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Frequency-dependent exchange bias in NiFiO films
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Ferromagneti¢FM) resonance and magnetization curve measurements were performed at room temperature
for a polycrystalline N§;Fe;9 coupled to NiO. It was observed that the shape of the angular variation of the
resonance field is frequency dependent, with the curve at 9.65 GHz typical for a strongly exchange-coupled
bilayer, while the 34.0 GHz curve is characteristic for relatively weak interactions. Numerical simulations of
the resonance field and of the hysteresis loop shift, carried out through the domain wall formation model, as
well as the resonance linewidth data indicated that there must be two fractions in the antiferromagnetic part of
the interface, with stable and unstable grains. Only the stable grains contribute to the exchange bias. In our
sample, whether an interfacial antiferromagnetic grain is stable or not is predominantly determined by the
strength of the exhange coupling between this grain and the adjacent FM domain. The stable antiferromagnetic
grains, whose contribution is sensed by the resonance experiment, asen#iier ones, which are more
strongly coupled to the ferromagnet than the larger grains.
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The exchange-bias phenomerfonhich results from the The sample under investigation was deposited by rf mag-
interfacial coupling between ferromagnetiéM) and antifer-  netron sputtering onto @00 substrate at room temperature
romagnetic(AF) materials, has been extensively studied inin 2.0 mTorr Ar atmosphere with base pressure before depos-
the last decade, motivated by fundamental and practical initing better than 5102 Torr. The film consists of 300 A
terests. One of the reasons for the continued interest is theig,Fe o deposited on 500 A NiO and capped with 50 A Cu
fact that different experimental techniques may yield differ-in order to prevent oxidation in air. External magnetic field
ent exchange anisotropy valu€s.In some cases, this was has not been applied purposely; however, as a significant
assigned to the fact that the measurements are performed stray field from the magnetron may exist in the sputtering
different sets of samplé'sAnother source for the discrepancy chamber during deposition, an in-plane uniaxial anisotropy
could be the reliability of the model used in the experimentalwas induced. The structural characterization, made via con-
data interpretatiofi. It has also been shownthat the ventional x-ray diffractometry performed on a Philips X'Pert
exchange-bias field values derived from magnetization an/RD machine employing ClK«a radiation, showed that
ferromagnetic resonancMR) measurements, must, in both Py and NiO layers were polycrystalline, with no indi-
general, give different values in the framework of the cations for dominant texture structure.
domain-wall formationf DWF) model which assumes forma- Room-temperature FMR spectra were taken with a com-
tion of a planar domain wall at the AF side of the interfacemercial Bruker ESP-300 spectrometer operating at-4and
with the reversal of the FM orientatidit° microwave excitation frequency of 9.65 GHz (in-plane

Recent FMR studies on exchange-coupled NiFe filmsand out-of-plane measurements 34.0-GHzQ-band fre-
showed the importance of the magnetic state of the AF pamuency(in-plane measurements oplysing standard phase-
of the interface. McMichaeét al! used FMR to study the sensitive detection techniques. The sample was mounted on
relaxation behavior of polycrystalline AF layer and found the tip of an external goniometer to allow measurements of
that the stability of the AF order is critical to the existence ofthe resonance fielH .5 as a function of the in-planeg() or
the exchange bias. Relaxation related to thermally driven resut-of-plane @) field angles. Herep,, and 6, are equal to
versal of the AF grains in such systems has also beemero for magnetic fieldH applied along the exchange-bias
observed?13 and the normal-to-the-plane directions, respectively.

The aim of the present work was to apply the phenom- The symbols in Fig. 1 show the measured in-plane angu-
enological approach for the DWF model recently developedar variations ofH, for both frequencies. As the spectra
by our group on a real exchange coupled system. The papewere taken on the same piece of sample, one should expect
describes FMR and magnetization measurements of a bilayénese variations to be almost identical in shape if the sys-
of Permalloy(Py) (here, Ni;Fe,q) exchange-coupled to NiO. tem’s behavior can be explained in the framework of the
The striking frequency dependence of the FMR angulaDWF model®° This is a consequence of the fact that al-
variation has been related to the relaxation behavior of théhoughH s depends onv, small differencegin shapé be-
interfacial AF grains. tween resonance field dependences at different frequencies
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T T T TABLE |. Results of the fitting to the resonance field data in
Figs. 1 and 2.
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[=2K,./(temMgnm) ] is the rotatable anisotropy field, akd,

is the corresponding anisotropy constat, is a field that
rotates to be parallel to the equilibrium direction of the FM
magnetization and in FMR measurements is responsible for
the frequently observed resonance field shiftis produced

by the magnetizations of the small@nstable AF grains

, , , which can be oriented along the applied field; this anisotropy
0 90 180 270 360 can change substantionally the shape of the magnetization
curves and their characteristits.

The Py spontaneous magnetizatiov Ey was esti-
FIG. 1. In-plane resonance fields for a 300 Agifie,o layer on ~ mated here to be 780 emu/2rfrom the fit to the out-of-
500 A film of NiO capped by a 50 A Cu layer at 9.65 and 34.0 plane resonance field variation at 9.65 GHz, shown in
GHz. The lines are fits to the experimental data; the parametersig. 2. The resulting from both in-plane and out-of-plane fits
used are given in Table I. gyromagnetic ratioy/27 is 2.93 GHz/kOe. These values are

typical for bulk Py. Stockleiret al*® have shown thay/27

should only be visible when the exchange coupling field ~ andM£Y of exchange-coupled Py thicker than 50 A are prac-
and AF domain-wall anisotropy field,, have approximately tically independent on its thickness. Our values also agree
the same valud. [Here He=Jg/(teyMey) and Hy,  With those obtained in other works on this systétr’
=ow!(teyMey), Whereay, (~ VK af) is the energy per unit It can be seen that the two sets of estimated anisotropy
surface of a 90° domain wall at the AF side of the interface parameters are quite different. The comparison between the
K A is the AF anisotropy constanig is the interfacial ex- gffecti_ve fi_elds(TapIe ) used in the fit of the angular varia-
change coupling constafihere taken to be positive, which tions in Fig. 1 points out that the 34.0 GHz curve corre-
corresponds to ferromagnetic couplingnd tey and Mgy spo_nds to a fraction _of FM moments We_akly coupleql to AF
are the FM thickness and spontaneous magnetizatiograins with rather high domain-wall amgot'ropy, while the
respectively’19) One notes, however, that the shapes of thé')arame.ters fow=9.65 (._“aHz are chara_cterlstlc for a strongly
measured angular variations are very different. It seems thdteracting exchange-bias system with low-anisotropy AF
the measurement system perceives distinct parts of th@@ins. In order to reconcile these data, we adopt the ap-
sample at different frequencies. Here, we argue that thigroach used for exchange-coupled bilayers with polycrystal-
striking result can be explained taking into consideration the
relaxation behavior of the interfacial AF magnetic moments.

The shape of th&-bandH { #y) curve is characteristic 12
for an exchange-coupled bilayer withe>H,y, i.e., strong
interactions’ The Q-band curve, however, is typical for the

X-band, w=9.65 GHz
0.99

In-plane field angle, ¢, (degree)

m experiment
— fitting

case of relatively weak interactions, whéh<H,,. One < 8
notes that there is an asymmetry in the initial part of this S
plot; a very similar curve has been observed in lthg an- ;; band

gular variation for a NiFe#-Fe,O; exchange-bias bilayéf. A
There, the authors assigned this asymmetry to hysteresis
memory, i.e., training effects, due to successive changes

of the uncompensated interfacial AF magnetizations. We

also believe that the effect observed here is a related 00 30 0 90
phenomenon.

The solid lines in Fig. 1 are fits to the experimental data
through the DWF model and assuming that the FM €asy g, 2. out-of-plane resonance fields for the exchange-coupled
magnetization axis coincides with the AF one; the numericahjjayer measured at 9.65 GHz. The line is a fit to the data, using the
procedure used is described in our previous pap€rFhe parameters given in Table |. The inset shows one possible AF grain
values of the effective fields thus obtained are shown irsize distribution, where the dark gray area corresponds to grains
Table |, whereH; (=2Kgy/Mgy) is the uniaxial anisotropy sensed at 9.65 GHz; the light gray ar@ehich includes the dark
field of the ferromagnet with anisotropy constay,,, H,,  one is for o=34.0 GHz.

AF grain size

Out-of-plane field angle, 8, (degree)
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line AF layer,*~ where the basic assumption is that there ' ' '

must be two fractions, of stable and unstable interfacial AF
grains. In such a case, one can accept that the FM film is also 2ok
divided into domains, each coupled to the neighboring AF
grain. This is supported by the results of Noltieg al?° —
which showed that the spin order in the FM domains close to é oF
the interface is determined, domain by domain, by the spin 3
directions in the adjacent AF grains. In FMR experiments, =
whether a magnetic moment is stable or*hdepends on its
relaxation timer (i.e., the time required for the moment to
switch from one stable configuration to anotheelative to
the period of the microwave excitation, (i.e., the preces- 0 90 120 370 360
sion period of the magnetization at resongnd@nly the
grains for whichr> 7,.s contribute to the exchange bias. The
AF grains with intermediate relaxation times= ,.s do not
contrlbu_te to exlclhla;nlge. bias but they con.trlbute to the rotatl—_ieb. The lines are fits to the experimental désgmbols, where

able an_lso'_[r_op§: ~“Finally, the grains W't_hr< Tresdo not o different parameter sets are used. These parameters are given in
affect significantlyH ¢ as they fluctuate rapidly in a manner apie I1.

analogously to superparamagnetic particles.

Based on the above considerations, we argue that the bgtronger the coupling, the more stable is the AF grain. The
havior of our sample is consistent with the following sce-excellent fit to the experimentdtl,.s Vs ¢y curve at the
nario. The interfacial AF grains are distributed in size, which|gwer excitation frequency indicates that theband experi-
also |mp||eS distributions of their interfacial eXChange COU-ment senses the anisotropy of an AF grain fraction where the
pling and anisotropy”*®*These distributions depend on the grains have low domain-wall anisotrofie., small in size
area of each AF grain, its thickness, and the contact fractioput are strongly coupled to the adjacent FM domains. This
with the ferromagnet. As has been theoretically explaﬁ%ed, fraction is a part of the one which contributes to tBéand
the largest grains have the highesty values. Nishioka measurement. The results of the FMéerivative peak-to-
et alZ observed thaK ,r increases with the increase of the peak linewidth AH reinforce this statement as well.
particle size; asry~\Kar, the same holds fok,. Ther- The in-planeAH is practically angular independent for
mal activation can also redudg¢,, when the grain size is our sample, with values of 80 and 220 Oe for tkeand
decreased’ In contrast, the FM/AF coupling fieltHg is Q-band measurements, respectively. Linear behaviak téf
lower for larger grains as shown both theoretically and exwith w is expected in thick metallic films where the relax-
perimentally by Takanet al?% such a dependence has also ation processes are mainly determined by intrinsic damping.
been used in the work of Stiles and McMich&&lThus, the Our AH g pand AHy banaratio is smaller than the correspond-
fitting results indicate that th@-band experiment senses pre- ing frequency ratio. This indicates that theband measure-
dominantly the anisotropy of thdargest grains, and ment gives information about a more dispersed AF grain
exchange-bias effects characteristic for such graigsk in-  system than &-band experiment: in polycrystalline materi-
teractiong are observed. It was also necessary to account fogjs, the linewidth is additionally increased because the dis-
a weak rotatable anisotropy due to the grains with intermepersion in the anisotropy parameters causes separate regions
diate relaxation timé!*° of the film (which are stable on the precession time scale

This result somehow contradicts the relaxation behavioresonate at different applied fielfsThis leads to a broad-
normally expected for finéuncoupled grains in FMR ex-  ening and a loss of symmetry of the absorption curve. Such
periments. Taking into consideration that,< 7 is necessary asymmetrical curves have been observed here at 9.65 GHz;
for a moment to contribute to the anisotropic resonance fielthe absorption curves at 34.0 GHz, however, were all sym-
and also that an increase ofimplies a decrease ofc, itis  metrical. One feasible AF grain size distribution is shown in
easy to realize that if a particle has an intermediate relaxatiothe inset of Fig. 2; the dark gray area corresponds to the
time 72< 7< 75, then aQ-band experiment will detect this particles sensed at 9.65 GHz, and the light gtafich in-
particle’s contribution and aK-band experiment will not. In  cludes the dark onearea is foro=34.0 GHz. Note that the
other words, the higher-frequenti; s will reflect the anisot-  dispersion relative to the corresponding mean grain size of
ropy of this particle; such a particle, however, will not con- the dark gray area is larger than that of the light émbere
tribute to the lower-frequencid .s. Thus, the stability of the majority of the grains are of size close to the mean) size
noninteracting moments in a FMR experiment is determinedn accordance with the statement above.
by the size of the corresponding grain: due to thermal acti- These deductions are supported by the magnetization
vation, the smaller the particle size, the more unstable itsneasurements as well. In-plane hysteresis loops were ob-
moment and the smaller itsvalue. tained at room temperature by using an alternating gradient

In our exchange-coupled system, whether an AF magnetiforce magnetometer. No training effe@te., change of the
moment is stable or not at a fixed temperature is determineswitching fields for the descending and ascending parts of a
not by its size but mainly by thetrength of the exchange hysteresis loop with the number of cyclesas been ob-
coupling between this grain and adjacent FM domain. Theserved. Figure 3 shows the angular variation of the hysteresis

experiment
----- fitting set I
fitting set IT

In-plane field angle, ¢, (degree)

FIG. 3. In-plane angular variation of the hysteresis loop shift
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TABLE Il. Parameter sets for two representative fittings to theisotropy parameter distribution it was not possible to obtain a

in-plane magnetization data in Fig. 3. better fitting curve for théd,, data, our results indicate that
the behavior of the exchange-bias film can be explained well
Hw He Hy Hra through the DWF model.
©9 (09 (09 (09 In summary, we have observed that the shape of the an-
Set I (small AF graing 30 200 15 0 gular variation of the ferromagnetic resonance field is fre-
Set Il (large AF graing 110 27 22 0 quency dependent for our polycrystalline NiFe/NiO film. The

curve at 9.65 GHz is characteristic for a strongly exchange-
coupled bilayer and the 34.0 GHz curve for the case of rela-
tively weak interactions. Our numerical simulations indi-
cated that the sample’s behavior is determined by the
stability of the antiferromagnetic order at the interface and
Itrqat there must coexist stable and unstable antiferromagnetic
T o grains; only the stable grains contribute to the exchange bias.
able Il. As was done for the.sangular variations, one can ; . o -
Whether an antiferromagnetic grain is stable or not is pre-

consider set [i.e., the set with lowH, and highH vaIue$ dominantly determined by the strength of the exchange cou-
as a parameter set that corresponds to small AF grains angd

the other as a set of effective fields for a fraction of large AFP'NY between this grain and the adjacent ferromagnetic do-

rains main. The stronger the coupling is, the more stable the grain

9 ' . , is. In our sample, the smaller antiferromagnetic grains are
It can be seen that neither of the curves fits well the data

. . . . more strongly coupled to the ferromagnet than the larger

points. Actually, there is no single parameter set which cor-

) ones; as a consequence, the stable grains, which are sensed at
responds to the experimental data. It can be seen, however

that even the simple average of the above-cited( ) résonance, are the smaller antiferromagnetic grains. This sce-
P ge of H I__nario is also supported by the resonance linewidth and mag-
curves represents a better fit. It is clear that for certain A

S O . netization curve measurements.
grain size distribution(its existence was suggested by the
FMR data treatmeit one could find a weighted average The authors thank T. Menegotto and C. Driemeier for
curve which actually fits the experiment. Such a distributionassistance with the magnetization measurements and A.
implies also a distribution oH,, and Hg (and, probably, Biondo for assistance with the sample preparation.
distributed AF easy axis directionghe exact form of which L.C.C.M.N. thanks PCI/MCT for the support during his stay
is unknown from the available data. Thus, we show that it isat CBPF. This work has been supported by the Brazilian
important to consider a distributed in size AF grains. Al-agencies CNPq, FAPERGS, and FAPERJientista do
though without knowledge of the actual grain size and aniNosso Estado

loop field shiftHy, for our Py/NiO bilayer. Numerical fits in

the framework of the DWF modelthe procedure used is
described elsewhéeté!d to the experimental data for two
different parameter sets, named set | and set II, are shown
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