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This paper describes ferromagnetic resongif¢¢R) and magnetoresistive measurements of thin magnetic
films coupled to antiferromagnetic films. First, FMR results for films ofgN&,, show that coupling to NiO
produces the angular variation in the resonance field of the type expected for unidirectional exchange anisot-
ropy. However, unidirectional anisotropy values measured by in-plane ferromagnetic resonance are roughly
20% less than the loop shift measured via magnetoresistance. The difference is attributed in part to asymmetry
in the coercivity. Second, in addition to the unidirectional anisotropy, coupling to NiO produces an isotropic
negative resonance field shift that is larger than the exchange anisotropy field. This isotropic field shift is not
consistent with models of exchange anisotropy in which the ferromagnet spins couple to a static antiferromag-
net spin structure. It is consistent with the existence of a rotatable anisotropy, explained in terms of the
energetics of domain configurations in the NiO. Third, using unpinned films as references, unidirectional
anisotropy is measured for the first time with the magnetization rotated out of the film plane, and is found to
be in reasonable agreement with in-plane measuren{&1463-18208)05937-2

I. INTRODUCTION ments. On a microscopic level, models of perturbative mea-
surements of exchange anisotropy involve calculation of an
The interaction between ferromagnetic and antiferromageffective free energy of the ferromagnetic film and its deriva-
netic films produces a host of phenomena including hystertives. In contrast, complete models of hysteretic measure-
esis loop shifts and increased coercivityraining effectss  ments would also require prediction of magnetization rever-
rotational hysteresis at high fiefd, and rotatable sal mechanisms and coercivity, which is a significantly more
anisotropy>* The related effects observed in ferromagneticchallenging task.
resonance experiments include unidirectional anisotropy, in- Proposed models for coupling between ferromagnets and
creased resonance linewidth, and ferromagnetic resonancantiferromagnets fall into two classes. In one class, the anti-
field (frequency shifts>~’ ferromagnet spin configuration is fixed whéh is rotated.
Coupled ferromagneti¢F) and antiferromagneti¢AF) In these models, the exchange anisotropy is due to the ex-
films have been studied predominantly through hysteretichange coupling between the ferromagnet spins and uncom-
measurements of effective exchange bias flélg and co- pensated antiferromagnet spins, which remain essentially
ercivity H.. These measurements yield important informa-frozen in place ay! is rotated. In some of these models, the
tion about magnetization reversal, and characterize, in somierromagnet spins couple to an average (Kt spins in in-
way, the energy barriers encountered by the magnetizatiolependent regions df interfacial sping**° The size of an
during reversal. It has become common practice to averagedependent region is modeled as the grain Sizey, as a
the zero-crossing fields ofM vs H hysteresis loop to obtain minimum antiferromagnet domain siZ&These models yield
a value forH,,, but this procedure relies on the assumptioncorrect order-of-magnitude results felr,.
that the effective coercivities in the ascending and descend- In another class of models, the antiferromagnet spin con-
ing parts of hysteresis loop are identical. This assumption ifiguration changes wheh! is rotated. The coupling at the
called into question by recent images of domain structures iinterface in these models is strong, either because the inter-
NiggFe,p on single-crystal NiO that indicate that the domain face is assumed to be uncompensafaat, because the spins
nucleation sites in ascending and descending branches of tl a compensated interface are allowed to cant, giving per-
hysteresis loop are quite differéht. pendicular coupling’ WhenM s rotated, a partial domain
Perturbative measurements, rather than reversing thaall is formed that lies parallel to the interface in the
magnetization, move the magnetization only a small amounantiferromagnet®~'® The exchange anisotropy is due to the
during the measurement. Perturbative measurements aegergy of the domain wall that winds and unwindsMisis
complementary to hysteresis measurements in that they chawetated. These models also yield a correct order of magnitude
acterize the free energy of the system in the neighborhood®er He,.
of energy minima. Examples of perturbative measurements Because both of the above classes of models yield correct
in F/AF systems include ferromagnetic resonafE®&R) order-of-magnitude results fdt,,, they are difficult to dis-
measurements of BjFe,, coupled to FeMr;”>Brillouin  tinguish through measurementstéf, alone. This paper de-
light scattering (BLS),!! anisotropic magnetoresistance scribes ferromagnetic resonance and magnetoresistance mea-
(AMR) measurements of small-angle perturbatitand ac  surements of thin films of NiFe,, on NiO. FMR and
susceptibility of oxidized Co film&? magnetoresistance measurementbligf are compared, both
From a theoretical standpoint, perturbative measurementsr in-plane and out-of-plane rotation &fi, and the reso-
are expected to be more accessible than hysteretic measurence field shift is used to indicate the presence of movable
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1 We model the free energ§ of the magnetization of a

4 z ferromagnetic film coupled to an antiferromagnet as the sum
i of the free energy of the uncoupled ferromagnetic filiy
and a contribution due to coupling to the antiferromagnet
Far

f:‘/fo'f'fAF, (2)

M o fzKu(&]'ﬁ)z"'Ka(nA]'ﬁ)z_MOM'HO

FIG. 1. The coordinate system used in the ferromagnetic reso-
nance measurementd. lies in thex-y plane. Sample orientations
for out-of-plane(left) and in-plane(right) measurements are indi- The first two terms represent uniaxial anisotropies, one with
cated. a hard axis aloné, the film normal, and one with a hard axis

. . . . . . _along p, a unit vector in the plane of the film, anah
antiferromagnetic spin configurations. Section Il contains a_y;/m is the direction of the magnetization. The corre-
phenomenological model for the ferromagnetic resonance Qafponding anisotropy fields arél,=2K,/uoM and H,

films with exchange anisotropy that will be used to |nterpret:2Ka/MOM, respectively.K, includes the magnetostatic

the experimental results. The experiments are described '§h ; 2 2 ;
; . ape anisotropy ener [2)M< (277M< in cgs units.
Sec. Ill. In Sec. Il A, differences between hysteretic and P Py 9y26/2) (2m 9 3

. ~“The third term represents the interaction of the magnetization
perturbative measurements Mf,, are presented and attrib- with an applied fieldH,
uted, in part, to asymmetry of the hysteresis loop. The exis- The last two terms in Eq(3) representFae. The term

tence of an isotropic resonance field shift in NiO-coupled. ; : S . i
films is presented in Sec. Il B, and in Sec. Il C experimentsInVOIVIng Hey IS the unidirectional exchange anisotropy en

) N : . ergy which, depending on the model, is either the energy
are described f_or the first time that meastig with M- ori- required to reversibly form domain walls or spirals in the
ented perpendicular to the film.

antiferromagnet as the magnetization is rotated through mac-
roscopic angle$®~*or the energy of the exchange coupling
Il. MODEL of the ferromagnet to uncompensated spins on the antiferro-
[pagnet interfacé>!® The exchange anisotropy field,, is
fixed when the biased state is established. Similar terms have
appeared in previous analyses of FMR results in films with
exchange anisotropy’%1°
2 2. 22 2 The last term in Eq(3) is introduced here to model the

(2) :; EE_( T , (1)  isotropic resonance field shifts that will be described in Sec.

Yl MZsir(0)| 96 9¢? 1909 Il B. The rotatable anisotropy fiefd H,, is a field that ro-

where the partial derivatives are evaluated at valugsarid ~ (ates to be roughly parallel tm, the steady-state value of

¢ (see Fig. 1 that minimizeF, and y is the gyromagnetic m that minimizesZ. This term includes some of the effects
ratio. Note that the resonance frequency is related to thef domain-wall hysteresis in the antiferromagfeinto a
second derivatives of, and is essentially a measure of the model appropriate for interpretation of perturbative measure-
“curvature” of F, or of the “stiffness” of M. In the experi- ments such as FMR, BLS, small-angle AMR, and ac suscep-

ments described below, the magnetization is perturbed at @bility.

< o
—poM - Hex— oM -Hpa. (€}

In ferromagnetic resonance, the precession of a magnet
moment with free energyF(6,¢) occurs at a frequency
given by

2

constant pumping frequenay, and ¥ is modified by vary- As a possible mechanism for an effective rotatable anisot-
ing an applied field. The field needed to modifysuch that  ropy, consider the situation when a ferromagnetic film is
w=w, is referred to as the resonance fieles. coupled to a domain structure in the antiferromagnet that

In the data to be presented below, comparisons will be&changesrreversiblyas the ferromagneh is rotated through

and resonance fields for uncoupled, control films. Becausgart of the AF domain structure will relax to a local energy

coup_llng to NiO is expected to mod|f;7-‘, it is useful to minimum state, establishing a new direction fog. Subse-
consider the effect on the resonance fields when a small en-

ergy term is added toF. If the magnetization is oriented duent small rotations o away from the newn, will re-
along a minimum, or “easy” direction of the added energy versibly perturb the antiferromagnetic domain structure in

the curvature ofF is increased, and the applied field neededt® N€ighborhood of its energy minimum. Because these per-
to make the resonance frequency equal to the pumping fréyrbatlons will tend to raise the energy of the system, a stiff-
quencyH, is decreased. Similarly, if the magnetization is €ning torque will tend to returm toward its steady-state
oriented ak)ng a hard direction of the additional energy,orlentatlon as the antlferromagnetlc domain structure returns
Hres is increased. An increased Va|ue}-d)ies Corresponds to to its local equllbrlUm state. We m?del this torque as an
a hard direction and a decreased valuélgf corresponds to  effective field H,, that is parallel tomg. In a sense, the

an easy direction. antiferromagnet domain structure in this example provides a
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“rotatable anisotropy” with an easy direction that follows whereAp is the anisotropic magnetoresistance ahg, is
the macroscopic motion ah,, decreasind . in all direc-  the angle between the current densltand the magnetiza-
tions. tion, M. As the field is reversedy deviates from the direc-
Note that includingH,, in Eq. (3) does not reproduce an fion of J (and H) and the measured resistanBepasses
actual rotational hysteresis, since it exerts no torquéign  through & minimum. We use the average of the minimim

The term includingH,, only describes an effect on perturba- fields_ in the descending and asce_nding branches of the hys-
tive measurements that is consistent with rotational hysterl€r€SiS loop to determinét,. This method differs from
esis. A more detailed model of rotational hysteresis require§°MmMon practice, which is to use the average ofhe 0
a description of antiferromagnet domain configurafidn. (coercive fields to determinéi.,. However, there is no rea-
Also note that in models where exchange anisotropy efSON: In principle, w_hy_flelds of maximum transverse moment,
fects are solely due to interfacial exchange interactions witf@ximum susceptibility, or even maximum time dependence
a fixed antiferromagnet spin configuration, there is no hyscould not be used to determiti,,. All these possible mea-
teretic motion of antiferromagnet domain walls. The effect ofSUrements share the assumption of symmetry of the hyster-
the interface on the ferromagnet is simply a Zeeman-like€SiS l0ops abouti, and all would be expected to yield
single-valued, surface-energy term of the type modeled bifentical values if the loop is symmetric. _ _
He. Models having static antiferromagnetic spin configura- N Other experiments, the film pairs were combined in

tions do not predict an isotropic resonance-field shift of theSiNgle samples to ensure that the films had identical orienta-
type modeled byH. tions with respect to the applied field. These samples have a

spin-valve-like structur€ with one film deposited on NiO,
and the “control” film separated from the pinned film by 5.0
IIl. EXPERIMENT nm Cu.
_ . The ferromagnetic resonance measurements were made at

The samples were prepared by dc magnetron sputtering i§ 77 GHz, with the sample mounted on a goniometer having
26 mPa(2 mTory of Ar.GThe basespressure before depositingyemjer scale with+0.15° resolution. Alignment of the
a film was typically 10° Pa (10°® Torr) of which 90% of  sample was achieved by rotating it about two orthogonal
the residual gas is hydrogen. Permanent magnets adjacentdgeactions to maximize the free film resonance field at per-
the substrate holder provide a field that determines the d'reiiendicular resonance. Using this method, a conservative es-
tion of the exchange anisotropy field during deposition. Tojmate is that it is possible to align the sample to within
measure resonance-field shifts and increases in linewidth dugeq 1o
to coupling between thin ferromagnetic films and NiO, mea-  temperature variation in the FMR apparatus was accom-
surements were made on pairs of films: one of each pair withished through the use of a triple-walled quartz cavity insert
the ferromagnetic film deposited directly on NiO and theihat allowed flow of heated Ngas over the sample. To mini-
other, “control,” film with the ferromagnetic film separated ;e temperature differences between the sample and the
from the NiO. The films were capped with 5.0 nm of Au Or jyiet to the cavity, where the temperature was monitored, gas
Ta to protect agalnst OX|da.1t|0n.' ' ) passing over the sample is redirected to pass between the first

Intwo of the pairs described in this paper, one with 5-nM-(innermost and second walls of the insert, heating the wall
thick NiggFey films and the other with 10-nm-thick pearest the sample. The space between the second and third
NigoFeyo films, each film of the pair films was deposited (qutermost walls is evacuated. In addition, a high flow rate
separately, one on NiO and the other on NiO covered by &t approximately 500 I/h of M was used, and the incident

nm Ta. The 10-nm control film was found to have a 9.4-mT yicrowave power was kept low0.2 mW) to avoid addi-
uniaxial in-plane anisotropy field that we attribute to off-axis tjog) heating of the sample.

sputtering of Ta. The sputtering gun was located approxi-
mately 45° from the film normal, and the easy direction is A. Comparison of hysteretic and perturbative measurements
perpendicular to the Ta atom flux. For the 5-nm control film,

the substrate was rotated 90° after the first 5 nm of Ta were In this section, ierromagnetic resonance measurements

deposited, and the anisotropy field was reduced to 1.2 m'I"’.Ind mag dnetoreilstl\;e hy?tteress Teasqrrﬁmentblelgfare ist
Similar magnetic films deposited on glass without Ta showFOMpared as a function of lemperature. 1he sample consists
much smaller in-plane anisotropy. of 5.0 nm NjgFe,, on 50 nm NiO with a 6.0-nm cap layer of

Magnetoresistive measurements and thermal treatments -troa' In the FMR expenments, resonance s_pectra_ at each tem-
reset the exchange anisotropy field were carried out in erature were recorded with the applied field oriented paral-

separate apparatus with a vacuum estimated to be better th a_nd antlparallel to the orientation of the f|e_ld that was

1 mPa (10° Torr). The sample was mounted inside aapplled during sample deposition. ngnetoresstance mea-
temperature-controlled copper enclosure, where four_wirgurements_were.made on a separate piece of the same sample
magnetoresistance measurements were made. Electrical ¢ _sequentially higher temperatures. The results are plotted in

tacts to the samples were made using spring-loaded pins in. 9- 2..ffl'heI;| extvallfjs akppe?r to dectreaseefhnzeozzrlg/ébelfqmlng
nominally square configuration with the voltage and currenfnsigniticant at a biocking temperature SIS

contacts arranged approximately parallel to the field direc—aISO clear from these results thtag, measured through hys-

tion. On a microscopic level, the resistivipyof the films can teresis |s.about 20% larger thmx measured by.re'sonance.
be described by This difference was larger in a sample consisting of 10.0

nm NiggF&g on NiO with a 10-nm cap of Au. After field
cooling from 235 °C, the magnetoresistance measurement in
p=po+Ap cog(0;y), (4)  this sample gavel.,=6.5 mT. For the FMR measurements,
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FIG. 2. Unidirectional anisotropy field as a function of tempera-
ture for a 5-nm film of NigFe,, on NiO measured by ferromagnetic FIG. 4. Out-of-plane resonance fields for a 10-nngoRiy, film
resonance and by magnetoresistance measurements of magnetiagbosited on NiOINiO/Py) and for a 10-nm NiFe film sepa-

tion reversal. Inset: magnetoresistance at 128 °C showing asymmesioq from NiO by 20 nm of T&Ta/Py. The solid lines are fits to
try of the hysteresis loop. the data

the film was oriented in th-y plane of the coordinate sys- sample heating through microwave absorpfiowe have
tem in Fig. 1. The resonance-field data, shown in Fig. 3yuled out sample heating as a major contribution to the dif-
were fit using the model in E@3) using a weighted orthogo- ference between our hysteretic and FMR measurements
nal distance regression algorittthThe fit yields uoHex  through FMR spectra taken as a function of microwave
=2.0=0.1 mT, which is less than a third of the magnetore-power. Using the temperature-dependent field shift, which is
sistance value. The fit also yields an anisotropy field ofdiscussed below in Sec. Il B, as an internal sample ther-
moH,=1.9+0.1 mT for the NiO-coupled film. The upper mometer, we found that the temperature at our working
curve in Fig. 3 shows the resonance fields of the 10-nnpower level of 0.2 mW was identical to the extrapolated
NiggFeyg control film deposited on Ta. The angular variation zero-power results to within experimental uncertainty.
of the resonance field in the control film is dominated by a The difference between the FMR and hysteretic values of
9.4+ 0.1-mT in-plane anisotropy that is attributed to off-axis He, may be attributable to asymmetry in the hysteresis loop.
sputtering of Ta as described above. Note that the AMR loop displayed in the inset of Fig. 2 is
A difference of 30% between hysteretic and FMR mea-asymmetric, having different minimum resistance values in
surements oH,, has been noted for pje,, coupled to the ascending and descending branches of the hysteresis
FeMn, although in this case the difference was attributed tdoop, and slower saturation in negative fields than in positive
fields. Asymmetry is also prominent in the hysteresis loop of
115 . . . the 10-nm NigFe,, sample described above. Such asymme-
try is an indication that extracting a value Bif,, from the
average of the minimum resistance fields is not strictly valid
in these samples. The asymmetry of the hysteresis loop
would also affect the validity of values dfl., extracted
from the hysteresis loop by any other hysteretic method.

110

105

B. Resonance-field shifts

100 In this section, resonance fields of NiO-coupled films and

control films are compared as a function of applied-field ori-
entation and temperature to measure the propertié$. of
In Fig. 4, resonance fields are plotted for a pair of films
with 10-nm-thick NjgFe,, layers capped by 10 nm Au. Re-
ferring to the coordinate system in Fig. 1, the films were
oriented in thex-z plane withH,, directed along the axis.
In this orientation, M is very nearly perpendicular to
Hex and the effects oH., are minimized since the second
derivatives of—-M - H, in Eq. (1) are nearly zero. Resonance
fields (not shown were also measured withl,, directed
FIG. 3. In-plane resonance fields for 10-nm films ofRi,, on  &long thex axis. In all orientations, the resonance field of the
NiO (NiO/Py) and a control film separated from NiO by 2 nm Ta Pinned film was found to be lower than that of the control
(Ta/Py. The solid lines are fits to the data yielding an in-plane film.
anisotropy field of 9.4 mT for the control film angigHe, The existence of an isotropic resonance-field shift is sig-
=2.0mT, ugH,=1.9 mT for the NiO-coupled film. nificant because it is not predicted by previous models. Pre-

ug Hy. (mT)

95 ¢

90

85

0 90 180 270 360
In-plane angle, ¢ (*)
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TABLE I. Results of least-squares fitting to resonance field data 160 T T
in Fig. 4 for 10-nm films of NigFe,q on NiO and on Ta. Parenthe- a)
ses indicate values that were held fixed during the fit. Indicated 140 .
uncertainties are the greater of the standard deviations of the fit or
the uncertainty in resonance-field measurements. g 120 T
NiO\ Ta\ Py NiO\ Py o 100 - 1
wly (mT) 330.1+0.5 (330.0 2 T 80} -
g 2.11+0.01 (2ap?
uoH, (MT) 941.1+0.5 924.2-1.0 60 NiO/Py —e— |
oH, (MT) (9.4° 1.9° 20 . Ta/Py —o—
woH s (MT) (0) 10.1+0.03 0 100 200 300
Temperature (°C)
3v/alue determined by fit to control film data.
byalue determined by fit to in-plane data. 60 b ' NPy
: : 67,21 50 —— Tapy |
vious models of the field shift/?* based on measurements
made with the magnetization lying in plahé!! have iden- ~ a0l 1
tified the shift as a surface anisotropy. These models predict E
negative field shifts when the magnetization is directed along %’ 30 | g
an easy direction, or in an easy plane of the surface anisot-
ropy. However, these models also predict positive field shifts T 2} T
when the magnetization is directed along the hard direction
of the surface anisotropy. The data presented in Figs. 3 and 10 1 . e W]
4, for both in-plane and out-of-plane directed resonance, can- 0 _ X .
not be modeled by an anisotropy with static easy and hard 0 100 200 300
axes. Temperature (°C)

The existence of an isotropic resonance field shift has , N
further significance because it is an indicator that the cou, FIGf' 5. (@) 'n'%:ane r.esgnanc‘? fle!ds/ att) “gew'dth O]:j'o'nm
pling with the antiferromagnet makes a contribution' > of Nigoeo deposited on NIGNIO/Py) and on TaTa/Py as
Far(6,¢) to the free energy of the ferromagnetic film that is a function of temperature.

not a continuous, single valued, doubly differentiable func- An alternate fit to the NjFe,, on NiO data was also
tion of § and ¢. As described in the previous paragraph, agbtained without using a rotatable anisotropy term. This fit
single-valued doubly differentiable function would have yields w/y=311.8 mT, org=2.24. We reject this alternate
maxima and minima with negative and positive curvaturefit result for two reasons. First, in-plane FMR in this sample
that would increase or decrease the resonance field, respeg-35.0 GHz occurs at 800 mT, in agreement vgjth 2.10,
tively, depending on the magnetization direction. On thewhereg=2.24 would predict resonance at 750 mT. Second,
other hand, an iSOtI’OpiC negative field shift is pOSSible |f|n NiFe/FeMn b”ayers and sandwiches, Stoeckleinal.
Far(6,¢) is multivalued or not differentiable in a way such have shown thag does not depend on NiFe thicknésA.
that the maxim&negative curvature regiongare not acces- thickness dependence would be expected if there was an in-
sible. For example, a multivalued energy function that is noterfacial effect ong due to coupling with the antiferromag-
stable in the regions near the energy maxima may switChetic FeMn.
hysteretically to lower energy, higher curvature sheets. Ex- The temperature dependence of the in-plane resonance
amples of multivalued energy terms can be found in Refs. 1fields and linewidths were measured on a pair of 5.0-nm
and 18. The term in Eq(3) that includesH,, is also a mul-  NigFe,, films on NiO and Ta. See Fig. 5. For the NiO-
tivalued function of6 and ¢ that takes on different values coupled film, the plotted value dflis the average of the
for each orientation of the steady-state magnetization direawo resonance fields measured with the applied field directed
tion m,. Alternatively, the interaction energy function may opposite and alongle,. TheH,.sVvalues for the control film
be single valued, but with cusps at the maxima such that thevere taken with the applied field along the in-plane easy
magnetization is not stable at the cusp where the curvaturaxis. The in-plane anisotropy field in the control film is 1.2
(loosely definellis negative. mT at room temperature. We attribute the increaseld in

The resonance fields plotted in Fig. 4 were fit to a freeabove 200 °C to irreversible changes in the films. In terms
energy of the form given by Eq3), incorporating values of of the energy model proposed above, the difference between
H, determined from the in-plane resonances described in thine resonance fields of the NiO-coupled and control films is
previous subsection. The fit results, which were used to gerthe rotatable anisotropy field,, plus corrections due to the
erate the curves in Fig. 4, are given in Table I. The results fosmall differences between the uniaxial in-plane and out-of-
the NiO-coupled film include a rotatable anisotropy field plane anisotropy fields of the two films. It appears that
value of ugH,,=10.1 mT. The field shifH,, is larger than H,, becomes insignificant at a temperature near 125 °C. In
the exchange anisotropy field values determined by magneontrast, the linewidthisee Fig. )] and exchange anisot-
toresistance(6.5 mT) or by FMR (2.0 mT) on the same ropy field (see Fig. 2 become insignificant at a higher tem-
sample. perature near 200 °C.
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C. Measurements near perpendicular resonance 3

In this section, values ofl., from measurements made
with M in plane are compared with values bf,, made
with M oriented near the film normal.

In many samples of interest, where the antiferromagnet-
coupled film is strongly pinned, measurement of exchange
bias by in-plane FMR can be difficult. The increased line-
width reduces the amplitude of the resonance, and the field
shift moves the resonance toward zero field where the mag-
netization may not be saturated. If a higher FMR frequency —~
is used, the resonance will occur at higher field, but the line e
will be further broadened. In spin valvé$for which there is 3
a great deal of technical interé$t-MR measurements of the
antiferromagnet-pinned film are further complicated by the
presence of a strong resonance from the free film that tends 0 :
to swamp the signal from the pinned film. -50 -25 0 25 50

Near perpendicular resonance, however, the linewidth of Applied Field (mT)

a pinned film is strongly reducéd.In addition, the reso-

nance field is a sensitive function of field orientation, peak-(b) reversing the exchange anisotropy field direction. The curves

ing sharply when _the magnetlzatlo_n_ is held per_pendlc_ular t(ﬂlustrate the method of determinird,, and show the nearly com-
the plane of the film. These conditions make it possible tQlete reversal oH,, achieved by the “set” and “reverse” pro-

measuréH, with the magnetization directed out of plane by cesses.
a method described below.

Because the uniaxial anisotropy,, which includes mag- ~ The exchange anisotropy direction was “set” by heating
netostatic shape effects, is by far the dominant energy terifhe sample to 200 °C in vacuum for 1 min, and cooling

in the free energy of the magnetization in these sanises slowly to room temperature in a field directed parallel to the
™2 will be found field that was applied during deposition. After magnetoresis-

Eg. (3)], the maximum resonance field ;g , d FMR de. the bias directi
whenM is perpendicular to the film. Referring to Fig. 1, if tive an ,r,‘neasure_ments were ma F;\’ the bias direction
Lo . . . was “reversed” by again heating to 200 °C for 1 min, and
the film is placed in thex-z plane withH,, directed along A : . , S
cooling in an oppositely directed field. The magnetoresistive

the_x axis, the magnetization will hav_e an equn_lbnu_m O"eN" and FMR measurements were then repeated. Magnetoresis-
tation perpendicular to the film only if the applied field con- tance curves are plotted in Fig. 6

tains a component with magnitudg,, directed along the Minor loop magnetoresistance curves measured in low
—x axis. They component of the applied field can be ad- fie|q (not shown indicate that the free film is nearly com-
justed to satisfy the resonance conditidn. The resulting  pletely aligned with the applied field for applied field mag-
resonance field will be at an ang@p=sin"‘(He/Hied)  nitudes >~1 mT. Because giant magnetoresistance de-
from the film normal. pends on the relative orientation of the magnetizat®NMR)
BecauseH,, (order mT) is much smaller thami e (or-  of the free and pinned layers, the resistance of the sample
der T) we expectd¢ to be small. To precisely determine the effectively measures the alignment of the pinned film with
film normal, we used a spin-valve-like sample incorporatingthe applied field, except in low fields{~1 mT). Using the
both a NiO-coupled NyFey, film and a free film. The struc- half-maximum points in Fig. &, is determined to be 16.0
ture of the sample is S50 nm NiO\5 nm NijggFe,o\5 nm  mT after settingH.,, and after reversall,,=13.6 mT. Mi-
Cu\5 nm NigFe,\5 nm Ta. One NjFey layer, sand- nor loops(not shown indicate that the coupling between the
wiched between Cu and Ta, is “free,” and serves as a conNiggFeyg layers is less than 0.2 mT in both cases. The result
trol film. The other NjgFe,, test layer is “pinned” by its thatHg, is smaller after reversal may be due to irreversible
interactions with the antiferromagnetic NiO layer. The maxi-changes such as those observed in the temperature-
mum resonance field of the control film serves as a precisdependence experiments at temperatures above 200 °C, or,
indicator of the sample orientation and eliminates the need tbecause the temperature was raised only to 200 °C, and not
independently align the films in the goniometer with highto the ordering temperature of NiO, near 250 °C, the ex-
precision. In addition, the structure exhibits giant magnetoreehange anisotropy may not be completely reversed in the
sistance, which allows an independent resistive measuremesgtting/reversing procedure.
of the exchange anisotropy field. Resonance fields measured near perpendicular resonance
The ability of the free film to indicate the sample orien- before and after resetting the bias direction are plotted in Fig.
tation is not expected to depend on differences in film stress/. To determine the angle of maximum resonance figlgd,
composition, or microstructure that may exist between thdor each film, the data in the interval 88°¢<95° were fit
free and pinned films. The free film may be slightly affectedto a function of the formH o{ ¢) =a—b($— Pmad>—Cc(¢
by coupling to the pinned film, but this is expected to be a— ¢,,,,)*. The difference between the fit values ¢f,,, for
very minor effect since the free and pinned film moments arehe free and pinned films in each case is taken to be a mea-
very nearly parallel, and since the coupling is an order ofsurement ofé¢. The values of6¢ and their corresponding
magnitude smaller thaH . values of H,, are presented in Table Il with values of

AR/R (%)

FIG. 6. Magnetoresistance curves measured &fjesetting and
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1.2 . . . TABLE Il. Values of §¢p andH,, determined from the angular
dependence of FMR data ahtl,, from GMR measurements.
1 1 __'.-_'_':"?'11. -
- E,gfff--gﬁgi&@@_ s 8¢ He, FMR (MT)  Hey, GMR (mT)
—~ 5 Ta B
=) 1t ' RN i Set 0.88-0.03° 16.5-0.6 16.5
8 ;’@é & Reversed —0.56+0.02° —10.5+0.4 -13.6
jc_; 09 r I % 1
/ ~ —=— Free film, set ferromagnet couples to a static antiferromagnet spin configu-
0.8 ¥ # +—=— Pinned film, set o ration.
N —e— Free film, reversed | Second, the value dfl., determined by FMR is close to,
0.7 —e— Pinngd film, reyversed $ but consistently less than, the value determined through hys-
’ 30 85 95 100 teresis measurements. Asymmetry in the measured magne-

90
op ()

toresistance curves suggests that at least part of this differ-

ence may be due to asymmetric magnetization reversal
FIG. 7. FMR fields measured near perpendicular orientation oimechanisms giving different values of coercivity for the de-
the NiO\NiggFe\ Cu\NigoFep\ Ta film. In the set direction, scending and ascending parts of the hysteresis loop, so that
Hed Happ at ¢ =180°, and in the reverse directidre|Happ at  the “true” value of He, is not exactly halfway between the
¢$y=0°. Dotted lines are quartic fits to the data for 85p, M=0 points.
=<95°, and the error bars indicate the peak-to-peak linewidth of the piller et al. report a perturbative measurement made on
resonances. oxidized Co using magnetoresistance as a probe of the mag-
netization response to a small applied field, in which the
Hey from the GMR measurements. The agreement betweeperturbative measurement yield$igher value ofH,, than
the FMR and GMR values fdfl¢, is quite good, especially g hysteresis measureméftHowever, in Ref. 12 the mag-
considering the fact that FMR and magnetoresistive meanetic response to the perturbations is evaluated only with
surements described above in Sec. Ill A differ by approxi-\ aligned withH,,, and the results are interpreted in terms
mately 20%. This agreement is consistent with a lack ofof a model that did not include a rotatable anisotropy field
strong texture in the polycrystalline NiO. such aH,,. In terms of the phenomenological model used in
this paper, values oH., from Refs. 12 and 13 would be
reinterpreted aslg,+H,,.
, ) o Third, for polycrystalline NiO, comparable values of
The experiments described in this paper lead to three Ma3__ are obtained foM in the plane of the sample, and for

jor results. First, there is an isotropic FMR field shift, char-y,™\ateqd out of the plane. This last result may not hold for
a}cterlgeq by a rotatable anisotropy ,f'e{da; In N|O—b|ased. single-crystal antiferromagnets. In fact, comparisons of in-
films, it is Iarger_ than a_ngular yarlatlon due to t_he bias f'eldplane and out-of-plane measurements Hf, can be ex-
Hex. This result is consistent with a rotatable anisotropy havyected to yield information about the symmetry of the inter-
ing an easy axis that follows the equilibrium orientation Offacial coupling in single-crystal or highly textured films.

the magnetization for macroscopic changesvbf but that
can be regarded as stationary for perturbation®ofThe
observed isotropic resonance-field shift is consistent with
coupling to a hysteretic system such as a domain structure in The authors thank J. J. Krebs for assistance Wthand
the antiferromagnetic NiO. The isotropic field shift is not FMR measurements and R. V. Drew and H. J. Brown for
consistent with models of exchange anisotropy in which theechnical assistance.
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