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Exchange anisotropy in epitaxial and polycrystalline NiO/NiFe bilayers
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~001!-oriented NiO/NiFe bilayers were grown on single crystal MgO~001! substrates by ion beam sputtering
in order to determine the effect that the crystalline orientation of the NiO antiferromagnetic layer has on the
magnetization curve of the NiFe ferromagnetic layer. The simplest model predicts no exchange anisotropy for
the ~001!-oriented NiO surface, which in its bulk termination is magnetically compensated. Nonetheless ex-
change anisotropy is present in the epitaxial films, although it is approximately half as large as in polycrys-
talline films that were grown simultaneously. The surface anisotropy in the epitaxial films is found to contain
cubic and unidirectional components, while that in the polycrystalline film is best described by a uniaxial plus
unidirectional anisotropy. Experiments indicate that differences in exchange field and coercivity between
polycrystalline and epitaxial NiFe/NiO bilayers couples arise due to variations in induced surface anisotropy.
Implications of these observations for models of induced exchange anisotropy in NiO/NiFe bilayer couples will
be discussed.@S0163-1829~98!07438-4#
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I. INTRODUCTION

Exchange anisotropy refers to the effect that an antife
magnetic~AF! layer grown in contact with a ferromagnet
~FM! layer has on the magnetic response of the FM lay1

Exchange anisotropy is one of several magnetic interfa
interactions, which include interlayer coupling in multila
ers, that have been intensively studied in recent years.
most notable changes in the FM hysteresis loop due to
surface exchange coupling are a coercivity enhanced ove
value typically observed in films grown on a nonmagne
substrate, and a shift in the hysteresis loop of the ferrom
net away from the zero field axis. The characteristics of
AF layer and the interface between the two layers that p
duce the strongest exchange bias are not well underst
Experimental studies and theoretical models2–5 indicate that
intrinsic magnetic properties of the AF such as the magn
crystalline anisotropy, exchange stiffness and crystal
texture,6–9 as well as extrinsic properties such as grain si
domain size and interface roughness8,10,11may influence the
resulting response of the FM. Unfortunately, it is difficult
manipulate these properties independently, or to probe
magnetic structure of the bilayer interface directly.

Exchange couples which incorporate FeMn, NiM
PdMn, IrMn, Pd-Pt-Mn, NiO, and NiCoO antiferromagnet
layers are currently under study for use in magnetoresis
sensors and magnetoresistive and spin-valve-based hard
readback heads.12 The exchange anisotropy is employed
achieve the optimum sensitivity in the sensor and to red
noise by stabilizing domains.13–15 In this paper we focus on
the oxide AF materials which share the same rocksalt cry
structure. The AF spin configurations and exchange coup
properties of the Mn-based materials are significantly diff
PRB 580163-1829/98/58~13!/8566~8!/$15.00
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ent from the oxide materials and thus must be conside
separately. The oxide films proposed for applications
polycrystalline with relatively small grain sizes. Achieving
clearer understanding of how magnetocrystalline anisotr
and texture influence the exchange anisotropy, however
quires that films with a high degree of crystalline perfecti
be examined as well.

Typically NiFe is deposited on top of NiO to form a NiFe
NiO exchange couple. A field of 20–200 Oe is applied d
ing deposition to induce a uniaxial anisotropy in the Ni
layer. The interaction of the aligned NiFe spins at the int
face with the NiO during deposition influences the AF sp
in the NiO since the applied field is too weak to indu
ordering in the NiO spins directly. In turn the NiO spin a
rangement stores the exchange bias information and ind
a unidirectional surface anisotropy in the NiFe. Heating
layers above the blocking temperatureTb and cooling in a
field has been variously reported to increase16 and to
decrease13,17 the interfacial exchange fieldHE relative to the
as-deposited values. How the magnitude of the deposi
field or the cooling field influencesHE has not been well
established in the case of oxide antiferromagnets,18 although
a striking change of sign in the exchange bias field has b
observed with large deposition fields in the Fe/Fe2
system.19

The NiO spin structure is relatively simple, however t
large number of domain configurations and domain walls
a multidomain sample make theoretical models of excha
anisotropy in NiO/NiFe bilayers considerably mo
challenging.20–23NiO has a cubic FCC NaCl crystal structu
above its Ne´el temperatureTN. Below the Ne´el temperature
there is a slight distortion of the NiO lattice in a^111& di-
rection (Dl /l '4.531023).24 A strong negative uniaxia
8566 © 1998 The American Physical Society
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PRB 58 8567EXCHANGE ANISOTROPY IN EPITAXIAL AND . . .
anisotropy accompanies the contraction, resulting in an e
plane defined byK1'13106 erg/cm3.23 Sheets of ferro-
magnetically aligned spins form in the~111! planes defined
by the contraction axis,21 with the Ni spins in neighboring
sheets oppositely aligned. Within a~111! plane the direction
of the spin axis is determined by a second three fold ani
ropy (K3) that is roughly three orders of magnitude weak
thanK1 .24,25

The AF domain configurations in NiO have been stud
both experimentally and theoretically. There are four p
sible ~111! directions in a NiO crystal from which the con
traction axis may choose, and three spin directions once
contraction axis is defined. Thus there are 433512 distinct
possible AF domain configurations in NiO belowTN. Since
the four ~111! directions in the cubic NiO are nominall
equivalent, local inhomogeneities break the symmetry
determine which~111! axis becomes the contraction axis
different regions of the crystal. External applied magne
fields and strain can make one~111! direction more kineti-
cally favorable, and thereby influence the distribution of A
domains. The magnetic susceptibility of the NiO is larg
parallel to the contraction axis~and perpendicular to the
planes of spins!, so this axis tends to align parallel to stron
applied fields.26 Once the sample temperature has been lo
ered below the Ne´el temperature, domain walls becom
strongly pinned22,26,27and extremely large fields are require
to change the AF domain configuration.

In this study, we compare the magnetic properties of po
crystalline and epitaxial~001! NiO/NiFe bilayers deposited
simultaneously. We also compare epitaxial~001! NiO/NiFe
bilayers with the deposition bias field,Hb, aligned along
different in-plane NiO crystalline axes. The results of the
studies are interpreted in terms of induced anisotropies a
NiO/NiFe interface.

II. EXPERIMENTAL METHODS

The single films and bilayers were grown in a multilay
deposition system using ion beam sputtering~IBS!. The sys-
tem has been described in detail elsewhere.28,29Single crystal
polished ~001! oriented MgO substrates and Si substra
with native oxide layers were placed side by side in subst
holders with bias magnets. The bias magnets produce a
form magnetic field,Hb, of 300 Oe at the substrate surfac
The substrate temperature was monitored but not contro
and reached about 80 °C during deposition. The NiO lay
were grown using a new IBS process.30 The NiO is deposited
by directly sputtering a NiO target31 with a neutralized 750V,
30 mA Ar-ion beam which produces a deposition rate
about 0.2 Å/sec. No additional reactive gas is introduced d
ing the deposition. The NiFe layers were then grown imm
diately on top of the NiO using a 500V, 20 mA ion bea
without neutralization. The Ar gas pressure during depo
tion was typically 0.25 mTorr. The Ni:O ratio of films pro
duced using this process was measured using Ruthe
back-scattering and was determined to be 1:1 to within 1
NiFe films were deposited from a Ni81Fe19 sputter target.

The morphology of the NiO/NiFe bilayers was prob
using x-ray diffraction~XRD!. Symmetric x-ray scans wer
performed on an 18 kW Rigaku rotating anode diffrac
meter with a diffracted beam monochromator using CuKa
sy
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radiation. Phi scans were performed on a four-circle gonio
eter using Cu radiation at Stanford University.

The magnetic properties of the bilayer films were me
sured with a vibrating sample magnetometer~VSM!
equipped with two sets of orthogonal pick-up coils. The u
of two sets of pick-up coils allows the simultaneous me
surement of both the longitudinal and transverse magnet
tion curves, as is often done with Kerr magnetometry.32 Un-
less otherwise specifically stated, all magnetization data w
taken at room temperature. The magnetization curve o
500 Å thick NiFe film grown on MgO~001! and Si ~not
shown! shows thatHb applied during deposition induces
uniaxial anisotropy in the NiFe. The value of the uniax
anisotropy is determined from the hard axis saturation fie
Hs, to beKu52000 erg/cm3 given thatHs52Ku /Ms in the
polycrystalline NiFe film. In addition toKu we also observe
a four-fold magnetocrystalline anisotropy in the epitax
NiFe film of about K152500 erg/cm3 @Hs52(Ku
1K1)/Ms for a ^110& hard axis in the~001! plane#. These
values are consistent with those expected for NiFe films.33

III. EXPERIMENTAL RESULTS

Hysteresis loops of a NiO(500 Å)/NiFe(100 Å) bilaye
couple measured below and above the NiO blocking te
perature,Tb, are shown in Fig. 1 and illustrate the effects
the interface exchange interaction. Above the blocking te
perature (Tb5200 °C,TN5240 °C), the NiO spins are
thermally fluctuating and the NiFe film shows evidence on
of its usual induced uniaxial anisotropy. The NiFe film h
an easy axis coercivity of aboutHce52 Oe, and a hard axis
saturation field~not shown! of aboutHs55 Oe. After cool-
ing to room temperature in an external magnetic field,
NiO spins are frozen and the interfacial magnetic interact
induces a unidirectional anisotropy on the NiFe film whi
shifts the NiFe hysteresis loops away from the zero field a
by an amountHE. The direction of the shift depends on th
orientation of the NiFe layer magnetization during field co
ing. In addition to the loop shift, the interfacial interactio

FIG. 1. Hysteresis loops of the same polycrystalli
NiO 500 Å/NiFe 100 Å bilayer film are shown, one at a temperatu
below the blocking temperature,Tb, of NiO and one aboveTb.
AboveTb, the NiFe behaves as a free layer, magnetically the sa
as a NiFe layer deposited on a nonmagnetic substrate. BelowTb the
interfacial exchange interaction induces a unidirectional anisotr
which shifts the NiFe loop away from the zero field axis and rai
its coercivity.
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increases the coercivity dramatically. Perpendicular to t
loop shift direction, the hard axis loop~not shown! passes
nearly linearly through zero with almost no coercivity. Th
1/tNiFe thickness dependence ofHE andHce expected from
the interfacial origin of these effects, is well established.13

A comparison of the XRD spectra for NiO/NiFe bilayer
grown simultaneously on MgO~001! and oxidized silicon is
shown on Fig. 2. The films deposited on oxidized Si wafe
are polycrystalline as shown by the presence of~111!, ~002!,
and ~022! NiO Bragg peaks. The average grain size calc
lated using the Scherrer formula from the full width at ha
maximum~FWHM! of the peaks is 100 Å to 200 Å. Becaus
the NiO and MgO crystal structures are nearly identical wi
only slightly different lattice parameters, (MgO:a54.213
Å, NiO: a5 4.177Å or 0.9% difference! the NiO ~002!
Bragg peak of the film on MgO is obscured under the stro
substrate peak. No NiO~111! or ~022! Bragg peak intensity
was observed in the XRD spectra of the bilayer grown

FIG. 2. Comparison of x-ray spectra from
NiO 500 Å/NiFe 100 Å bilayer films deposited simultaneously o
polished single crystal MgO~001! and oxidized Si substrates. The
bottom scan in~a! shows that the NiO on the oxidized silicon sub
strate is polycrystalline with a grain size of approximately 150 Å
The top scan shows the NiO~111! and~022! Bragg peaks are absen
in the bilayer grown on MgO. The MgO~002! substrate peak ob-
scures the presence of the NiO~002! peak. A strong reflection is
present from the NiFe~001! planes. In~b!, phi scans at the NiFe
~022! and the MgO~022! Bragg angles are shown. The NiFe laye
is epitaxially oriented relative to the MgO substrate, confirming th
the NiO layer is also epitaxial.
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MgO, however. Instead a strong~002! peak from the NiFe
deposited on the NiO was present with a correlation len
limited by the thickness of the film (100 Å) and a rockin
curve width of 1° –2° FWHM. Phi scans at the NiFe~011!
peak position show that the NiFe layer grown on top of t
NiO layer is epitaxially oriented relative to the MgO su
strate @Fig. 2~b!#. The epitaxy of the NiFe shows that th
intermediate NiO layer is also oriented in-plane with resp
to the MgO substrate. As discussed in the previous sect
NiFe films grown directly on MgO~001! were also found to
be epitaxial. Comparison of Kiessig fringes in the low-ang
symmetric XRD spectra~not shown! indicate that the inter-
faces of the epitaxial bilayer are rougher (8– 12 Å rm!
than the polycrystalline bilayer (2– 3 Å rms!.

The hysteresis loops of polycrystalline and epitaxial N
(500 Å)/NiFe (100 Å) bilayers grown simultaneously a
shown in Fig. 3. In the epitaxial film the bias field durin
depositionHb was applied along an MgO@100# axis. Hys-
teresis loops parallel and perpendicular toHb are shown. The
polycrystalline bilayer@Fig. 3~a!# illustrates the usual ex
change anisotropy behavior: there is a shift in the easy
hysteresis loop ofHE552 Oe and an increase in the NiF
coercivity from its free value of aboutHce52 Oe to Hce
530 Oe. The hard axis loop shows almost zero coerciv
and saturates at about 2HE. The loop parallel toHb for the
epitaxial bilayer@Fig. 3~b!# shows a shift ofHE520 Oe and
a coercivity ofHce526 Oe. The shape of the hard axis ma
netization~perpendicular toHb) in the epitaxial film is quali-
tatively different from the nearly linear hard axis loop o
served in the polycrystalline films. Figure 3~c! shows
transverse magnetization data for the polycrystalline and
itaxial films with H'Hb, and indicates the nonlinearity in
the epitaxial bilayer’s hard axis loop is due to a nearly 9
reorientation of the magnetization vector.

In Fig. 4 another set of magnetization data for polycry
talline and epitaxial NiO/NiFe bilayers grown simulta
neously is shown but now withHb, the bias field applied
during deposition, aligned with an in-plane MgO@110# axis.
The polycrystalline bilayer@Fig. 4~a!# has an exchange field
of HE566 Oe and an easy-axis coercivity ofHce534 Oe.
The hard axis loop once again saturates at aboutHs52HE
and has coercivity less than 1 Oe. The epitaxial bilayer@Fig.
4~b!# hasHE536 Oe, andHce542 Oe. The hard axis mag
netization data shown in Figs. 4~b! and 4~c! shows similar
behavior to that seen in Figs. 3~b! and 3~c!. The similarity
between Figs. 3~b! and 4~b! reveals that the nonlinearity ob
served in the hard axis magnetization curves of the epita
films is induced byHb and is not referenced to the underl
ing crystal structure of the NiO. The variation inHE for the
polycrystalline samples shown in Figs. 3~a! and 4~a! results
from uncontrolled variations in the deposition conditions a
serves as a measure of the run-to-run reproducibility of
growth.

We have grown epitaxial bilayers in reverse order to b
ter understand why this configuration typically shows low
exchange anisotropy than do bilayers with NiO on t
bottom.34 Figure 5 shows easy axis magnetization loops
NiFe 100 Å/NiO 500 Å bilayers grown simultaneously o
oxidized silicon and MgO~001! substrates. In this configu
ration the choice of substrate has much less effect on
hysteresis loop. The exchange shift isHE513 Oe andHce

.
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PRB 58 8569EXCHANGE ANISOTROPY IN EPITAXIAL AND . . .
55 Oe in both films. XRD shows that both NiO films a
polycrystalline. These data demonstrate that the gro
mode of NiO on NiFe is significantly different than that
NiFe on NiO, which explains the difference in the exchan
anisotropy observed in the two configurations. Recen
however, large bias fields (0.04 erg/cm2) were reported in
‘‘top’’ spin valves grown with the NiO layer on top of a
NiFe layer using reactive RF sputtering.35

IV. ANALYSIS

In order to model the field dependence of the NiFe m
netization, we start by defining the simplest energy equa
that contains only a unidirectional anisotropy term and
Zeeman term describing interaction with the external fie
We proceed by assuming the magnetization reverses by

FIG. 3. Magnetization data for two NiO 500 Å/NiFe 100 Å b
layer films deposited simultaneously. In~a! the easy-axis~H paral-
lel to Hb, the bias field during growth! and hard-axis~H perpen-
dicular to Hb) magnetization curves of the polycrystalline bilay
are shown. The easy-axis loop is shifted byHE552 Oe due to in-
terfacial exchange anisotropy with the NiO.~b! shows the same
measurement as in~a! for an epitaxial~001! bilayer deposited on
MgO. The bias field,Hb, applied during deposition was aligne
parallel to an in-plane MgO~100! axis. The easy-axis loop is shifte
by HE520 Oe. Discontinuities in the hard-axis loop reveal t
presence of a cubic induced anisotropy term that produces a
energy minimum parallel to the applied field and perpendicula
Hb. In ~c! the transverse hard axis magnetization,M y, for the poly-
crystalline~open circles! and epitaxial~filled circles! are compared.
The smooth curve of the polycrystallineM y loop shows the mag-
netization vector rotates continuously as the applied field var
The plateau in the epitaxialM y loop confirms that the NiFe momen
turns discontinuously from a local energy minimum parallel to
applied field to the deep unidirectional energy minimum perp
dicular to it.
th

e
,

-
n
a
.
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herent rotation, and that the anisotropy at the interface
mains constant during NiFe reversal. Recent results, h
ever, using a magnetooptic indicator film technique36 and
Kerr microscopy37 indicate the magnetization in these film
reverses by incoherent rotation for fields applied along
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o
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-

FIG. 4. The same measurements as shown in Fig. 3 for a se
set of simultaneously deposited polycrystalline and epitaxial bil
ers except that hereHb, the bias field during deposition, was ap
plied parallel to an in-plane MgO~110! axis. For the polycrystalline
films in ~a! the easy-axis loop is shifted byHE566 Oe. In~b! the
epitaxial film hasHE 5 36 Oe.~c! shows the transverse hard ax
magnetization loops. The data are qualitatively similar to those
Fig. 3, particularly the observation of discontinuities indicating
cubic anisotropy with minima referenced to the bias field axis. Th
the cubic anisotropy is induced by the bias field and is not in
enced by the orientation ofHb relative to the NiO crystal axis.

FIG. 5. Easy axis magnetization for two bilayer films deposit
in reverse order simultaneously on MgO and an oxidized silic
substrate. Both NiO layers grown on NiFe were polycrystallin
The exchange bias fields and coercivities of the two films are
same. Differences in the growth of NiO on NiFe compared to N
on NiO lead to the reduced exchange anisotropy observed in t
films.
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hard axis and through nucleation and growth of dom
walls, for fields applied along the easy axis. The coher
rotation approach, however, gives an understanding of
basic anisotropies involved and establishes a framework
us to discuss these more complex reversal mechanisms.
energy equation takes the form:

E/M52H cos~u!2HEcos~u2f!, ~1!

whereHE is the effective unidirectional anisotropy field,f is
the angle between the bias fieldHb and the applied fieldH,
andu is the angle betweenH and the magnetization.1 ~This
form ignores the induced uniaxial anisotropy in the Ni
layer, which is small compared toHE.) Assuming the mag-
netization reorients by rotation following the minimum e
ergy solution, the hard axis magnetization is:

M ~H !

Ms
5

H

A~H21HE
2 !

. ~2!

Under these assumptions, the easy axis magnetization sh
have zero coercivity and change sign atH5HE, and the hard
axis magnetization should approach saturation asymp
cally. The best fit of Eq.~2! to the measured hard axis ma
netization for the polycrystalline film in Fig. 3~a! predicts
HE583 Oe which is inconsistent with the measured e
axis value ofHE552 Oe. By increasing the size of uniaxi
anisotropy above the usual value for soft NiFe alloys, we
consistently model the easy and hard axis behavior obse
in Figs. 3~a! and 4~a!, and qualitatively account for the eas
axis coercivity:

E/M52H cos~u!2HEcos~u2f!1HKcos2~u2f!.
~3!

The predicted analytical form of M~H! is complicated. How-
ever, the easy and hard axis behavior can now be mode
with HE553 Oe andHK530 Oe, given that Eq.~3! pre-
dicts that the hard-axis magnetization curve approaches s
ration with Hs'2(HE1HK). The uniaxial term is signifi-
cantly larger than that observed in films of NiFe without b
layers (HK of NiFe55 Oe!.33 The increase ofHK is a mani-
festation of the interfacial interaction with the NiO. Uniaxi
strain induced at the NiO/NiFe interface may be a source
uniaxial anisotropy, however, the small saturation magne
striction expected for this composition of permalloy, com
bined with the small tetragonal distortion of the NiO belo
its Néel temperature make this an unlikely explanation
the large uniaxial anisotropy observed here.10

The large uniaxial term in the energy equation needed
consistently model the easy and hard axis data helps to
count for the coercivity in the easy axis loop. It is we
known that, in the presence of a uniaxial term, the ene
equation contains local energy minima in addition to glo
minima for a range of applied fields.38,39 Local energy
minima can pin the magnetization and temporarily delay
obtainment of the absolute energy minimum configurati
Assuming the NiFe moment in the biased bilayers rever
by rotation and follows the local energy minimum, the ea
axis coercivity predicted by Eq.~3! is Hce5HK530 Oe. In
unbiased NiFe films, however,Hce,HK indicating the re-
versal occurs through domain wall motion rather than ro
n
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tion. The easy axis energy surfaces predicted by Eq.~1! for
biased NiFe films do not contain local minima, unlike th
energy surfaces described by Eq.~3! for biased films. Thus
Eq. ~3! containing uniaxial and unidirectional anisotrop
terms is more consistent with the NiFe behavior.

It is interesting to note that the ratio of theHE to Hce for
a wide range of IBS polycrystalline NiO/NiFe bilayers a
pears to have a characteristic maximum value. Figure
showsHE plotted vsHce . The dotted line is a guide to th
eye showingHE51.8Hce114 Oe. Figure 6 implies that in
creases inHE andHce are correlated in the best polycrysta
line NiO/NiFe bilayers and are thus different manifestatio
of the same surface anisotropy. On the other hand, films w
small HE and largeHce occur since there are many sourc
of coercivity in thin NiFe films, many not directly related t
the surface exchange interaction.HE to Hce ratios for NiO/
NiFe bilayers published in the literature13,16 deposited using
reactive sputtering are approximately 2.2, which are sim
to the values observed in the IBS films. More recently,HE to
Hce ratios of 9 have been reported in NiO/NiFe bilayers w
carefully controlled interfacial roughness.40

The slope of the line in Fig. 6 depends on the intrins
anisotropies present in NiO. TheHE /Hce ratios we observe
in IBS-grown NiFe/NiCoO bilayers typically lie above thi
line. Further, a typicalHE /Hce ratio for NiFe/FeMn bilayers
is 25.6 The higher ratio observed in general in Mn-based
exchange couples may be due to the higher magnetocry
line anisotropy or the reduced symmetry of the Mn-bas
antiferromagnets.6,13 These differences produce an interfa
anisotropy that is more closely described by a pure unidir
tional in FeMn/NiFe bilayers compared to the unidirection
plus uniaxial anisotropy found in NiO/NiFe bilayers.

Turning now to the magnetization observed in the epit
ial bilayers in Figs. 3~b! and 4~b!, the shape of the hard-axi
magnetization curves can be predicted by adding a cu
anisotropy to the energy equation~1!:

Hk1sin2~u2f!cos2~u2f! . ~4!

FIG. 6. The exchange anisotropy field,HE for a wide variety of
NiO-500 Å/NiFe-tNiFe films plotted vs the easy-axis coercivity
Hce . The dotted line is a guide to the eye indicating the relations
HE51.8Hce114 Oe, so theHE to Hce ratio has a limiting value of
about 1.8. This value appears to be a characteristic of the AF
terial since the ratio observed for NiCoO/NiFe bilayers typica
exceeds this value. AF/NiFe bilayers using Mn-based antiferrom
netic layers greatly exceed this value, giving much less coerci
per unit exchange anisotropy shift.
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The data in Fig. 3~b! are reasonably well reproduced wi
HE520 Oe,HK1530 Oe. The cubic anisotropy produces
energy minimum perpendicular to the unidirectional anis
ropy ~and toHb) which qualitatively changes the hard ax
loop shape.

In addition, the presence of a cubic anisotropy produ
local energy minima in the energy surface describing
bilayer magnetization reversal. As discussed previou
these minima can be used to qualitatively account for
coercivity observed in the hard axis magnetization lo
Qualitatively, as H decreases from a large positive value,
NiFe layer moment at first remains in a local energy mi
mum parallel to H, and then shifts suddenly from that mi
mum to the energy minimum derived from the unidirection
anisotropy term, perpendicular to H and parallel toHb.
Transverse magnetization data@Figs. 3~c! and 4~c!# for
H'Hb reinforce this description. As the longitudinal magn
tization (Mx) decreases, the transverse magnetization (M y)
increases abruptly and reaches a plateau as the NiFe
moment settles into the global energy minimum perpend
lar to H. This is in contrast to the transverse hard-axis
havior of the polycrystalline bilayer couple which shows
smooth rotation of the NiFe layer moment and no platea

Calculated magnetization curves that qualitatively rep
duce the experimental data for the epitaxial bilayers
shown in Figs. 7~a! and 7~b!. The curves were calculate
using an energy equation with a unidirectional and a cu
anisotropy:

E/~M* HE!52H/HEcos~u!2cos~u2f!

1HK1 /HEcos2~u2f!sin2~u2f! ~5!

whereHK1 /HE51.5. The magnetization in Fig. 7~a! is as-
sumed to reverse by rotation and to find the absolute m
mum energy configuration. The calculation reproduces
steps observed in the epitaxial hard axis loops. As in the c
of the polycrystalline bilayers, if we assume the vector m
netization sticks in local energy minima and only achiev
the absolute minimum when its path is unobstructed by

FIG. 7. Calculated easy axis~dashed! and hard axis~solid! mag-
netization loops using an energy equation with a unidirectional
cubic anisotropy@Eq. ~5!#. In ~a! we assume the magnetizatio
achieves the absolute minimum energy configuration. In~b! we
assume the magnetization remains in local minima until the pat
the absolute minimum is unobstructed by an energy barrier.
calculations qualitatively reproduce the features observed in the
itaxial NiO/NiFe bilayers.
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energy barrier, we can qualitatively account for the coerc
ity observed in the easy and hard axis loops as shown in
7~b!.

From the similarity of the hard axis loops in Fig
3~b!,3~c! and 4~b!,4~c!, where the bias field is applied alon
a different NiO crystal axis, it is clear that the cubic term
induced by the bias field applied during deposition, and
not referenced to the NiO or the NiFe crystal axes. Thus
data are not consistent with a magneto-crystalline anisotr
in the NiFe or the NiO. In contrast, epitaxial NiFe film
deposited directly on MgO~001! show induced bulk uniaxia
and cubic magnetocrystalline anisotropy terms which
nearly an order of magnitude smaller than those neede
describe the NiO/NiFe loops. The cubic anisotropy m
arise from the same interfacial interaction with the NiO th
produces the exchange anisotropy. We speculate that th
duced disorder at the epitaxial NiO surface relative to
polycrystalline NiO surface allows a more coherent respo
of the NiO spin configuration to the alignment of the NiF
grown on top of it. Ferromagnetic resonance or Brillou
light-scattering measurements on these bilayer films m
give a more quantitative determination of the anisotropy v
ues.

Our analysis treats the NiFe as an isolated layer under
influence of a static surface anisotropy produced by the N
interface. This analysis implies that the spin configuration
the NiO layer undergoes reversible dynamics only during
reversal of the NiFe moment, which is incorrect strict
speaking. The observation of a training effect and the pr
ence of rotational hysteresis in NiFe/NiO bilayers even
very high applied fields41 clearly show that some irreversibl
NiO wall motions occur during a NiFe reversal. However
static induced surface anisotropy does describe many of
main features of the NiFe/NiO magnetization curves. T
contributions of irreversible NiO spin dynamics on the NiF
loop are secondary effects in these experiments. Additio
experimental work is needed to measure and understand
NiO wall motion during the NiFe magnetization revers
process.

Once again it is interesting to compare the behavior
NiFe/NiO and NiFe/FeMn exchange couples. As with Ni
NiFe exchange couples, there is a strong deposition o
dependence in NiFe/FeMn exchange couples. However
the FeMn case it is the NiFe that should be deposited firs
order to achieve a large exchange bias.45 The order depen-
dence of NiFe/FeMn exchange bias has been found to a
from changes in growth mode when the order of deposit
is reversed. The~111! textured NiFe surface serves as a te
plate for the antiferromagneticg phase of FeMn. In the ab
sence of the NiFe template the FeMn does not achieve thg
phase and instead forms in the nonmagnetica phase, and no
exchange bias is observed. In experiments where theg FeMn
is stabilized through epitaxy with a single crystal substra
exchange bias is observed in NiFe deposited on top.6 Further,
when theg FeMn was grown in different crystalline orien
tations, exchange bias in the NiFe grown on top was
served in every case.6 The ratio ofHE to Hce for the FeMn/
NiFe bilayers was different for the different crystallin
orientations, however.6 Features in the magnetization loop
associated with uniaxial or cubic anisotropies in addition
the unidirectional anisotropy in epitaxial FeMn/NiFe bilaye
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were not reported. Changing the order of NiO/NiFe bilay
deposition does not change the crystalline phases of the
dividual layers, but instead produces changes in gro
mode that lead to differences in the exchange anisotropy

We would like to discuss one final experimental fact w
observed in NiO/NiFe bilayers, and that is the large e
change bias observed in as-deposited bilayers. Exchange
in as-deposited films is also observed in NiFe/FeMn bilaye
Since bilayers are nominally deposited at room temperat
one might predict that as-deposited films would not exh
exchange bias until they were heated aboveTb and cooled in
a field. The presence of exchange bias in as-deposited fi
implies that the temperature of the growing film exceedsTb
during the deposition. In order to test this hypothesis,
deposited NiO/NiFe bilayers on substrates clamped to a t
Cu plate that was cooled to2120 °C. Large loop shiftsHE
were still observed in these films. It is likely that even wh
the substrates are cooled from the back side, the en
transported to the film surface by the deposited mate
raises the surface temperature of the growing film aboveTb.
A more effective test of the above hypothesis would be
employ a low energy NiFe deposition technique such
evaporation in conjunction with substrate cooling. In an
metal system such as NiFe/FeMn, where the thermal con
tivity is higher, maintaining a film temperature belowTb
during deposition may be more straightforward.

Our observations on epitaxial oxide-AF/NiFe exchang
coupled bilayers are consistent with the unpublished dat
Careyet al. who did extensive characterization of exchan
couples using epitaxial NiO, NiCoO films and NiO/Co
multilayers grown by reactive magnetron sputtering.42 They
report consistently smallerHE in epitaxial relative to poly-
crystalline bilayers deposited under similar conditions. Th
also observe exchange anisotropy in both~111! and ~001!
oriented epitaxial bilayers, with consistently larger coerciv
in the ~111! relative to the~001! oriented films. Laiet al.43

report loop shifts in bilayers with epitaxial~001! and ~111!
NiO films grown by metal-organic chemical vapor depo
tion ~MOCVD!. They observe unusually large and nea
isotropic coercivity in both ~001! and ~111! oriented
MOCVD based bilayer couples, however. van der Zaaget al.
have experimentally demonstrated the occurrence of
change biasing in compensated epitaxial~100! Fe3O4/CoO
multilayers.9

V. DISCUSSION

By definition, exchange bias is an uncompensated in
action between the antiferromagnetic and ferromagnetic
ers. It has been well established that the loop shift is stri
an interfacial phenomena with regard to the NiFe~ferromag-
netic! layer. The critical thickness in the NiO layer belo
which loop shifts are not observed indicates the presenc
an intermediate region in the AF layer where the bias dir
tion is stored in the spin configuration. Our data show t
the interfacial spin configuration in the AF layer is n
strongly influenced by the crystallographic orientation of t
NiO layer. Instead, the indirect influence of the applied fie
through alignment of the NiFe layer and the strong NiO/Ni
interfacial interaction together determine the spin arran
ment in the antiferromagnet interfacial layer and theref
r
in-
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the bias direction. Disorder in the form of a polycrystallin
film appears to enhance the loop shift due to stronger pinn
of the AF spin configuration. Weaker pinning of the spins
the epitaxial NiO layer gives a reduced loop shift and a m
complex induced surface anisotropy. Thus, the crystal
texture and degree of disorder at the interface control
NiO spin dynamics during the NiFe reversal. We do n
observe irreversible NiO spin dynamics during the NiFe
versal~i.e., there is no training effect!. On the contrary, the
NiFe reversal is reasonably well described by a rotatio
model in a static effective surface anisotropy. The comp
surface anisotropy is consistent with reversible rotatio
spin dynamics in the AF layer during NiFe reversal.

The model proposed by Mauri indicates that for suf
ciently strong coupling at the FM/AF interface, FM revers
occurs through the formation of a domain wall in the A
layer parallel to the interface. The 180° wall does not an
hilate and stores the bias direction information. Althou
Mauri assumes the AF interface is completely uncomp
sated, his conclusions for strong coupling hold independ
of the detailed relationship between the AF and FM spins
the interface. Koon recently showed that the spins at a c
pensated AF interface may through a spin-flop mechan
rotate perpendicular to the FM alignment direction.44 Koon’s
micromagnetic calculations for strong coupling of this ty
confirmed Mauri’s analytical solutions and showed that
bias direction information can be stored in an 180° dom
wall parallel to the interface. These models predict a criti
thickness (t5p AAAF /KAF ) for the AF layer that is greate
than or equal to the AF domain wall thickness. Experimen
critical thicknesses, however, are typically an order of m
nitude smaller than predicted.

In general, interfacial roughness, stress and domain
the AF layer are likely to result in competing interactions
the AF spins at the interface which would produce a dis
dered interfacial spin configuration. Such a picture is con
tent with the one presented by Stoeckleinet al.45 and Schlen-
ker et al.46 who suggest that the frustrated interactions at
AF/F interface may be similar to those in a spin glass. T
blocking temperature for AF/F coupled layers is then ana
gous to the glass transition temperature in a system suc
CuMn at which temperature the spins freeze into one
many disordered configurations. At the AF/FM interfac
each disordered configuration may produce slightly differ
values ofHE. Dynamics in a spin glass occur over a ve
broad distribution of time scales, resulting in stretched ex
nential relaxation ofHE with time.47 Once the interfacial
spins are locked together, bias direction information can
stored in a disordered analog to the 180° domain wall p
posed by Mauri. Experimental determination of the tempe
ture dependence of the AF critical thickness~equivalent to
the AF thickness dependence of the blocking temperature! in
epitaxial NiO bias exchange couples may distinguish
tween these two models through conparison with the te
perature dependence of the AF domain wall thickness.

VI. CONCLUSIONS

We have shown that polycrystalline NiO/NiFe bilaye
produce larger loop shifts than epitaxial bilayers deposi
simultaneously. The data indicate that a larger surface an
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ropy is induced at a polycrystalline relative to an epitax
interface. The presence of exchange anisotropy in~001!-
oriented epitaxial NiO/NiFe layers shows that the interfac
spin arrangement predicted by the bulk spin structure d
not determine whether exchange bias is observed. In add
to the induced surface unidirectional anisotropy, an indu
cubic surface anisotropy is needed to consistently model
hysteresis loops measured in epitaxial NiO/NiFe bilaye
Hysteresis loops of polycrystalline bilayers are most ac
rately modeled by an induced surface unidirectional anis
ropy plus an enhanced uniaxial anisotropy. The induced
face anisotropies we observe are referenced only to the
field applied during deposition, and are independent of
NiO crystalline orientation.
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