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Influence of exchange-coupled anisotropies on spin-wave frequencies
in magnetic layered systems: Application to Co/CoO
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Recent experiments in Co/CoO layered structures have shown a huge effect where the frequency of the
lowest spin wave in the ferromagnetic Co has been doubled, apparently due to the interaction with antiferro-
magnetic CoO. We explore a microscopic model for spin waves in such coupled structures which can explain
such an effect. In this model a magnetic material with a significant anisotropy is exchange coupled to a
different magnetic material with minimal anisotropy. The shift in the spin-wave frequency increases as either
the anisotropy or interface exchange is increa86163-182@6)08529-3

[. INTRODUCTION lll. Two cases are treated in detail, two coupled ferromag-
netic films and a ferromagnetic film coupled to an antiferro-

Layered film structures such as Co/CoO are currently ofmagnetic film. In Sec. IV we summarize our results.
great interest because of strong coupling between the ferro-
magnet and antiferromagnet that allows one to introduce ef- Il. THEORY
fective anisotropies in the ferromagrief. This has been ) ) )
studied almost exclusively through measurements of hyster- We consider a layered structure as illustrated schemati-
esis. Magnetization studies of the Co/CoO structure hav&&lly in Fig. 1. There arél, layers of spins in materiai and
demonstrated enhanced effective in-plane anisotropy with &b layers for materiaB. The applied fieldH, is in the z
significant temperature dependence. This is generally attridirection. Thez axis is also the uniaxis for the in-plane an-
uted to changes of the magnetic properties of the antiferrdSOtropy and, for simplicity, we consider structures where the
magnet with temperature. equilibrium d|r_ect|9ns of the magnetic moments are only

A recent experimental stu@guggests an alternate way of along the+z directions. o o
investigating effects related to the coupling across the Co_ The spinsin layet, S, see an effective fielth; which is
and CoO interface by measuring frequencies of longdiven by the_ sum (_)f the the exchange fle_lds, the anisotropy
wavelength spin waves associated with the Co film. Thidields, the dipolar field, and the external field. Tht,can
study showed a huge increase in frequency of the lowbe written as
frequency spin wave in Co as the temperature was reduced 1
below room temperature. Such an effect suggests that it is - 1 N in oz
due to the coupling to the antiferromagnet CoO which has a H Ous [ii-1S-1+diinaSal T HISTS)2
Neel temperature of 293 K.

This pgper provides a theoretical basis for understanding +(HP"+47M)(S/S)y+Hoz. @
the origin of these large frequency shifts. We use a micro-
scopic spin-wave descriptiBnof long-wavelength spin
waves for exchange coupled Co and CoO films. In this

theory the Co film is assumed to have minimal anisotropy, Fima | € 4 B
but there are in-plane and out-of-plane anisotropies in the —_— —> —»
antiferromagnetic film. Because of the exchange coupling at - - -

the interface, a spin wave in the Co must drive the spins in

—»
-
—»
-
the antiferromagnetic CoO also. As a result, the larger — > = e
—
—»
—»

anisotropies in the CoO shift the frequency of the low- I T layerivl
frequency spin wave significantly. As one approaches the - —> —>
Neel temperature of the antiferromagnet, the effect disap- — —> —»
pears since effective coupling and the anisotropy in the an- " H
tiferromagnet are both zero at that point. °

The paper is organized as follows. In Sec. Il we outline y

the main theoretical ideas needed to calculate the frequency

of the spin-wave modes in the layered structure. In addition F|G. 1. Geometry used in this paper. The applied fielg, is
we develop an analytic formula for the special case of twparallel to the surface. There is anisotropy in filmand none in
ferromagnets coupled together by interfacial exchange. Th&im B. The effective interface exchange coupling betwéeand B
results of the theoretical calculations are presented in Se H,.
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Here J;;_, is the exchange coupling constant betweenwhere
planesi andi—1, H]" is the in-plane anisotropy field and

H?"'is the out of plane anisotropy field. In the limit that the
wavelength of the spin wave is long compared to the thick-

ness of the film, the dipolar fields acting on layeare es-

sentially just the demagnetizing fields #M,) of a layer, 1 _
which arise from out-of-plane fluctuations of the magnetiza- Hp=Ho+ —— JpA,+H'B,/B,
tion. In this case the dipolar terms may be combined with the 9us

out-of-plane anisotropy acting on an individual layer.

1 _
Ha=Ho+ o B+ HIMA, /A,

The equations of motion for the spins in layecan then Ha=Ha— (HY"= 47 M)A, /A,
be written
ds Hi=H,—(H{""—47Mg)B,/B,
a0 = YSxHi, 2

wherey is the gyromagnetic ratio. Because of the exchange €a=JaAz,

terms, the spins in layer are coupled to the spins in the
layers above and below. One generally further assumes that ep,=JpB;.
the excitation amplitudes, ands,) are small and the equa-
tions are linearized by neglecting terms quadratic in thes
variables.

When the number of layers is not too lardgess than 200
is is a straightforward numerical problem to solve the
coupled equations of motion. One assumes a time depen-
dence of the forme™'“! and obtains an eigenvalue problem
for the allowed frequencies. Larger systems can be treated by Ill. RESULTS
using special routines for band diagonal matrices. We will

explore the results obtained in this way in the next section. In t.h's g,ectlog Wetxvn[ expkt)rethow thet spln-fV\éﬁve fret-
The theoretical approach outlined above is an extension gfuencies depend on theé important parameters or the system,

earlier work exploring spin-wave modes in ferromagneticanisonqpy’ interface exchange coupling, and the thicknesses
bilayer® and multilayef® systems. A key feature of much of of the different films. Our model parameters are therefore not
this earlier work is the examination of how the spin-waveIntended o represent a particular system, but are close to

frequencies change when the ferromagnetic films have ma hose reported in recent experiments for Co/CoO thin films.
netization which are canted with respect to each other. | nless otherwise indicated we use the following parameters,

contrast, we concentrate on situations where canting is n Il written in terms of effective fields for convenience
expected to occur (He=Jd/gug): For the ferromagnet, the exchange field is

Analytical results may be obtained in some simple case%ge%f:looo kG andM;=1.4 kG. For the antiferromagnet
We consider the case of two ferromagnets with the exchang exar~ 200 kG andvi;=0.6 kG. We take5,= S, =1 and the
coupling at the interface weak compared to the intrafilm exJyromagnetic ratioy=2.9 GHz/kG. The applied fieltl, is 3
change. In that case we may assume that the spins within I%G'

given material are rigidly coupled together. In effect, this

reduces the problem to solving the coupled equations of mo- A. Two coupled ferromagnetic films

tion for only two spinsA andB, where each spin represents

an entire film. The first step in finding the equations of mo-gjyyificant anisotropy and filrB having no anisotropy. Let
tion for the two spins is to write the enerdyfor the entire w0 A have two magnetic layers and filB have six mag-
system, assuming the spins in each film are coupled rigidly,otic ayers. In Fig. 2 we show how the frequency of the
S0 that$,=S,= ... Sy,=A. A similar assumption is made ,1qyed spin waves depends on the exchange coupling at the
for spins in filmB. An effective field acting on spiA is then interface. This interfacial coupling is parameterizedHyyan

él’he exchange terms above are the layer number normalized
J-interface values written in terms of effective magnetic
fields, i.e.,J,=J3,/(gugN,) andJy=J3,/(gugNp).

We consider two ferromagnetic films with filk having a

found by effective exchange field. Both ferromagnetjositive H,)
1 JE and antiferromagnetithegativeH,) coupling are considered
Ha=— @ A € and results are presented for different values of in-plane an-

. . . . isotropy. For the calculations we can use either the full set of
and this field is used in the equations of motidy. (2)]. coupled equations, or the approximate solution given by Egs.

One_fmds a similar set of equations for_ sp|Bs_and we (4). The results are equivalent for the lowest two modes
obtain a set of four homogenous equations with four un-

knowns,A,, Ay, B,, andB, . The condition that the deter- shown.

inant of th trix of icients for the f K . For ferromagnetic interface coupling one sees small shifts
minant ot thé matrix of Coetlicients Tor the Tour Unknowns 1S ; frequency which are nearly independent of exchange. In
zero provides the unknown frequencies. We obtain the fol

lowing: contrast, for antiferromagnetic coupling the shifts are large
: and depend strongly on the value of the interfacial exchange.
Q?=3 (HyH +HH) +e.ep* 3 {(HyH,—HH.)? In part this is because the assumed ground state for the an-
tiferromagnetic coupling has the spins in fil& pointing
+4eye[Ha(Ha+Hp) +Hy(Hp+Hy) 112, (4)  opposite to the applied field. Such a configuration is unstable
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FIG. 2. Frequency as a function of interface exchange for the N,
low-frequency spin waves. We have two ferromagnets, Witk2,
Np=6. There is no anisotropy iB and H3"'=0. Both modes are FIG. 4. Frequency as a function of number of layers of material

sensitive to the in-plane anisotropy A&, but the high-frequency B. A andB are both ferromagnets amd,=2. All anisotropies are

mode (optic modg is also strongly dependent on interface ex- zero except foH"=1 kG. In (a) the interface exchange is ferro-

change. magnetic, in(b) it is antiferromagnetic. Note that ifb) the structure
is not stable folN,<3.

at low interfacial exchange or for low values of in-plane

anisotropy and the frequency of the mode is driven to zero ajuency decreases significantly. Again this decrease is due to
this point. the fact that there is eventually a phase transition because the
We now explore how the frequency shift introduced byA spins point opposite to the applied field and as the number
the anisotropy and the exchange coupling depends on thsf A spins is increased the system must eventually go into a
thickness of the film with anisotropy. In Fig. 3, we d¢f  structure where th& spins are parallel to the applied field so
=1 kG in film A and plot frequency as a function of the that the Zeeman energy is minimized.
number of layers in filmA,N, . The number of layers in film In Fig. 4 we study the dependence of the spin-wave fre-
B is held constant all,=6. The results depend dramatically quency of the number of layers of the film with no anisot-
on the sign of the interfacial exchange coupling for the low-ropy N,. For ferromagnetic interface exchange the low-
frequency mode. For ferromagnetic coupling the frequencyrequency mode shows only a slight decreaseNgsis
of the lowest spin-wave mode increases slightly as the thickincreased. Of course for these parameters the shift in fre-
ness is increased. For antiferromagnetic coupling the freqguency from that for filmB alone is small and so one does
not expect large changes as the number of layers of Bilm
increases. In Fig. @) we see that there is an increase in
' \ , frequency for the low-frequency mode &k is increased.
This arises because &}, is increased, the equilibrium con-
figuration is farther away from the phase transition.
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B. A ferromagnetic film coupled to an antiferromagnetic film
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For these calculations we use the microscopic model de-

—— scribed earlier. Analytic forms which include the antiferro-

" ‘ ‘ ’ magnet are difficult to obtain and are likely to be extremely
b H;=-10kG cumbersome. Furthermore it is not clear that the rigid cou-
pling approximation, which was used in obtaining the ana-
lytic expressions for the ferromagnetic systems, is appropri-
ate for antiferromagnets.

We now consider a six layer ferromagnetic film coupled
to a four layer antiferromagnetic film. In Fig. 5 we plot fre-
quency as a function of interface exchange for different val-

0 1 2 3 4 5 ues of the uniaxial in plane anisotropy. We note that anisot-
N, ropy values in antiferromagnets can be quite large compared
to those for typical ferromagnetic metals. For example, the

FIG. 3. Frequency as a function of number of layers of materialuniaxial in-plane anisotropy in Fgks on the order of 200
A,N,. N,=6. A andB are both ferromagnets. All anisotropies are KG. As before, the frequency increases with an increasing
zero except foH"=2 kG. in-plane anisotropy and with increased interfacial coupling.
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) ) _ ferent values of out-of-plane anisotropy in the antiferromagnet. All
FIG. 5. Frequency as a function of interface exchange for dif-giner anisotropies are zerdl,=4 and N,=6. Material A is an

ferent values of in-plane anisotropy in the antiferromaghigt=4  antiferromagnet and materil is a ferromagnet. Note that the out-
and Np=6. Material A is an antiferromagnet and materlis &  of-plane anisotropy causes a much smaller shift than the in-plane
ferromagnet. anisotropy of Fig. 5.

In contrast to the ferromagnet/ ferromagngt case, ‘h‘? sign 0cIirec:tion This means that a negatid@" is indicative of an
the interface exchange does not make asugmﬂcantdlfferenceeas i Iaﬁe svstern. The result is similar to that found for
in the frequency. This is because changing the thickness doer?—p?/aﬁe anisgtropy.—the frequency increases with interface
not s_|gn|f|cantly change the net magnetization except for th(l?:oupling or with anisotropy, but the magnitude is signifi-
special case of extremely thin annferromagnetlc_ﬁlms. cantly smaller. Since out—o,f—plane anisotropy should not
OiI:tg&eOrgfligztf%(tah(ra]itv;/%::cf)rtéplﬁgrl‘grror%%%getégzllr;\:, \\/Aé?change the hysteresis curve, but does change the frequency, a
pointe . 9 quency . %omparison of spin-wave frequencies and magnetization data
sensitive to interface exchange. This is true for an antlferro;m ht be able to provide a value for the out-of-plane anisot-
magnetic film coupled to a ferromagnetic films as well and iséogy P P
demonstrated in Fig. 6. As can be seen in this figure, th o o o .
. , ; As with ferromagnetic films, it is of interest to see how
high-frequency modes change much more rapidly as a func;[— ; ' o .
X ; / . e frequency shift caused by the combination of interface
tion of interfacial exchange. Thege modes might be measure§ouplin% andyanisotropy can ge changed by controllable ex-
by a n_umber of different techniques, F_or example Ra_man ﬁrimental parameters. In Fig. 8 we plot the frequency of the
scattering has been used to measure spin-wave modes it Owest spin-wave mode as a function of the number of layers
Fe films in the 500 GHz regiot?.Similarly far-infrared spec- f the antiferromagnetic filmi ¢ . As the number of layers
troscopy has been used to study antiferromagnets in the same. VAR
frequency ranqél IS'increased, the frequency also increases. For the parameters
?n Ei y7 Wege>.<amine the influence of out-of-blane anisot_used in this example, the increase is substantial, about 50%.
0 ongihe frequency of the lowest mode Wepuse the Con'_l'here are small oscillations in the frequency depending on
Py outq. y ' . whetherN,g is odd or even. This is associated with the fact
vention thatH; " is positive when the normal to the surface is

direat d i hen th Li h H:at an odd number of layers has a net magnetic moment and
an easy direction, and negatve when the normal IS a hary, s has an associated Zeeman energy which changes the

frequency slightly. When the interface exchange is ferromag-
1200

. . netic, the curve looks nearly the same. Even the small oscil-
- lations due to the odd and even number of layers remain. The
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FIG. 8. Frequency as a function of the number of magnetic
FIG. 6. High-frequency modes for the antiferromagnet/layers in the antiferromagneNar. The number of layers in the

ferromagnet shown in Fig. 5. ferromagneNg=6. H"=1 kG and all other anisotropies are zero.
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FIG. 9. Frequency as a function of the number of magnetic FIG. 11. Frequency of the lowest spin-wave mode in a six layer
layers in the ferromagnetNg Nnr=4. H'n 1 kG and all other Coffour layer CoO structure as a function of temperathiie= —50
anisotropies are zero. The bulk result is the frequency of the systetG andHZ'=2 kG.
in the absence of interface coupling.

assumed the transition temperature of the ferromagnet is

higher frequency spin-wave mode@st shown hergare also  much higher that that of the antiferromagnet, so that the av-
very sensitive to changes iN,- and show substantial erage spin moments in the ferromagnet are at their maximum
changes in frequency depending on whethgg is odd or  value,S=1, at all temperatures. The interface exchange cou-
even. As mentioned previously, these high-frequency modegling is 10% of the exchange coupling within the antiferro-
may be most useful for obtaining values of interface ex-magnet. The thermal averaged spin magnitude in atomic
change. layer 1 is denoted bys;, with the other symbols defined

In Fig. 9 we plot the frequency as a function of the num-similarly.
ber of layers of the ferromagnet when the number of layers The key feature to notice in Fig. 10 is that even though
in the antiferromagnet is held fixed Bt,=4. The results for the bulk transition temperature for CoO is around 293 K,
positive and negative interfacial exchange are nearly identibecause of finite-size effects the effective transition tempera-
cal. Furthermore the frequency shift from the bulk value cariure is lowered to about 250 K. This is consistent with the
be fit very nicely by a shift which is proportional toNf,  experimental data of Ref. 5. In addition we note that the
similarly to what is found in calculations which include sur- spins in outer layers of the antiferromagnetic filgg,andS,,
face anisotropie%z. generally have smaller magnitudes that the spins in the

All the previous calculations have been at low temperadmiddle. This is because the outer layer spins see a smaller
tures where the average spin moments in the antiferromagneffective field than those in the center and thus are more
have their full magnitude. As the temperature is increased weensitive to thermally induced fluctuations.
may modify our calculations by replacing the spin magni- Using the data of Fig. 10 as parameters in the spin-wave
tudes by their thermal averaged values. In fact, it is expecte@alculation, we may calculate the temperature-dependent fre-
that these values will generally vary from layer to layer inquency of the lowest spin-wave mode. The results are pre-
very thin structures as discussed previously. Using a selfsented in Fig. 11. The parameters for this calculation are the
consistent local mean-field method, we can calculate the aysame as those for Fig. 10 except that we have also included
erage spin moment in each layer of the antiferromagnet for &n in-plane anisotropy field of 2 kG. We see that as the
given temperature. The results for such a calculation are préemperature is reduced, the frequency of the spin-wave be-
sented in Fig. 10 for a structure with four layers of antifer-gins to rise around 250 K and has doubled its value by low
romagnet coupled to a six layer ferromagnet. The parametetemperatures. This is very similar to the recent experimental
for this calculation aréH, ;=505 kG andS,=2. We have results in Ref. 5.

25 . IV. SUMMARY AND CONCLUSION

In this paper we have explored a model where the
anisotropies in a ferromagnetic film are dynamically coupled
to the spin motion in a neighboring magnetic film through
interface exchange. We have concentrated on the behavior of
the low-frequency spin-wave mode of the ferromagnetic film
since this is normally what is measured in Brillouin light-

' scattering experiments. Our results indicate that the fre-

0 100 200 300 . .
TK) quency of this mode can be substantially changed by the
interface coupling when anisotropy is present in the other

FIG. 10. Thermal averaged magnitudes for the spins in the difmaterial. We show that the shift in frequency depends not
ferent layers of CoO in a six layer Coffour layer CoO struct@e. only on the interface exchange and anisotropy of the neigh-
is the layer of spins in CoO which is farthest away from the inter-boring film, but on its thickness as well. An increase in the
face. thickness leads to an increase in the shift. In contrast to static

<S>
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hysteresis measurements, the spin waves are a dynanfErromagnet interface can be quite complex. Nonetheless, we

probe of the local coupling between the magnetic materialexpect that our results will give a reasonable guide to the

and may give additional information not available throughbehavior in this system. Furthermore our results should also

measurements of magnetization. Finally, we used our thede of interest for studying other structures with Brillouin

retical calculations to explain recent Brillouin-scattering ex-scattering, for example Fe films with Cr overlayers at low

periments on Co/CoO thin films. These experiments showetemperatures.

that the frequency of the low-frequency spin wave doubled

as the temperature was reduced. The temperature dependence

of the frequency is consistent with the coupling of a thin film

of antiferromagnetic CoO to Co. The work of R.E.C. was supported by US ARO Grant No.
We emphasize that the true interface structure for Co/Co@AAH04-94-G-0253 and by EPSRC. The authors would

is probably not as simple as the one used in our calculatioralso like to thank J.A.C. Bland and A. Ercole for stimulating

As emphasized in the literatut®, the antiferromagnet/ discussions.
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