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Exchange anisotropy in epitaxial and polycrystalline NiO/NiFe bilayers
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(00D-oriented NiO/NiFe bilayers were grown on single crystal M@01) 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.S0163-18208)07438-4

I. INTRODUCTION ent from the oxide materials and thus must be considered
separately. The oxide films proposed for applications are
Exchange anisotropy refers to the effect that an antiferropolycrystalline with relatively small grain sizes. Achieving a
magnetic(AF) layer grown in contact with a ferromagnetic clearer understanding of how magnetocrystalline anisotropy
(FM) layer has on the magnetic response of the FM ldyer.and texture influence the exchange anisotropy, however, re-
Exchange anisotropy is one of several magnetic interfaciafjuires that films with a high degree of crystalline perfection
interactions, which include interlayer coupling in multilay- be examined as well.
ers, that have been intensively studied in recent years. The Typically NiFe is deposited on top of NiO to form a NiFe/
most notable changes in the FM hysteresis loop due to thdiO exchange couple. A field of 20-200 Oe is applied dur-
surface exchange coupling are a coercivity enhanced over thiég deposition to induce a uniaxial anisotropy in the NiFe
value typically observed in films grown on a nonmagneticlayer. The interaction of the aligned NiFe spins at the inter-
substrate, and a shift in the hysteresis loop of the ferromagace with the NiO during deposition influences the AF spins
net away from the zero field axis. The characteristics of thén the NiO since the applied field is too weak to induce
AF layer and the interface between the two layers that proordering in the NiO spins directly. In turn the NiO spin ar-
duce the strongest exchange bias are not well understootBngement stores the exchange bias information and induces
Experimental studies and theoretical mo@elsndicate that @ unidirectional surface anisotropy in the NiFe. Heating bi-
intrinsic magnetic properties of the AF such as the magnetdayers above the blocking temperatufg and cooling in a
crystalline anisotropy, exchange stifiness and crystallindield has been variously reported to incrédsend to
texture®=® as well as extrinsic properties such as grain sizeflecrease”!’ the interfacial exchange fiekl relative to the
domain size and interface roughn&¥s''may influence the as-deposited values. How the magnitude of the deposition
resulting response of the FM. Unfortunately, it is difficult to field or the cooling field influenceblg has not been well
manipulate these properties independently, or to probe thestablished in the case of oxide antiferromagh®esthough
magnetic structure of the bilayer interface directly. a striking change of sign in the exchange bias field has been
Exchange couples which incorporate FeMn, NiMn,observed with large deposition fields in the Fe/feF
PdMn, IrMn, Pd-Pt-Mn, NiO, and NiCoO antiferromagnetic systent.>
layers are currently under study for use in magnetoresistive The NiO spin structure is relatively simple, however the
sensors and magnetoresistive and spin-valve-based hard digikge number of domain configurations and domain walls in
readback head€. The exchange anisotropy is employed to a multidomain sample make theoretical models of exchange
achieve the optimum sensitivity in the sensor and to reducanisotropy in NiO/NiFe bilayers considerably more
noise by stabilizing domain$*°In this paper we focus on challenging?®-23NiO has a cubic FCC NaCl crystal structure
the oxide AF materials which share the same rocksalt crystaabove its Nel temperaturdly. Below the Nel temperature
structure. The AF spin configurations and exchange couplinghere is a slight distortion of the NiO lattice in(d11) di-
properties of the Mn-based materials are significantly differ+ection (A///~4.5x10"%).?* A strong negative uniaxial
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anisotropy accompanies the contraction, resulting in an easy 1.2
plane defined byK,;~1x10° erg/cn?.?® Sheets of ferro-
magnetically aligned spins form in tH&12) planes defined
by the contraction axist with the Ni spins in neighboring
sheets oppositely aligned. Within(a11) plane the direction
of the spin axis is determined by a second three fold anisot- = 0
ropy (Ks) that is roughly three orders of magnitude weaker =
thank,.%%

The AF domain configurations in NiO have been studied -0.6
both experimentally and theoretically. There are four pos-
sible (111) directions in a NiO crystal from which the con- AR AR A
traction axis may choose, and three spin directions once the 50 -100 250 0 50
contraction axis is defined. Thus there are 3= 12 distinct H (Oe)
possible AF domain configurations in NiO beldwy. Since
the four (111) directions in the cubic NiO are nominally ~ FIG. 1. Hysteresis loops of the same polycrystalline
equivalent, local inhomogeneities break the symmetry andio 500 A/NiFe ;.00 A bilayer film are shpwn, one at a temperature
determine which111) axis becomes the contraction axis in Pélow the blocking temperaturd,, of NiO and one abovely,.
different regions of the crystal. External applied magnetic*P0Ve T the NiFe behaves as a free layer, magnetically the same
fields and strain can make oiigll) direction more kineti- 25 @ NiFe layer deposited on a nonmagnetic substrate. Bijdahe
cally favorable, and thereby influence the distribution of AFQﬁ?éfilﬁlftzﬁﬁiaﬂ?ﬁe'?;g;,aguvf; 'Rg‘::fseazg?édf'ir;g“;:g ::ésf;ir;’gg
domains. The magnetic susce_pt|b|llty of the.N|O is Iargestlts coercivity. y
parallel to the contraction axigand perpendicular to the
planes of spins so this axis tends to align parallel to strong
applied fields® Once the sample temperature has been low
ered below the Nel temperature, domain walls become
strongly pinne@?2%?’and extremely large fields are required
to change the AF domain configuration.

In this study, we compare the magnetic properties of poly
crystalline and epitaxia(001) NiO/NiFe bilayers deposited
simultaneously. We also compare epitaxi@dl) NiO/NiFe

0.6

radiation. Phi scans were performed on a four-circle goniom-
eter using Cu radiation at Stanford University.

The magnetic properties of the bilayer films were mea-
sured with a vibrating sample magnetometé&vSM)
equipped with two sets of orthogonal pick-up coils. The use
‘of two sets of pick-up coils allows the simultaneous mea-
surement of both the longitudinal and transverse g%agnetiza—
. . " . ; ; tion curves, as is often done with Kerr magnetométryn-
b!layers \.N'th the d§p03|t|on blas fielt,, aligned along less otherwise specifically stated, all magngtization ds:\ta were
different in-plane NiO crystalline axes. The results of these[aken at room temperature. The magnetization curve of a

studies are interpreted in terms of induced anisotropies at théeOOA thick NiFe film grown on MgO(001) and Si(not

NIO/NiFe intertace. shown) shows thatH, applied during deposition induces a
uniaxial anisotropy in the NiFe. The value of the uniaxial
Il. EXPERIMENTAL METHODS anisotropy is determined from the hard axis saturation field,
. _ _ . . H,, to beK,=2000 erg/cr given thatH,=2K /M in the
The single films and bilayers were grown in a multilayer polycrystalline NiFe film. In addition t&, we also observe
deposition system using ion beam sputterit®fS). The sys- 3 four-fold magnetocrystalline anisotropy in the epitaxial
tem has been described in detail elsewif&féSingle crystal  NiFe film of about K;=—500 erglcd [Ho=2(K,

holders with bias magnets. The bias magnets produce a uni-

form magnetic fieldH,,, of 300 Oe at _the substrate surface. IIl. EXPERIMENTAL RESULTS
The substrate temperature was monitored but not controlled
and reached about 80 °C during deposition. The NiO layers Hysteresis loops of a NiO(500 A)/NiFe(100 A) bilayer
were grown using a new IBS proce¥sThe NiO is deposited couple measured below and above the NiO blocking tem-
by directly sputtering a NiO targ&twith a neutralized 750V, perature T, are shown in Fig. 1 and illustrate the effects of
30 mA Ar-ion beam which produces a deposition rate ofthe interface exchange interaction. Above the blocking tem-
about 0.2 A/sec. No additional reactive gas is introduced durperature T,=200°C<Ty=240°C), the NiO spins are
ing the deposition. The NiFe layers were then grown immethermally fluctuating and the NiFe film shows evidence only
diately on top of the NiO using a 500V, 20 mA ion beam of its usual induced uniaxial anisotropy. The NiFe film has
without neutralization. The Ar gas pressure during deposian easy axis coercivity of abott,.=2 Oe, and a hard axis
tion was typically 0.25 mTorr. The Ni:O ratio of films pro- saturation fieldnot shown of aboutH,=5 Oe. After cool-
duced using this process was measured using Rutherfoidg to room temperature in an external magnetic field, the
back-scattering and was determined to be 1:1 to within 1%NiO spins are frozen and the interfacial magnetic interaction
NiFe films were deposited from a jFe g sputter target. induces a unidirectional anisotropy on the NiFe film which
The morphology of the NiO/NiFe bilayers was probed shifts the NiFe hysteresis loops away from the zero field axis
using x-ray diffraction(XRD). Symmetric x-ray scans were by an amounHg. The direction of the shift depends on the
performed on an 18 kW Rigaku rotating anode diffracto-orientation of the NiFe layer magnetization during field cool-
meter with a diffracted beam monochromator using Ky ing. In addition to the loop shift, the interfacial interaction
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T T ' ' MgO, however. Instead a stron02 peak from the NiFe
MgO deposited on the NiO was present with a correlation length
002) limited by the thickness of the film (100 A) and a rocking
curve width of 1°-2° FWHM. Phi scans at the NiF&l1)
NiFe peak position show that the NiFe layer grown on top of the
— (002) NiO layer is epitaxially oriented relative to the MgO sub-

NiFe NiO strate[Fig. 2(b)]. The epitaxy of the NiFe shows that the
atn (220) intermediate NiO layer is also oriented in-plane with respect
NiO
(111) )410 /\-/
(002)

to the MgO substrate. As discussed in the previous section,
NiFe films grown directly on MgQ0021) were also found to
be epitaxial. Comparison of Kiessig fringes in the low-angle
35 ) 45 50 55 60 65 symmetric XRD spectranot shown indicate that the inter-
(@) 20 (deg) faces of the epitaxial bilayer are rougher (8—12 A yms
than the polycrystalline bilayer (2—3 A s
——— The hysteresis loops of polycrystalline and epitaxial NiO
NiFe(022), 20=75.9° (500 A)/NiFe (100 A) bilayers grown simultaneously are
MgO(022), 20=62.3° shown in Fig. 3. In the epitaxial film the bias field during
depositionH,, was applied along an MgQ100] axis. Hys-
1r 7 teresis loops parallel and perpendiculaHgare shown. The
polycrystalline bilayer[Fig. 3(@)] illustrates the usual ex-
change anisotropy behavior: there is a shift in the easy axis
— hysteresis loop oHz=52 Oe and an increase in the NiFe

0.5F . .
. coercivity from its free value of aboutl,,.=2 Oe toH
NiFe JWW ML&W =30 Oe. The hard axis loop shows almost zero coercivity
and saturates at about2. The loop parallel tdH, for the
I} A . epitaxial bilayefFig. 3(b)] shows a shift oH=20 Oe and
e a coercivity ofH .=26 Oe. The shape of the hard axis mag-
290 0 90 180 270 360 ne.tizatior!(perpendicular tddy) in thg epitaxial film is quali-
o (deg) tatively c_hfferent from the n_early_llnear hard axis loop ob-
served in the polycrystalline films. Figure(c3 shows
FIG. 2. Comparison of x-ray spectra from transverse magnetization data for the polycrystalline and ep-
NiO 500 A/NiFe 100 A bilayer films deposited simultaneously on itaxial films with HL H,, and indicates the nonlinearity in
polished single crystal Mg@001) and oxidized Si substrates. The the epitaxial bilayer's hard axis loop is due to a nearly 90°
bottom scan ir(@) shows that the NiO on the oxidized silicon sub- reorientation of the magnetization vector.
strate is polycrystalline with a grain size of approximately 150 A. |n Fig. 4 another set of magnetization data for polycrys-
The top scan shows the NiQ11) and(022) Bragg peaks are absent talline and epitaxial NiO/NiFe bilayers grown simulta-
in the bilayer grown on MgO. The Mg@002 substrate peak ob- npeously is shown but now withi,, the bias field applied
scures the presence of the Ni{002 peak. A_strong reflection_ is during deposition, aligned with an in-plane M@10] axis.
present from the NiF€001) planes. In(b), phi scans at the NiFe  The polycrystalline bilayefFig. 4@)] has an exchange field
_(022)_ anq the MgO(OZZ) B_ragg angles are shown. The Nng layer ¢ He=66 Oe and an easy-axis coercivity ldf,.—34 Oe.
Ii eplt.z(a))qlally orlenfed relgtlvg Ito the MgO substrate, confirming thatThe hard axis loop once again saturates at abtwt 2H
the NIO layer is also epitaxial. and has coercivity less than 1 Oe. The epitaxial bild¥ég.
4(b)] hasHg=36 Oe, anH..=42 Oe. The hard axis mag-
increases the coercivity dramatically. Perpendicular to thaetization data shown in Figs(® and 4c) shows similar
loop shift direction, the hard axis loofmot shown passes behavior to that seen in Figs(l8 and 3c). The similarity
nearly linearly through zero with almost no coercivity. The between Figs. ®) and 4b) reveals that the nonlinearity ob-
1/tyire thickness dependence b andH.. expected from served in the hard axis magnetization curves of the epitaxial
the interfacial origin of these effects, is well establishéd.  films is induced byH, and is not referenced to the underly-
A comparison of the XRD spectra for NiO/NiFe bilayers ing crystal structure of the NiO. The variation i for the
grown simultaneously on Mg@aO01) and oxidized silicon is polycrystalline samples shown in FigsaBand 4a) results
shown on Fig. 2. The films deposited on oxidized Si wafersfrom uncontrolled variations in the deposition conditions and
are polycrystalline as shown by the presencéldfl), (002), serves as a measure of the run-to-run reproducibility of the
and (022 NiO Bragg peaks. The average grain size calcu-growth.
lated using the Scherrer formula from the full width at half We have grown epitaxial bilayers in reverse order to bet-
maximum(FWHM) of the peaks is 100 A to 200 A. Because ter understand why this configuration typically shows lower
the NiO and MgO crystal structures are nearly identical withexchange anisotropy than do bilayers with NiO on the
only slightly different lattice parameters, (Mg@=4.213  bottom>* Figure 5 shows easy axis magnetization loops for
A, NiO: a= 4.177A or 0.9% differengethe NiO (002  NiFe 100 A/NiO 500 A bilayers grown simultaneously on
Bragg peak of the film on MgO is obscured under the strongxidized silicon and MgQ001) substrates. In this configu-
substrate peak. No NiQL11) or (022 Bragg peak intensity ration the choice of substrate has much less effect on the
was observed in the XRD spectra of the bilayer grown orhysteresis loop. The exchange shiftHg=13 Oe andH,

1.5

0} MgO _JL JL
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FIG. 3. Magnetization data for two NiO 500 A/NiFe 100 A bi- FIG. 4. The same measurements as shown in Fig. 3 for a second

layer films deposited simultaneously. (& the easy-axi$H paral- ~ set of simultaneously deposited polycrystalline and epitaxial bilay-
lel to H,, the bias field during growthand hard-axigH perpen-  ers except that herkly, the bias field during deposition, was ap-
dicular to H,) magnetization curves of the polycrystalline bilayer plied parallel to an in-plane Mg@.10) axis. For the polycrystalline
are shown. The easy-axis loop is shifted y="52 Oe due to in-  films in (a) the easy-axis loop is shifted bye=66 Oe. In(b) the
terfacial exchange anisotropy with the Ni(h) shows the same epitaxial film hasHg = 36 Oe.(c) shows the transverse hard axis
measurement as i@ for an epitaxial(001) bilayer deposited on magnetization loops. The data are qualitatively similar to those in
MgO. The bias fieldH,, applied during deposition was aligned Fig. 3, particularly the observation of discontinuities indicating a
parallel to an in-plane Mg@L00) axis. The easy-axis loop is shifted cubic anisotropy with minima referenced to the bias field axis. Thus
by He=20 Oe. Discontinuities in the hard-axis loop reveal the the cubic anisotropy is induced by the bias field and is not influ-
presence of a cubic induced anisotropy term that produces a locgnced by the orientation d¢i, relative to the NiO crystal axis.
energy minimum parallel to the applied field and perpendicular to

Hp. In (c) the transverse hard axis magnetizatibh, for the poly-  herent rotation, and that the anisotropy at the interface re-
crystalline(open circles and epitaxialfilled circles are compared. mains constant during NiFe reversal. Recent results, how-
The smooth curve of the polycrystalling, loop shows the mag- ever, using a magnetooptic indicator film technifuend
netization vector rotates continuously as the applied field variesKerr microscop§7 indicate the magnetization in these films

The plateau in the epitaxit, loop confirms that the NiFe moment reverses by incoherent rotation for fields applied along the
turns discontinuously from a local energy minimum parallel to the

applied field to the deep unidirectional energy minimum perpen- 1.2
dicular to it. NiO500A| on NiFel00A

0.8
=5 Oe in both films. XRD shows that both NiO films are 0.4 !ih?ngog; Si! //
polycrystalline. These data demonstrate that the growth < //
mode of NiO on NiFe is significantly different than that of = 0
NiFe on NiO, which explains the difference in the exchange 0.4 // //
anisotropy observed in the two configurations. Recently, ﬂ //
however, large bias fields (0.04 erg@nwere reported in
“top” spin valves grown with the NiO layer on top of a

NiFe layer using reactive RF sputterifiy. 20 40

IV. ANALYSIS FIG. 5. Easy axis magnetization for two bilayer films deposited
) ) in reverse order simultaneously on MgO and an oxidized silicon
In order to model the field dependence of the NiFe magsypstrate. Both NiO layers grown on NiFe were polycrystalline.
netization, we start by defining the simplest energy equationhe exchange bias fields and coercivities of the two films are the
that contains only a unidirectional anisotropy term and aame. Differences in the growth of NiO on NiFe compared to NiFe
Zeeman term describing interaction with the external field.on NiO lead to the reduced exchange anisotropy observed in these
We proceed by assuming the magnetization reverses by céitms.
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hard axis and through nucleation and growth of domain 250 — - » o
walls, for fields applied along the easy axis. The coherent NiO(S00A)/NiFe(tire) e
rotation approach, however, gives an understanding of the 200 ‘s
basic anisotropies involved and establishes a framework for /’ .
us to discuss these more complex reversal mechanisms. The 5 150 A
energy equation takes the form: S ,/’.
T 100 "4 %
E/M=—H cogq 0)—Hgcog 6— ¢), (1) 0(. . oo
whereH¢ is the effective unidirectional anisotropy field,is S .
the angle between the bias figh}, and the applied fieldH, Pl ‘.‘.. .
and 6 is the angle betweeH and the magnetizatioh(This % 50 100 150
form ignores the induced uniaxial anisotropy in the NiFe NiFe Hee (O6)

layer, which is small compared tdg.) Assuming the mag- _ _
netization reorients by rotation following the minimum en-  FIG. 6. The exchange anisotropy fieldg for a wide variety of

ergy solution, the hard axis magnetization is: NiO-500 A/NiFety;, films plotted vs the easy-axis coercivity,
H... The dotted line is a guide to the eye indicating the relationship
M(H) H Hg=1.8H.+14 Oe, so thdlig to H. ratio has a limiting value of
= . (2 about 1.8. This value appears to be a characteristic of the AF ma-
Ms \/(H2+ Hg) terial since the ratio observed for NiCoO/NiFe bilayers typically

. . L exceeds this value. AF/NiFe bilayers using Mn-based antiferromag-
Under these assumptions, the easy axis magnetization shogsic |ayers greatly exceed this value, giving much less coercivity
have zero coercivity and change sigrtat He, and the hard  per ynit exchange anisotropy shift.

axis magnetization should approach saturation asymptoti-

caII.y. T_he best fit of Eq(2) to t.he n*_neasyred_ hard axis_mag- tion. The easy axis energy surfaces predicted by(Exfor
netization for the polycrystalline film in Fig.(8 predicts  pjzsed NiFe films do not contain local minima, unlike the
Heg=83 Oe which is inconsistent with the measured easyanergy surfaces described by E@) for biased films. Thus

axis value ofHg =52 Oe. By increasing the size of uniaxial gq. (3) containing uniaxial and unidirectional anisotropy
anisotropy above the usual value for soft NiFe alloys, we caferms is more consistent with the NiFe behavior.

pon_sistently model the easy a}nd.hard axis behavior observed |t ig interesting to note that the ratio of thé: to H., for
in Figs. 3a) and 4a), and qualitatively account for the easy- 5 wide range of IBS polycrystalline NiO/NiFe bilayers ap-
axis coercivity: pears to have a characteristic maximum value. Figure 6
showsH¢ plotted vsH... The dotted line is a guide to the
E/M=—H cog ) —Hecod 0~ ¢) +Hycos'(6— ¢). eye showingHg=1.8H..+ 14 Oe. Figure 6 implies that in-
3 creases ilHg andH . are correlated in the best polycrystal-
The predicted analytical form of ) is complicated. How- line NiO/NiFe bilayers and are thus different manifestations
ever, the easy and hard axis behavior can now be modelle®f the same surface anisotropy. On the other hand, films with
with He=53 Oe andH=30 Oe, given that Eq(3) pre- SmallHg and largeH ., occur since there are many sources
dicts that the hard-axis magnetization curve approaches sat@f coercivity in thin NiFe films, many not directly related to
ration with Hg~2(Hg+Hy). The uniaxial term is signifi- the surface exchange interactidtg to H ratios for NiO/
cantly larger than that observed in films of NiFe without biasNiFe bilayers published in the literatdfe® deposited using
layers Hy of NiFe=5 06.%% The increase oH is a mani-  reactive sputtering are approximately 2.2, which are similar
festation of the interfacial interaction with the NiO. Uniaxial to the values observed in the IBS films. More recerttly,to
strain induced at the NiO/NiFe interface may be a source oH ratios of 9 have been reported in NiO/NiFe bilayers with
uniaxial anisotropy, however, the small saturation magnetocarefully controlled interfacial roughne$s.
striction expected for this composition of permalloy, com- The slope of the line in Fig. 6 depends on the intrinsic
bined with the small tetragonal distortion of the NiO below anisotropies present in NiO. Th¢g/H ., ratios we observe
its Neel temperature make this an unlikely explanation forin IBS-grown NiFe/NiCoO bilayers typically lie above this
the large uniaxial anisotropy observed héte. line. Further, a typicaHg /H . ratio for NiFe/FeMn bilayers
The large uniaxial term in the energy equation needed tis 25° The higher ratio observed in general in Mn-based AF
consistently model the easy and hard axis data helps to aexchange couples may be due to the higher magnetocrystal-
count for the coercivity in the easy axis loop. It is well line anisotropy or the reduced symmetry of the Mn-based
known that, in the presence of a uniaxial term, the energyntiferromagnet§!® These differences produce an interface
equation contains local energy minima in addition to globalanisotropy that is more closely described by a pure unidirec-
minima for a range of applied field&3° Local energy tional in FeMn/NiFe bilayers compared to the unidirectional
minima can pin the magnetization and temporarily delay theplus uniaxial anisotropy found in NiO/NiFe bilayers.
obtainment of the absolute energy minimum configuration. Turning now to the magnetization observed in the epitax-
Assuming the NiFe moment in the biased bilayers reversewl bilayers in Figs. &) and 4b), the shape of the hard-axis
by rotation and follows the local energy minimum, the easymagnetization curves can be predicted by adding a cubic
axis coercivity predicted by Eq3) is H..=Hx=30 Oe. In  anisotropy to the energy equati¢b):
unbiased NiFe films, howeveH .<H indicating the re-
versal occurs through domain wall motion rather than rota- HySirf(6— ¢p)cog(0— o). 4
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‘ ‘ energy barrier, we can qualitatively account for the coerciv-
| ity observed in the easy and hard axis loops as shown in Fig.
7(b).
From the similarity of the hard axis loops in Figs.
b) Local Minimum 3(b),3(c) and 4b),4(c), where the bias field is applied along
a different NiO crystal axis, it is clear that the cubic term is
induced by the bias field applied during deposition, and is
[ not referenced to the NiO or the NiFe crystal axes. Thus the
4 3 95 1 0 1 2 3 a Qata are not consisten_t with a magneto-cr_ystglline_ anisptropy
H/H in the NiFe or the NiO. In contrast, epitaxial NiFe films
deposited directly on Mg@001) show induced bulk uniaxial
FIG. 7. Calculated easy axidashedland hard axigsolid) mag- ~ @nd cubic magnetocrystalline anisotropy terms which are
netization loops using an energy equation with a unidirectional andi€arly an order of magnitude smaller than those needed to
cubic anisotropy[Eq. (5)]. In (3) we assume the magnetization describe the NiO/NiFe loops. The cubic anisotropy must
achieves the absolute minimum energy configuration(dnwe  arise from the same interfacial interaction with the NiO that
assume the magnetization remains in local minima until the path tgproduces the exchange anisotropy. We speculate that the re-
the absolute minimum is unobstructed by an energy barrier. Theluced disorder at the epitaxial NiO surface relative to the
calculations qualitatively reproduce the features observed in the egpolycrystalline NiO surface allows a more coherent response
itaxial NiO/NiFe bilayers. of the NiO spin configuration to the alignment of the NiFe
grown on top of it. Ferromagnetic resonance or Brillouin

The data in Fig. @) are reasonably well reproduced with light-scattering measurements on these bilayer films may
Hg=20 Oe, Hy, =30 Oe. The cubic anisotropy produces andive a more quantitative determination of the anisotropy val-
energy minimum perpendicular to the unidirectional anisot-U€s. _ _ _
ropy (and toH,) which qualitatively changes the hard axis ~ Our analysis treats the NiFe as an isolated layer under 'Fhe
loop shape. !nfluence of a static sgrface anisotropy prqduced_by th_e NiO
In addition, the presence of a cubic anisotropy producedterface. This analysis implies that the spin configuration in
local energy minima in the energy surface describing théhe NiO layer undergoes reversible dynamics only during the
bilayer magnetization reversal. As discussed previouslyreversal of the NiFe moment, which is incorrect strictly
these minima can be used to qualitatively account for théPeaking. The observation of a training effect and the pres-
coercivity observed in the hard axis magnetization loopence of rotational hysteresis in NiFe/NiO bilayers even at
Qualitatively, as H decreases from a large positive value, th¥ery high applied field$ clearly show that some irreversible
NiFe layer moment at first remains in a local energy mini-NiO wall motions occur during a NiFe reversal. However, a
mum parallel to H, and then shifts suddenly from that mini-Static induced surface anisotropy does describe many of the
mum to the energy minimum derived from the unidirectionalMain features of the NiFe/NiO magnetization curves. The
anisotropy term, perpendicular to H and parallel Hg. ~ contributions of irreversible NiO spin dynamics on the NiFe
Transverse magnetization daffigs. 3c) and 4c)] for  loop are secondary effects in these experiments. Additional
H_L H,, reinforce this description. As the longitudinal magne-€xperimental work is needed to measure and understand the
tization (M,) decreases, the transverse magnetizathdn)( NiO wall motion during the NiFe magnetization reversal
increases abruptly and reaches a plateau as the NiFe lay@foc€ss. _ _
moment settles into the global energy minimum perpendicu- ©Once again it is interesting to compare the behavior of
lar to H. This is in contrast to the transverse hard-axis beNIFE/NIO and NiFe/FeMn exchange couples. As with NiO/
havior of the polycrystalline bilayer couple which shows aNiFe exchange couples, there is a strong deposition order
smooth rotation of the NiFe layer moment and no plateau. dependence in NiFe/FeMn exchange couples. However, in
Calculated magnetization curves that qualitatively reproth€ FeMn case itis the NiFe that should be deposited first in
duce the experimental data for the epitaxial bilayers ar@rder to achieve a large exchange biaghe order depen- _
shown in Figs. 7 and Tb). The curves were calculated dence of NiFe/FeMn exchange bias has been found to arise
using an energy equation with a unidirectional and a cubid’om changes in growth mode when the order of deposition
anisotropy: is reversed. Thél1]) textured NiFe surface serves as a tem-
plate for the antiferromagnetig phase of FeMn. In the ab-
sence of the NiFe template the FeMn does not achieve the
E/(M*Hg)=—H/Hgcog 6)—coq 0— ¢) phase and instead forms in the nonmagnetjghase, and no
. exchange bias is observed. In experiments where theMn
+Hy1/HecoS(6— ¢)sint(0—¢)  (5) is stabilized through epitaxy with a single crystal substrate,
exchange bias is observed in NiFe deposited off feyrther,
whereHy,/Hg=1.5. The magnetization in Fig.(d@ is as- when they FeMn was grown in different crystalline orien-
sumed to reverse by rotation and to find the absolute minitations, exchange bias in the NiFe grown on top was ob-
mum energy configuration. The calculation reproduces theerved in every caseThe ratio ofHg to H,, for the FeMn/
steps observed in the epitaxial hard axis loops. As in the caddiFe bilayers was different for the different crystalline
of the polycrystalline bilayers, if we assume the vector mag-orientations, howevet.Features in the magnetization loops
netization sticks in local energy minima and only achievesassociated with uniaxial or cubic anisotropies in addition to
the absolute minimum when its path is unobstructed by arthe unidirectional anisotropy in epitaxial FeMn/NiFe bilayers

a) Absolute Minimum

M/M
(arbitrary units)
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were not reported. Changing the order of NiO/NiFe bilayerthe bias direction. Disorder in the form of a polycrystalline
deposition does not change the crystalline phases of the iflm appears to enhance the loop shift due to stronger pinning
dividual layers, but instead produces changes in growtlof the AF spin configuration. Weaker pinning of the spins in
mode that lead to differences in the exchange anisotropy. the epitaxial NiO layer gives a reduced loop shift and a more
We would like to discuss one final experimental fact wecomplex induced surface anisotropy. Thus, the crystalline
observed in NiO/NiFe bilayers, and that is the large ex-texture and degree of disorder at the interface control the
change bias observed in as-deposited bilayers. Exchange bi#O spin dynamics during the NiFe reversal. We do not
in as-deposited films is also observed in NiFe/FeMn bilayersobserve irreversible NiO spin dynamics during the NiFe re-
Since bilayers are nominally deposited at room temperaturejersal(i.e., there is no training effectOn the contrary, the
one might predict that as-deposited films would not exhibitNiFe reversal is reasonably well described by a rotational
exchange bias until they were heated abdy@nd cooled in  model in a static effective surface anisotropy. The complex
a field. The presence of exchange bias in as-deposited filmmurface anisotropy is consistent with reversible rotational
implies that the temperature of the growing film exce&gs spin dynamics in the AF layer during NiFe reversal.
during the deposition. In order to test this hypothesis, we The model proposed by Mauri indicates that for suffi-
deposited NiO/NiFe bilayers on substrates clamped to a thickiently strong coupling at the FM/AF interface, FM reversal
Cu plate that was cooled te 120 °C. Large loop shiftslg ~ occurs through the formation of a domain wall in the AF
were still observed in these films. It is likely that even whenlayer parallel to the interface. The 180° wall does not anni-
the substrates are cooled from the back side, the energyilate and stores the bias direction information. Although
transported to the film surface by the deposited materiaMauri assumes the AF interface is completely uncompen-
raises the surface temperature of the growing film ablgye sated, his conclusions for strong coupling hold independent
A more effective test of the above hypothesis would be toof the detailed relationship between the AF and FM spins at
employ a low energy NiFe deposition technique such ashe interface. Koon recently showed that the spins at a com-
evaporation in conjunction with substrate cooling. In an allpensated AF interface may through a spin-flop mechanism
metal system such as NiFe/FeMn, where the thermal condueetate perpendicular to the FM alignment directfétKoon’s
tivity is higher, maintaining a film temperature beloly, =~ micromagnetic calculations for strong coupling of this type
during deposition may be more straightforward. confirmed Mauri's analytical solutions and showed that the
Our observations on epitaxial oxide-AF/NiFe exchange-bias direction information can be stored in an 180° domain
coupled bilayers are consistent with the unpublished data ofall parallel to the interface. These models predict a critical
Careyet al. who did extensive characterization of exchangethickness {= 7 VAsr/K e ) for the AF layer that is greater
couples using epitaxial NiO, NiCoO films and NiO/CoO than or equal to the AF domain wall thickness. Experimental
multilayers grown by reactive magnetron sputteffAdhey critical thicknesses, however, are typically an order of mag-
report consistently smalléfic in epitaxial relative to poly- nitude smaller than predicted.
crystalline bilayers deposited under similar conditions. They In general, interfacial roughness, stress and domains in
also observe exchange anisotropy in b¢ifi1l) and (001)  the AF layer are likely to result in competing interactions on
oriented epitaxial bilayers, with consistently larger coercivitythe AF spins at the interface which would produce a disor-
in the (111) relative to the(001) oriented films. Laiet al*®>  dered interfacial spin configuration. Such a picture is consis-
report loop shifts in bilayers with epitaxigd01) and (111)  tent with the one presented by Stoeckletral ** and Schlen-
NiO films grown by metal-organic chemical vapor deposi-ker et al*® who suggest that the frustrated interactions at the
tion (MOCVD). They observe unusually large and nearly AF/F interface may be similar to those in a spin glass. The
isotropic coercivity in both (00D and (111) oriented blocking temperature for AF/F coupled layers is then analo-
MOCVD based bilayer couples, however. van der Zebgl.  gous to the glass transition temperature in a system such as
have experimentally demonstrated the occurrence of excuMn at which temperature the spins freeze into one of
change biasing in compensated epitaxi#00 Fe;O,/CoO  many disordered configurations. At the AF/FM interface,
multilayers® each disordered configuration may produce slightly different
values ofHg. Dynamics in a spin glass occur over a very
V. DISCUSSION broad distribution of time scales, resulting in stretched expo-
nential relaxation ofHg with time*’ Once the interfacial

By definition, exchange bias is an uncompensated interspins are Ioc_ked together, bias direction informqtion can be
action between the antiferromagnetic and ferromagnetic laystored in a disordered analog to the 180° domain wall pro-
ers. It has been well established that the loop shift is strictiy?0Sed by Mauri. Experimental determination of the tempera-
an interfacial phenomena with regard to the Niferomag- ture depe_ndence of the AF critical thlckn_e(amwvalent to
netid layer. The critical thickness in the NiO layer below the AF thickness dependence of the blocking temperatare
which loop shifts are not observed indicates the presence &Pitaxial NiO bias exchange couples may distinguish be-
an intermediate region in the AF layer where the bias direciween these two models through conparison with the tem-
tion is stored in the spin configuration. Our data show thaerature dependence of the AF domain wall thickness.
the interfacial spin configuration in the AF layer is not
strongly influenced by the crystallographic orientation of the
NiO layer. Instead, the indirect influence of the applied field
through alignment of the NiFe layer and the strong NiO/NiFe We have shown that polycrystalline NiO/NiFe bilayers
interfacial interaction together determine the spin arrangeproduce larger loop shifts than epitaxial bilayers deposited
ment in the antiferromagnet interfacial layer and thereforesimultaneously. The data indicate that a larger surface anisot-

VI. CONCLUSIONS



PRB 58 EXCHANGE ANISOTROPY IN EPITAXIAL AND ... 8573

ropy is induced at a polycrystalline relative to an epitaxial ACKNOWLEDGMENTS

interface. The presence of exchange anisotropyOidil)- . .

oriented epitaxial NiO/NiFe layers shows that the interfacial Part of this work was performed under the auspices of the
spin arrangement predicted by the bulk spin structure doeY-S- Department of EnergfdOE) by LLNL under Contract
not determine whether exchange bias is observed. In additigf®: W-7405-ENG-48, and part was supported by DOE's
to the induced surface unidirectional anisotropy, an induced alored Microstructures in Hard Magnets Initiative. L.E.J.
cubic surface anisotropy is needed to consistently model th&#/as supported by DOE'’s Science and Engineering Research
hysteresis loops measured in epitaxial NiO/NiFe bilayersSemester, and Partners in Industry and Education programs.
Hysteresis loops of polycrystalline bilayers are most accu¥Ve would like to thank Matt Carey and Chih-Huang Lai for
rately modeled by an induced surface unidirectional anisothelpful discussions. We thank Y. K. Kim and Quantum Pe-
ropy plus an enhanced uniaxial anisotropy. The induced suripherals Colorado, Inc. for their support during the early
face anisotropies we observe are referenced only to the bigtages of this project. We thank Ron Musket for RBS mea-
field applied during deposition, and are independent of thesurements and Norm Koon for making his results available

NiO crystalline orientation.

to us prior to their publication.

*Now at Seagate Technology, 7801 Computer Avenue South, Min2’M. M. Farztdinov, Usp. Fiz. Naul4, 855 (1964.

neapolis, MN 55435. Electronic address:

Richard_P_Michel@notes.seagate.com.

"Now at Thin Film Department, Mailstop 2U-20, Hewlett Packard,

2lW. L. Roth, Phys. Rev110, 1333(1958.
22\ L. Roth, Phys. Revl11, 772(1958.
27, J. Sievers and M. Tinkham, Phys. R&29, 1566 (1962.

1501 Page Mill Road, Palo Alto, CA 94304. Electronic address:?G_ A. Slack, J. Appl. Phys31, 1571(1960.

chaiken@hpl.hp.com.

Iw. H. Meiklejohn and C. P. Bean, Phys. R&@5 904 (1956.

2A. Yelon, in Physics of Thin Filmsedited by H. Francombe and
R. W. Hoffman(Academic Press, New York, 19¥1

3A. P. Malozemoff J. Appl. Phys63, 3874(1988.

4D. Mauri, H. C. Siegmann, P. S. Bagus, and E. Kay, J. Appl
Phys.62, 3047(1987.

5S. Soeya, T. Imagawa, K. Mitsuoka, and S. Narishige, J. Appl

Phys.76, 5356(1994).

R. Jungblut, R. Coehoorn, M. T. Johnson, J. aan de Stegge, ang

A. Reinders, J. Appl. Phy&5, 6659(1994).

"A. J. Devasahayam and M. H. Kryder, IEEE Trans. Magh.
3820(1995.

83. X. Shen and M. T. Kief, J. Appl. Phy39, 5008(1996.

9p. J. van der Zaag, A. R. Ball, L. F. Feiner, R. M. Wolf, and P. A.
A. van der Heiden, J. Appl. Phyg9, 5103(1996.

0D, H. Han, J. G. Zhu, J. H. Judy, and J. M. Sivertsen, J. Appl
Phys.81, 340(1997).

117, J. Moran, J. M. Gallego, and I. K. Schuller, J. Appl. Ph¥8.
1887(1995.

124, Kanai, K. Yamada, K. Aoshima, and Y. Ohtsuka, IEEE Trans.

Magn. 32, 3368(1996.

25T, R. McGuire and W. A. Crapo, J. Appl. Phya3, 1291(1962.

28\, L. Roth and G. A. Slack, J. Appl. Phy81, 1571(1960.

273, Saito, M. Miura, and K. Kurosawa, J. Phys18; 1513(1980).

2. Chaiken, R. P. Michel, and C. T. Wang, J. Appl. Phys,
4772(19986.

29A. Chaiken, R. P. Michel, and M. A. Wall, Phys. Rev5B, 5518
(1996.

%0R. P. Michel, A. Chaiken, Y. K. Kim, and L. E. Johnson, IEEE

Trans. Magn32, 4651(1996.

Cerac Inc., Milwaukee, WI 53201-1178.

323. M. Florczak and E. D. Dahlberg, Phys. Rev44 9338(1991).

333, ChikazumiPhysics of MagnetisrtWiley, New York, 1964.

34T, Ambrose and C. L. Chien, Appl. Phys. Le5, 1967 (1994.

35B. A. Everitt, D. Wang, and J. M. Daughton, IEEE Trans. Magn.
32, 4657(1996.

36y |. Nikitenko, V. S. Gornakov, L. M. Dedukh, Yu. P. Kabanov,

A. F. Khapikov, A. J. Shapiro, R. D. Shull, A. Chaiken, and R.
P. Michel, J. Appl. Phys83, 6828(1998.

STM. T. Kief, J. Appl. Phys 81, 4981(1997.

%8B, Dieny, J. P. Gavigan, and J. P. Rebouillat, J. Phys.: Condens.
Matter 2, 159(1990.

13T Lin, C. Tsang, R. E. Fontana, and J. K. Howard, IEEE Trans3°B. Dieny and J. P. Gavigan, J. Phys.: Condens. Matet87

Magn. 31, 2585(1995.

14y. Hamakawa, H. Hoshiya, T. Kawabe, Y. Suzuki, R. Arai, K.
Nakamoto, M. Fuyama, and Y. Sugita, IEEE Trans. Magf).
149 (1996.

15p, Ciureanu, irfThin Film Resistive Sensgrsdited by P. Ciure-
anu and S. Middelhoeknstitute of Physics, Philadelphia, PA,
1992.

8¢ -L. Lin, J. M. Sivertsen, and J. H. Judy, IEEE Trans. Magfh.
4091(1995.

7M. J. Carey and A. E. Berkowitz, Appl. Phys. Le@0, 3060
(1992.

18T, J. Moran, Ph.D. thesis, University of California at San Diego,
1995.

193, Nogues, D. Lederman, T. J. Moran, and I. K. Schuller, Phys.

Rev. Lett.76, 4624(1996.

(1990.

40D, H. Han, J. G. Zhu, J. H. Judy, and J. M. Sivertsen, Appl. Phys.
Lett. 70, 664 (1997).

4D, Paccard, C. Schlenker, O. Massenet, R. Montmory, and A.
Yelon, Phys. Status Solidi6, 301 (1966.

2M. 3. Carey, A. E. Berkowitz, J. A. Borchers, and R. W. Erwin,
Phys. Rev. B47, 9952(1993.

43C.-H. Lai, H. Matsuyama, R. L. White, and T. C. Anthony, IEEE
Trans. Magn31, 2609(1995.

4N. C. Koon, Phys. Rev. LetfZ8, 4865(1997).

“SW. Stoecklein, S. S. P. Parkin, and J. C. Scott, Phys. Re38,B
6847(1988.

46C. Schlenker, S. S. P. Parkin, J. C. Scott, and K. Howard, J.

Magn. Magn. Mater54-57, 801 (1986.

4TM. B. Weissman, Rev. Mod. Phys5, 829 (1993.



