict magnetization aoiig the y-axis is propor-
tiounal to the external ficld until tlic applicd ficld rcaclics
the saturation value Iy = 21, + IHp —H, =1 s
above which tlie iict magnetization aloiig tlic ficld di-
rection remains saturated at Af,

T T Y
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i [T ]
0.0—=
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Figure 3: Tlic in-plane component of the magnetiza-
tion as a fiiiiction of tlie field strength for a pair of
anti-parallel coupled ferromagnetic films when tlie ap-
plied field is in tlie plane and patallel to tlic in-plane
anisotropy ficld (Hj || x-axis). The values of tlie pa-
ramcters uscd are /f, = —12 kG, ., = 2.0 kG arid
Hp = 0.1kG. Tlic insct figure shows tlie hysteresis in
tlic vicinity of tlic spin-flop field.
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Though in tliecasy plane multilayer system, K Ql{f <

Philip E. Wigen and Zlienyong Zhang

0, ounly tlic caiitctl and saturation rcgioiis exist in tlic
hysteresis loop with tlic external field normal to tlic
film, tlic spiii-flop condition can be obscrved® for tlic
ystem with casy axis normal to tlic film, K&/ > Q
In this oricutation tlic spins will stay along the £y-axis
until tlic external field is large enough to force tlic spiiis
toreorient anti-parallel in tlic film plane but canted to-
ward tlic dircction of tlie external fidd (y-axis). Be-
cause tlic effective uniaxial aiiisotropy field, /1, is aii
tlie order of 1 ~ 10 k@G, tlie separation between tlic
spin-flop field with iiicrcasiiig magnetic field, /I, aiid
tliat with decrcasiiig magnetic ficldl, /7y, will be oii the
order of 1 kG,much larger, than tliat shown iii Figiire
3 for paralcl oricutation.

Using tlic form of tlic ciicrgy given in Eq. (22), tlic
cquation of motion for Llie system as givcii in Eq. (6)
can be obtained. For tlic paralcl oricutation, 11y || x-
axis, tlic dispcrsioii relation isshown iii Figure 4. In re-
gioii I, below tlic spiii-flop field, tlie dispcrsioii rclatioii
is significantly modified from that of a bulk antiferro-
magnetic material.

In a bulk antiferromagnetic material, tlic dispersion
rclation is givcii by the equation®

= IHp(2H ., T 1Ip) + oy~ /211, 1p £ I,
(24)

where I1,,, 1s tlic exchange field that arises from tlic ex-
change interaction between tlie magnetic moments Qi
tlic two sublattices. lii most antiferromagnetic male-
rials tlic exchange field is ordcrs of magnitude larger
than the anisotropy field, /7p, so tlie approximation iii
Eq. (23) istlic usual expression for dispersion relation.
If an external magnetic ficld is applied along the casy
axis dircction, tlic degencracy of tlic two modes at zcro
field is lifted. One mode increases iii frequency while
tlic other decrcascs with tlie field I as indicated iii
Eq. (23).

For anti-parallel coupled fils tlic situation is quite
different in tliat cacli ferromagnetic layer lias Llie added
torque duc to tlie magnetostatic ciicrgy contribution.
Tlic effect of this added torque is to lift tlie degencr-
acy in tlie zcro field modes as shown iii Figure 4. The
low frequency mode decrecases t0 zero [requency while
tlic liigli frequency mode iiicrcascs slightly as tlie ficld
approaches to tlie spin-flop field. At tlie spin-flop ficld
there is adiscontinuity in tlic high frequency mode but
in addition tlic position of the acoustic modc aiid tle
optic mode iiitcrcliange regions. As tlic applicd ficld
is further increased in regioii II, tlie frequency of tlic
acoustic mode iiicrcascs but with a significantly differ-
ent behavior tliaii tliat observed for tlie case of a giiglc
layer ferromagnetic film (sce tlic dashed curve in Figure
4). At thic same time tlic frcgiiency of tlic optical inodc
decreases aid reaches zero at tlic saturatioii field. lii
tlic saturation region, tlie acoustic mode is degenerate
with that of tlie ferromagnetic resonance for a siiiglc

W
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layer while tlie optical inodc is shifted to tlic low fre-
quency or liigli magnetic ficld side by tlic field, 211.;.
Thie dispersion relations in each regioii are given by tlic
following cquetions:

n (kG)

Figure 4: Tlic tlispersioii rclatioii for tlic sainc condition
fis Figure 3. The notations of [| aid [} are tlie same
as those in Iigure 2. The value of ¢ = 2 is uscd along
with otlier parameters as tlescribed in Figure 3. The
dashed line is the behavior expected for a single ferro-
magnetic layer Tlieiiisct figure shows the hysteresis of
tlic resonance frequency in tlic vicinity of tlic spin-flop
ficld.

lii rcgioii I:
(g)i = U -+ (Ip+ .)(20p — 1)
(U3 (20 p ~ IT,) x
(21Ip — Iy + 4lp) + HZ, 1122 . (25)
Iu regioii I

2
(%) = [2]131: + IID(I[ex - Hu)]si7120
+
+(ey — H )Moy — Hp) -
12, & o [(2H,, — 211,

+1Ip)sin®0 — (IIp — I1,)],  (26)

where sinl = Iy /(2H.r — Hp).
In region II1

w

()1 = (Ho+ N p—H ot e ) (o= A p—ent 11.)

(27)

When tlic field isapplied normal totlie film, Hy || y-
axis, tlic dispcrsioii rclatioii isshown iii Figurc 5. lii re-
gion | the acoustic modc maintains its liigli frequency

¢

status while the optical mode is at low but finite fre-
quency. The shift of tlic tlie optical mode from zero is
due to tlic weak in-plane aiisotropy field, ITp. Al sat-
uration aid in regioii 11, Llic acouslic iiiodc is again de-
generate with llic normal lerromagnetic resonance aid
tlic optic mode remain at a ficld, 211, higher than that
of tlic acoustic iiiodc as expressed by tlic equations:
lii rcgioii I:

(—)i = "1131:(‘082“/ + (][e.r + ]ID)[]re.w: +

(Ilp — II)cos?¢] +
{H.elllep + (1p — 11)cos*p —
(Her + I p)cos2¢}

where sing = I, )21, T IIp - I1,).
In regioii H:

(28)

(%)1 = (ot Iy=1Tp—H oyt Iog ) (Ho+ Ty —IT oy 1T,

(29)
Asopposed to tlic casefor parallel coupling between
tlic layers, for anti-parallel coupling tlie optical iiiodc is
observed at lower frequencies. Sliis shift to lower [re-
quencies is duc to tlic decrcase iii tlic exchange ciicrgy
as tlie magnetizations iii tlic tiro layers deviate from
tlic parallel orientation as opposed to tlic increase in
ciicrgy for tlic parallel coupled case, Ayp > 0. Tlius in
tlic CFFR experiments, tlic low field mode should have
tlic stronger absorption while tlie liigli ficld modc, tlic
optic mode, will have zcro iiitciisity for identical layers
aiid a weak iiitciisity if tlic layers have small difference
in cither M or their internal ciicrgy.
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Figure 5 Tlic dispersioii rclatioii for tlic same condi-
tion as Figure 5 with tlic exception that the magnetic
field is applied normal to tlic plane of tlie film. Again
tlic dashed line istlic dispersion curve predicted for tlie
single ferromagnetic layer.



276

114 Multilayer Films

In a system with N ferromagnetic/" non-magnetic"
periods, the dispersion relations can be obtained from
Eg. (6). Assuming that the N ferromagnetic layers are
identical and the exchange coupling coefficients between
each adjacent layers are the same, A;;+1 = Aia, the
system will have N normal modes whose "wave func-
tion" will vary sinusoidally across the film layers and
have a natural boundary condition (zero slope) at the
surface of the structure. The "fundamental mode” for
this set of boundary conditions will have all the fer-
romagnetic layers precessing in phase with the same
amplitude, the uniform mode.

In the case of paralel coupling between the lay-
ers, the high order spin wave modes will occur at the
high frequency or low magnetic field side of the uni-
formmode. Thehighest frequency or lowest field mode,
will correspond to that of the optic mode discussed in
thetrilayer system with the rf magnetization precessing
anti-parallel to each other between theith and (i 1)th
layer. In the saturation region, tlie field separation be-
tween the optic mode and the uniform mode isin the
range of 2H., < AH,eso < 4Hey, With AH,..s = 2H,
for N = 2and A H,.., approaching 4H.. when the num-
ber of periods approachesinfinity.

res

O ] 1 |
-5.0 -2.5 0.0 2.5

A_/tM (KG)

5.0

Figure6: The spin-wave resonance modesfor a set of 20
periods of magnetic/“non-magnetic” layers as a func-
tion of the strength of the exchange interaction when
the field is applied normal to the film. The values of
the parameters used are Hy,; = —16 kG, H,; = —12
kG where i =2,...,19, Hy 2 = —10 kG and w/y = 35
kG. The "surface" like modes are labeled with a “S”.

In the case of anti-parallel coupling between the lay-
ers, the N normal modes will again lie between the val-
ues of the uniform mode (or acoustic mode) and the

Philip E. Wigen and Zhenyong Zhang

optical mode. However, in the saturation region, tlie
high order spin wave modes will occur at tlie low fre-
quency or high field side because the out of phase if
magnetization resonance will reduce tlie interlayer ex-
change energy.

For all but tlie uniform mode, tlie precession of each
layer will have a systematic variation of amplitude and
phase from layer tolayer such that tlie net transverse rf
dipole moment of these modes will be zero and tlierefore
will not not be excited by a uniform rf field.

In many instances, the surface ferromagnetic lay-
ers will have a different environment due to the bro-
ken symmetry. As a result, the energy expressions for
£y and £y rnay be quite different from those in tlie
"bulk" of tlie structure. Depending on the nature of
& and/or &y, a pinned or unpinned '*2?® poundary
may exist. For a pinned boundary condition, tlie low-
est order mode will be a sinusoida mode for parallel
coupling ( A1z > 0) while it will have an exponential
"surface" likemode for anti-parallel coupling (A2 < 0).
For an unpinned boundary condition, the "surface” like
mode can only be observed in the parallel coupled mul-
tilayer system. Figure 6 shows tlie resonance fields as
afunction of the exchange field, A:12/tM, at X-band,
w/y= 35 kG, with the applied field normal to the filin
for a 20 periods multilayer film. Thefilm is assumed to
have an unpinned boundary condition in the first layer
and a pinned boundary condition in the 20th layer.

These resultsdiow that CFFR spectra can be avery
sensitive probe of the internal energies of each layer as
well as the interlayer exchange coupling strength.

III. Experimental Results

CFFR experiments have been caried out
on many multilayer systems with the structure
(TM/NM)y, where TM is tlie ferromagnetic transi-
tion metal layer such as Co, Fe, Ni or their aloys and
NM is tlie "non-magnetic' metal such as Pt, Pd, Cr,
Cu, Ag, Ru and Au. The research has concentrated
on the internal anisotropy energy within eacli mag-
netic layers and tlie interlayer exchange coupling as a
function of both the magnetic layer thickness and tlie
"non-magnetic” layer thickness. Temperatnre depen-
dente of those properties has also been studied.

111.1. Internal Anisotropy Energies

Theinternal energies having the form expressed by
Eqg. (8) through (15) have been determined for a num-
ber of structured systems by the study of angular de-
pendente of the CFFR spectra. The cubic crystalline
anisotropy energy, showing a 4-fold anisotropy energy
in the film plane, can be observed in some of tlie MBE
grown single-crystal samples. A typical resonance fidd
as a function of the orientation of the external field
within the field plane is shown in Figure 7. Hein-
rich, et al."19:23303! determined the cubic crystalline
anisotropy energy constants K; for several systerns
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such as Fe(031)/Ag(100), Ni(001)/Fe(001)/Ag(001),
Co(001)/Cu(001) and Fe(001)/Cu(001)/Fe(001). In
tlie case of single crystal Fe layer deposited on Ag sub-
strate, Ky decreases draniatically from tliat of tlie bulk
TFe value whea Fe layer tliickness is less tlian 10 A.
Tlie deposition of an extra Ni overlayer (> 6 mono-
laycr) on top of tlie Fe layer enhanced tlie cubic crys-
talline anisotropy energy by an order of magnitude due
tlie lattice reconstruction in tlie Fe/Ni bilayers. Sim-
ilar efTfects lias not been found if tlie Ni layer is re-
placed by Cu. A negative value of tlie cubic anisotropy
field, 2K;/M, was observed to be about -1 kG in
tlie Co(001)/Cu(001)/Co(001) structures. Tlie cubic
anisotropy energy increases witli tlie decrease of tem-
perature and riearly doubletlieroom temperature value
at 77 K.

1 1 1 1
4} i
$
b
2 {110} /{100}
g 3r ~
w
1 1 1 1
0 90 180

Angls 0 magnetic fleld from {110) axis (deg)

Figure7: In-p ane angular dependence of the FMR field
observed for the (Co)q3/(Cu)s/{Co)s saniple, where
tlie subscript is in monolayers. Tlie solid line repre-
sents a theoresical fit using tlie following magnetic val-
ues: H, = —40.8 kG, 2K;/M = -1.05kG, f = 36.3
GllIz, and g = 2.16. (from Ref. 30)

In a40 A 17%(001)/Cr(001)/40 A Fe(001) structure,
Krebs et al.253% observed as many as five resonance
modes at some microwave frequencies with the exter-
nal field applied along the [110] direction in the film
plane. The ccmplex spectra were explained using tlie
cubic anisotropy energy along with the interlayer ex-
cliange coupling between tlie two Fe layers as diown
in Figure 8. It, was reported tliat the cubic anisotropy
field, 2K, /M, is independent of the Cr tliickness in the
range 124 < ter < 25A and tlie values are close to
tliat of tlie bulk Fe.

The dominant term in the CFFR spectrais tlie &f-
fective uniaxizl anisotropy energy normal to tlie film,
including tlie demagnetization energy, tlieinternal bulk
uniaxial anisotropy energy and the surface anisotropy
energy as expressed in Eqg. (12) and (13). From a series
of 275 A Ag/Fe/550 A Ag structures for Fe layer thick-
nessof 24 A, 48 A and 80 A, Hurdequint, et al.!® de-
termined tlie surface anisotropy energy, X ,.r, between

eacli Fe/Ag interface to be 1.05 erg/em?. In a(Fe/Pt)y
multilayer structure where N=35 or 50, Wigen, et al.1®
reported a surface anisotropy energy of 0.14 erg/cm?
for tlie Fe tliicknessof 5 A, 7 A and 15 A with Pt tliick-
ness constant at 15 A. Purcell, et al.!” investigate the
internal field for Co/Pd(111) structures for which a 9
monolayer film of Pd was deposited on Co layers tliat
varied from 5 to 12.5 monolayers. The observed value
of K,y was found to be 0.8 erg/cm?.

Zhang, e al.'®?° investigated the development of
the induced uniaxial anisotropy energy as a function of
tlie Pt thickness in Co/Pt multilayer films. For a se-
riesof Co/Pt structure having 20 periods, tlie Co layers
were 25 A thick and tlie Pt layers varied from 1A
to 18 A. Tlie evolution of tlie anisotropy energy was
observed to depend on tlie tlie Pt interlayer tliickness
as

-0
K = Kby + 2250 [1 — eqp(~ 2] (30)
tco to

The exponential term accounts for tlie dependence of
the surface anisotropy energy on the thickness of the
Pt layer. Tlie value of ¢¢ is 13 A and the value of sur-
face anisotropy energy, K?,,., for this Co/Pt structure
is0.91 erg/em?.
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Figure 8. Multiple-frequency FMR data for tlie (40
A Fe/13 A Cr /40 A Fe) tliin film sample witli tlie
external field parallel to tlie hard axis in tlie film
plane [110]. Tlie solid curves are tlie result of reso-
nance mode calculations using tlie following parame-
terss Hx = 2K /M =520 G, A;p/tM = —-300 G and
Hp =2D/M =10 G. The dashed line marks the satu-
ration field. (from Ref. 25)

The contribution from the surface anisotropy energy
will become larger than tliat of tlie magnetostatic en-
ergy when tlie thickness of the magnetic layer decreases
to acritical value, t,,. For filmswith the magnetic layer
thinner than .. a perpendicular magnetic anisotropy
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property, K;{f > 0, will be obtained and tlie magneti-
zation will beoriented normal to tliefilm. In Co/Pt and
Co/Pd multilayer structures!™13, tlie traiisition thick-
ness is about 10 ~ 15A.

Artman, et l.33 measured the angular dependence
o tlie CFFR in a number of Co/Pt niultilayer films
and obscrved that tlie fourth order uniaxial anisotropy
encrgy constant, K4, as exprcssed in Eq. (11), can-
not be n /glccted in the system when tlie second order
term K&7 isclose to zero. Over aseries of seven differ-
ent GIms liaving various tliickncsscs of tlie Co and tlie
D1, tliere appcared to be no consistent variation in tlie
values of tlie fourth order anisotropy field, 452!/ /M,
which isin tlicrange of 0 ~ 1 kG.

111.2. liitcrlayer Excliange Coupling

Tlie important difference between tlie coupled niul-
tilaycr system and tlie single layer system is tlie exis-
tence Of tlie exchange modes. The advantage of using
CFFR and Brillouin light scattcring is tlie ability to
obscrve tlie excliange modes predicted in tlie previ-
ous section and to evaluate tlie sign and magnitude
of tlic excliange coupling constant, A;;+1. Those
exchange modes have been obscrved in many multi-
layer systems sucli as Fe/Cr1:212:25:32 Fe/Cy”31:34-36
Fe/Ag®%0, Fe/Au'?38, Te/Pd®35-37 Fe/Pt;16 Fe/C38
Co/Cu®, Co/Pd®!0, Co/Pt132® 39 Co/Ru?"40,
Ni,Fe;_,/CritAl NixFel_,,/Cull’41’42, Ni Fe,_
and NiFe;_,/Ag/Nitl43,

As mcntioned before, tlie iiiterlayer laycr exchange
coupling constant, Aja, iS proportional to tlie reso-
nance field separation of the acoustic mode and tlie
optical mode, All,.s, in a system witli two ideiitical
magnetic laycrsseparated by tlic “non-magnetic” layer.
However tlie optic mode can not be observed in tlie
CFFR spcctra unlcss a difference of the effective uniax-
ial anisotropy ficld, AH;ff, is created between tlie two
magnctic laycrs. Asaresult, theseparatlon bctween the
two rnodcs, AHm(An,AHQu ), does not only depend
on tlieinterlayer excliange coupling constant but also on
tlie difference of tlie effective umamal anisotropy field.
Ao can be obtained when AH is known or if it is
so small compared with the exchange field, 2412/tM,
that it can be neglected. The former condition can
be acliieved by making two separated single layer filins
witli similar structure as that in the trilayer system and
measure the internal anisotropy energy for each films.
Tlie latter condition will be satisfied if tlie intensity of
tlie acoustic mode is at least an order of magnitude
larger than that of the optical mode. Otherwise the
iiitensity expressed in Eq. (17) as wdl as tlie resonance
fields must be used to calculate A;» properly. In amul-
tilayer structure with N > 2, the exchange constant,
A; ix1 can be evaluated from tlie field or frequency de-
pendence of tlie "spin-wave" like higher order exchange
modcs.

z/Pd“"“
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Of tlic systerns investigated to date, Pt and Pd in-
terlayers have a positive exchange coupling constant
producing a parallel coupling between tlie ferromag-
netic layers for all values of tlie tliickness. Bloemen, et
al. 3%, investigated the trilayer filins of Co/Pt/Co with
tlie Pt laycr tliickness varied from 4 & to 100 A. Tlie
tliickness of tlie Co laycrs are 50 A and 20 & respec-
tivcly so as to produce an anisotropy difference in each
Co layer. Tlic effective anisotropy fields for each laycrs
were chosen to give a best fit of tlic resonance fields
for a total of 8 samplcs. Tlie in-pliasc and out-of-phase
modcscan bc obscrved only in films witli Pt layer thick-
ncss greater than 20 A. Theexchange constaiit A, was
found to decrease with tlie increase of tlie Pt tliickncss
as shown in Figure 0.
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Figure 0. Interlayer excliange energy Jezcn (tlic same
as Aj2) as afunction of tlic Pt spaccr thickness. (from
Rcf. 39)

In a scrics of (Co/Pl)aqg structures investigated by
Zliang, et al.1329 tlie first Co layer of tlic structurc was
dcposited on a Ru buffer laycr. Tliis removes one of tlic
Pt interface contributions to tlie uniaxial anisotropy en-
ergy i1l layer one, wliicli depends on tlie Pt tliickncss
and ison tlie order of 5 kG for tp; > 10 A. As aresult
tlie effective anisotropy energy in layer one is differ-
ent from tliose of bulk layers as tlie Pt layer develops.
Tliis produces an unpinned surface coiidition with tlie
externalfield normal to tlie film. Two modes, tlie “sur-
face like” mode aiid tlie first order spin-wave excliange
mode, were observed for tlie films witli Pt tliickncss
greater than 4 A. From tlie analysis of tlie positions
and intensities of the modes in tlic CFFR spectra it
was possible to determine tlie excliange coupling coef-
ficient as afunction of tlie Pt tliickness in tlie range of
44 < tp; < 18A. The relation was found to have an
exponcntial depeiidence

Apa(tps) = Adyexp | - e , (31)
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where A?, was measured to be 70 erg/cm® and ty to
be 7 A for this series.

Bosse, el al* investigated two permalloy
(NiggFego) films separated by different “non-magnetic”
layers sucli as Pd, Cu, and Cr. The exchange coupling
across PPd and Cu follows the same exponential relation
as expressed in EQ. (30). with a greater decay length
for Pd.

Cclinski, e! al.37 studied a series of Fe/Pd/Fe tri-
laycer films grewn by MBE. A weak optical mode was
obscrved in films with the Pd thickness greater than
5 monolayer. The exchange coupling constant eval-
uated from the resonance fields reveals an oscillatory
bcliavior supe:imposed on the exponential decreasing
background. The oscillation period, 4 monolayer, is
Jarger than tliat predicted from the layered RKKY
interactions.*4

In contrast to Pt and Pd, the metalssuch as Cu, Ag,
Au, Cr, and Ra produce exchange coupling coeflicients
that oscillate hetween positive and negative values to
produce parallel or anti-parallel coupling betwecn the
magnctic layets as a function of the thickness of the
“non-magnetic” layer. In a Fe/Cr/Fe trilayer structure
for which the Fe layers were 110 A and the Cr varied
from 2 to 20 .\, Barnas, et al.!? determined the sign
and magnitude of the exchange coupling constant from
tlie positions of the two resonance frequencies in the
Brillouin liglit scattering spectra, taking into account
the exchange energy within each Fe layer as well. The
interlayer coupling changes sign from parallel coupling
at te, < 7A to anti-parallel coupling at t¢, > 7A.
Tlie coupling coefficient vanishes at t¢, & 17A. Using
CFFR technique, Krebs, et al.?®, investigated another
Fe/Cr/Fe scries for which the Fe layer was 40 A thick
and the Cr vatied from 4 to 85 A. Multimodes were
found in the iesonance spectra that were consistent
with anti-parallel coupling for Cr thickness between 13
A and 24 A. A maximum exchange field of about 300
G was Obtained at 1., ~ 164. No antiferromagnetic
alignment mas shown in both the ¢ < 13 A region
and the ter <24 A region.

In aseries of Fe/Cu, Ag, Au/Fe trilayer structures,
Celinski, et al3¢, observed an oscillation from parallel
to anti-parallel coupling as a function of the Cu tliick-
ness with a periodicity of ~ 10 monolayer. The ampli-
tude of the coupling constant decreases with increasing
Cu thickness and the values at 77 K are aimost double
tliose at room temperature. The oscillations in tlie Ag
and/or Au inclided structures were much weaker com-
pared with those of Fe/Cu/Fe structures and the cou-
pling constant decreases rapidly to zero asthe thickness
exceeds 6 to 10 monolayers.

Zhang, et a!.%° have investigated Co/Ru/Co trilay-
crs and for Ru layer thicknesses on the order of 10 A a
very strong ant -parallel coupling between the Co layers
is obscrved for which the acoustic mode and the optic
mode could be separated by as much as 4000 G. These
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Figure 10: top) In-plane magnetization measurement
as afunction of tlie fied strength for tlie structure of
(32 A Co/Ru/32 A Co) trilayers. The Ru tliicknesses
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values are about an order of magnitude larger tlian that
observed in tlie other typical structures. Tlie spectra
as well as the magnetization hysteresis loop lias clearly
shown an oscillation behavior of tlie coupling coiistant
from positive to negative witli tlie change of Ru thick-
ness (see Figure 10).

Tlie temperature dependence of tlie excliange cou-
pling coiistant, A1a, for a Fe/Pd/Fe structure lias becn
studied by Heinrich, et al.?. Ay increases with tlie de-
crease of temperature, followiiig a Curie-Weiss type of
dependence

Ay < 1/(TT0) (32)

with @ on tlie order of 50 K.

111.3. Miscellanceous Effects

Iurdequint, et al4®, investigated the line shape aiid
relaxation processes in Fe/Ag multilayer structures.
For tlie in-plane or paralel orientation for CFFR res-
onance tlie ratio of tlie slopes of the absorbtion line of
tlieliigli field to the low field side of tlieline, A/B, was
found to vary between 0.7 aiid 1.0 for tlie whole series
for films. Tliis corresponds to a positive signal phase
and tlie effect cannot be explained by tlie eddy current
contributions for wliicli tlie A/B, ratio should be grealer
than unity. Tlie details of tlie mechanism responsible
for this effect remains to be explained. Thelinewidth of
tlie resonance modes were consistent with a mechanism
in wliicli tlie magnetic energy is carried away (relaxed)
by tlie conduction electrons. In Ag, the spin diffusion
length would have avalue8.s; = (2DT%)"/?, with D the
electron diffusion coiistant and 7% tlie transverse spin
relaxation time. From tlie analysis a diffusion lengtli
of 500 to 1000 A is determined whicli is in reasonable
agreement with results obtained by other techniques in
Ag metals.

Heinrich, et al.23, observed that tlie linewidth of tlie
CFFR spectra as a function of the resonance frequency
for a MBE grown Ni/Fe bilayer structure with a large
4-fold in-plane anisotropy energy follows the relation

AH,.o = AHg + Aw (33)

where AH, originates in tlie inliomogeneitics of the
sarnple and the frequency dependent part is caused by
the intrinsic Gilbert damping as expressed in Eq. (16).
The damping related parameter A was nearly isotropic
while A Hy was sensitive to the direction of tlie exter-
nal field. AHp was almost four times larger with tlie
external field along the hard direction in tliefilm plane
than that with the external field along the easy axis.
This vas explained to be a result of crystalline defects
generated during the Ni overlayer lattice relaxation. In
another structure with a single Fe(100) film grown on
Ag(001) substrate!®, the same group reported a rapid
increase, almost an order of magnitude, in the Gilbert
damping coefficient with decreasing Fe thickness from
40 A to 4A. Enhanced spin-orbit coupling for thinner
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Te films was proposed to be tlie reason for tlie increase
of tlic Gilbert damping parameter.

1V. Conclusions

Tlie magnetic properties of tlie magnetic/“non-
magnetic” multilayer structureshave been widely stud-
ics by the CFFR teclinique. Tlie intrinsic niagnetic
parameters, sucli as tlie internal uniaxial anisotropy cn-
ergy and tlie exchange coupling coiistant, varied from
oiie series to another depending on tlie structure of
tlie sample, tlie tliickness of eacli layer and tlic sam-
ple preparation coiiditions. While it is not possible to
“catalog” all of tlie results in a convenient form, there
are a few gencralities that can be proposed.

(1) In most of tlie structures, tlie internal uniaxial
anisotropy energy of tlie magnetic layer is significantly
modified from tliat of tlie bulk materials asitstliickncss
is reduced to tlie order of 10 A. One of most impor-
tant contributions to this cliange is due to the surface
anisotropy cnergy developed from tlic interface inter-
action between tlie magnetic layer aiid “non-magnetic”
layer which can be expressed as an eflective anisotropy
encrgy to tlie bulk of tlie niagnetic layer sucli tliat

I\’ejj = -Ksur/t s (34)

where 1 is tlie tliickness of tlie magnetic layer. Typ-
ical values of tlie surface anisotropy energy coiistant,
K,yr, vary from 0.1 to 1 erg/cm?, having a preferred
orientation of tlie magnetization normal to tlie film. A
transition tliickmss t.,, below which tlie internal uniax-
ial anisotropy energy will dominate tlie magnetostatic
aiiisotropy energy to produce an easy axis normal to
tlie film, exists when tlie values of tlie magiietic layer
tliickncss varied from 2 to 10 monolayers in most of tlie
systems. Tlie origin of tlie surface anisotropy energy
may come from tlie Néel surface anisotropy energy?®,
tlie niagnetostriction energy, tlie interlayer diffusion or
tlie polarization of tlie “non-magnetic” surface atoins.

(2) One of tlie most important contributions of tlie
CFFR teclinique to tlie understanding of tlie magnetic
properties of multilayer systems is tlie evolution of the
interlayer excliange coiistant, A:2. For Pt aiid Pd in-
terlayers, tlie coupling coeflicient is positive producing
parallel alignment of tlie magnetization of tlie layers.
The coupling strength decreases with tlieincrease of tlie
“non-magnetic” Inyer tliickness tyar following rouglily
an exponential form

Arz = Ay exp(—tnar/lo) (35)

for wliicli the decay lengtli #, is on tlie order of 10 A
and AJ, ison tlie order of 1 to 50 erg/cm?2, about an
order of magnitude smaller than tlie dircct excliange
interactions within tlie magnetic layers.

For Cr, Cu and Ru interlayers, tlie coupling coefli-
cient oscillates from positive (parallel coupling) to neg-
ative (anti-parallel coupling) while tlie amplitude of tlie
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oscillation dec reases as a function of the tliickness. Tlie
oscillation period was observed to be on the order of 10
A to 15 A.

Tlie variation of the exchange interaction through
“non-magnetic” layersis similar to the polarization of
tlie host material by tlie nearby 3d-transition magnetic
atoms in a dilute transition metal alloy system. Tlie
bare magnetic moment of tlie dissolved 3d-atom in this
system, polarizes its surroundings, and tlie polariza-
tion, as a function of tlie distance, is governed by tlie
generalized magnetic susceptibility of tlie host mate-
rial. If the host material were a normal metal in wliich
tlie conducticn electrons can be treated as free elec-
trons, like in Cu aiid Ag, tliis susceptibility x(r) will
oscillate from positive to negative following tlie RKKY
formulal”. Hewever if tlie intra-atomic excliange inter-
actions betwezn tlie band electrons in tlie liost metal
areiinportant, like in Pt and Pd, tlie susceptibility will
differ from the RKKY form and roughly follows an ex-
ponential decay form:*3

X(r) = exp(=1/r0) - (36)

Tliis might explain tlie fact that no oscillation were
found in tlie Ft and Pd included multilayer systeins al-
though the mechanism of the interaction through "pin-
holes” in tlie Pt or Pd layers, is another possibility.
The oscillations in tlie exchange interaction, A2, ob-
served in noble metal interlayers, suggest that a RKKY
type interaction plays an important role in the mul-
tilayer excliange interaction. However the oscillation
period in tlie Cu included multilayer system is sig-
nificantly largar than that predicted from the layered
RKKY calculation*. There is no well known mech-
anism that accounts for the observed beliavior of the
coupling meclianism for this structure though a surface
roughness model®® was proposed to explain the long
period oscillations to some extent. In Cr and Ru, the
conduction electrons band structures are more compli-
cated than that in tlie noble metal. They can not be
treated using thefree electron model. A successful the-
ory must include tlie details of tlie band structures near
tlie Fermi surfsces in these “non-magnetic” layers®?.

As more combinations of coupled magnetic/“non-
magnetic” structures are developed and investigated, it
islikely that additional new effects will be observed as
well as a class of materialshaving a wider range of vari-
ables tlian those observed to date. It is expected that
suchstructure:; will have a variety of useful applications
tliat depend on microstructural properties. At present
two such applications include magneto-optical storage
media and ma,znetic readheads for computers.
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