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Single-crystalline model spin valves using single-crystalline Ni(L11) substrates
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The preparation of fully epitaxial spin valves elaborated on (4i®) single crystals, with permalloy
(NiggFey), Co, CagFey and Co/CegFey as pinned layers, is reported. The best results were obtained with
permalloy being the pinned layer. A giant magneto-resistai@®@R) of 3.5% at room temperature was
obtained easily. The detrimental effect of an inter-diffusion at the ferromagnet/NiO interface is shown. The role
of the initial surface preparation in terms of roughness and the magnetic properties of the pinned layer are
discussed. It appeared that a 0.8-nm-thick CoFe layer is an excellent and efficient wetting layer for Co. These
model structures allowed a decoupled investigation of the different parameters although the nearly isotropic
GMR response of these structures makes them also interesting devices. The microstructure and the exchange
coupling were investigated together. At room temperature, the major effect of the exchange coupling on single
crystalline NiQ111) substrates is an inversely proportional behavior of the coercive field of the pinned layer
with respect to the ferromagnetic layer thickness. The effect is discussed with respect to recent models and
understood as resulting from the energy losses in the antiferromagnet because of irreversible losses in the
antiferromagnetic order.
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[. INTRODUCTION sputtered structurgsvery large grain sizes, allows building

The steadily increasing demand on digital storage capadhe whole structure with permalloy (PyNigFe,g). The ef-
ity motivates a great interest in new generations of sensdiect of using other FM layer$Co or CggFe;q) was also
devices allowing increasing the information density. Theinvestigated, although the results are less promising. First,
spin-valve geometry stands as the current commercial reve recall the experimental details before showing the results,
placement for inductive hard-drive read hedds.Many  which will be discussed in the last part of the paper.
studies were performed on various ferromagnetic on antifer-
romagnetic(FM/AF) systems and different layer combina- II. EXPERIMENT
tions were testedan overview can be found in Ref).10ne
of the most promising candidates to play the role of the AF  The NiO(111) substrates were %65x0.5 mn? platelets
pinning layer in spin valves is NiO with thél11) spin-  for the growth of spin valves and 12-mm-diameter waférs
uncompensated polar surfaéteRead heads based on NiO mm thick) for the grazing incidence x-ray diffractiq®IXD)
have proven to possess adequate properties during reatldies. The samples were provided, oriented-@1°, cut
cycles on magnetic medfa’ because NiO is a highly corro- and polished by Crystal GmBKBerlin, Germany. Prior to
sion resistant insulating antiferromagnet and it has a relasutting, the NiO boule was annealed in air at 1850 K for 24
tively high Neel temperaturg520 K). NiO based sensors h in order to recrystallize the bulk structure. After polishing,
may thus be used in hard drive read heads, permanent maie samples were annealed again in air at 1300rK3fb to
netic memories, as well as in harsh environment applicaheal the polishing-induced texture in the surface region. The
tions. Moreover the use of magnetic oxide layers in spinsurface was nexn situ cleaned by a final annealing at 1000
valves to enhance the specular reflecti¥ifihave proven to  Kin O, (10 ° mbay to remove the residual carbon contami-
possess attractive practical properfles. nation. X-ray measurements were then performed in ultra-

However, the magnetic exchange-coupling phenomenohigh vacuum(UHV;base pressure 16° mbap. The cleanli-
making these devices working is still not fully understoodness of the surfaces was checked by Auger electron
and several models were proposed. The successful existirgpectroscopy. Except a tiny Ca signal corresponding to sub-
devices were mostly optimized within an experimental trial/monolayer quantities no other contamination could be iden-
error method, and no model structure was available up tdified after preparation. It was found that the Ca contamina-
now. This may be of particular importance since the interfacdion does not affect at all thp(2x 2) reconstruction of the
regions are usually suspected to play the dominant role. Theurface*>® This procedure yields flat and shiny surfaces
important contribution of the microstructure to the exchangewith mosaic spreads of 0.02°-0.1°. We have shown that
coupling mechanisms was only recognized recently and haggolar NiO(111) single crystals substrates can be prepared and
already motivated a number of studies involving single crys-exhibit a surfacg(2x2) reconstructiot?1’ that heals the
talline AF substrates which includes, e.g., Ga&@),*° diverging Coulomb potential problef.

NiO(100),**%and Fek.'* The alloys films(Py, CagFe,) were prepared by co-

In the present paper we report on the elaboration of modedvaporation using electron-bombarded ré@s, Ni, and Fe,
spin-valves for which the crystalline structure is completely99.99% purity for which the fluxes were adjusted to obtain
known. Interestingly, the enhanced exchange coupling due tthe right composition on the sample. The typical deposition
the single crystal substrate, exhibitifgomparatively to rate was 1 A of alloy per minute and was calibrated using a
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quartz micro-balance. The Cu spacer and Au capping layersnd two current contacgtcurrent in planeCIP) configura-
in the spin-valve sandwich were deposited using effusiortion (injected currenti parallel to the surface plaheThe
cells, @ 1 A per minute deposition rate. All depositions were external magnetic measurement fielflSSwas always in the
performed in UHV conditions. For the pinned ferromagneticsyrface plane and both |ongitudina||Hg'x‘i5) and transverse

layers the growth temperature was varied from study tqj| HTe9 measurements were performed. Indeed, these two
study. The depositions of the Cu spacer, the free ferromagneasurements allow distinguishing the GMR effect from the
netic layer, and the Au capping layer were always performeg|assical magnetoresistandR) signal. For the GMR, the

at room temperatureRT). resistance of the sandwich increases in both césesjitu-

The investigation of the growth mode was performed byginal and transvergevhen passing through the antiparallel
GIXD which is particularly well suited for investigating in- grientation of the magnetization of both layers, while for the
sulating systems since it is insensitive to charge bmld-upMR, the signals measured in both cases are generally re-
Moreover, the probed depth can easily be tuned through thgarsed and of lower amplitude; 0.2%. Moreover, in the
incidence angle. The GIXD experiments were carried out aBMR, plateaus may appear, which is not the case in(kg
the ESRF (European Synchrotron Radiation Facility — signal is peaked For samples annealed in a saturating exter-

Grenoble, Franoe(Ref. 19 on the BM32 beamline. Mea- field, H32!, the GMR measurements generally were per-

surements were performed on the single-crystal surface #rmed such asHMeIH2Y . In the situations where the
_ P P ext exv -

18-keV photon energyhigh enough to avoid fluorescenlce magnetic in-plane anisotropy was investigated the sample

and to have access to large transfer momentum values in the tated in the direction-fixeH™e field. Th |

reciprocal spageand at an incidence angle equal to the criti- vas rotated in he direction-nixetle,; " Mield. The sample
P P ge g magnetic history(if any) will be described from study to

cal angle (0.17°) for total external reflection of the x rays at

that energy, to reduce the scattering from the bulk. Following

study in the next section.
convention, the crystallographic basis vectors for the surface

unit cell describe the triangular lattice of the substrate. They . RESULTS
are related to the bulk basis by +=[110],u/2, bgyrs ¢ ina thin fi h ; hol £ th
—[011]yyd2 andceyi=[ 111py 1. Theh andk indexes are Before growing thin films the surface morphology of the

NiO(111) substrates after the preparation process described
in Sec. Il was checked by atomic force microscdpyM).

dicular momentum transfer. The chosen surface unit cell hagCth @if- and UHV- AFM were perfotmed for samples hav-
Ing a mosaic spread less than 0.1°. The ultimate vertical

a sixfold symmetry; due to the threefold symmetry of theresolution achieved in the contact mode UHV-AFM was

bulk substrate an extra condition was imposed: the surface

unit cell is such oriented to have a NiO Bragg peak at theabOUt 3 A; at that resolution, the surface exhibits flat micron

(1,0, position in the reciprocal space. The reported inte-s’Ized terraces separated by steps of height of few

6 .
grated intensities were obtained through rocking scans anﬁanom?tg.ﬁ' T?e wc;dths_of ;he pgars obs<1a(r)\6ed %ys%g(D
were corrected for monitor, background, polarization, angbU99est diiracting domain Sizes between 10U an nm,
Lorentz factor<o-24 depending on the sample preparation, indicating that the

The x-ray beam was focused on the sample with a med FM-seen terraces might contain some structural defects
sured size of 358 450-um full width at half maximurm(ver- (other than stepswhich limit the coherence length to several

ticalx horizonta). Adequate detector slits were chosen for a”hundreds of nm. As a matter of fact the NI2) single

measurements yielding to an angular acceptance of the dg[ystal_surfaceg We prepare are of high structural and mor-
tector of 0.23%0.23° for all the quantitative scans. More phological quality. The detailed preparation and characteriza-

details concerning the used geometry and diffractometer c jon of our typical NiQ111) surfaces can be found in Refs.

be found in Ref. 25. For all the in plane scans the incidenceSXr;?négj{h starting surface is mandatory for the arowth of
and exit angles were kept equal &g=0.17°. This corre- 9 Y 9

sponds tof =0 inside the material an€i=0.05 r.l.u. of NiO a complete spin valve since all layers must be continuous

. . . : ) and smooth. In particular, it is well known that thickness
outside. The most meaningful regions in reciprocal space

. : . : inhomogeneities in the Cu non-magnetic layer, which may
were systematically investigated: the in-pl h,0] and AN
[h.0.0] ydirections Z\nd the gout-of plane Er?/[r;?al tr]uncation occur because of large defects on the starting surface, may

. . magnetically couple both ferromagnetic layétisrough pin
rods[CTRs Refs. 26 and 37Since the GIXD chemical reso- holeg and prevent the onset of GMR. Much care has thus to

lution IS not able to d'St'ngu'S.h between Ni, Fe., and Cu, hlghbe taken to determine the adequate growth conditions of the
resolution(HR) and energy filteredEF) transmission elec- first (epitaxia) layer
o )

tron microscopyTEM) measurements of cross sections wer
used to complete the structural characterization of the inter-

faces(using an electron microscope: Jeol 3010 La®ork- A. Growth of the ferromagnetic films on NiO(111)
ing at 300-keV-energy The detailed approach allowin , :
drgawing chemical ma%i is described in Iggf. 28. ’ 1. Permalioy film on NiO(111)

The magnetic hysteresis loops were measured using a vi- We have investigated in detail the growth of the Py film at
brating sample magnetomet&SM). The magneto-transport different growth temperatures. At room temperature the Py
properties were obtained through giant magnetoresistanddm has a very poor crystalline structure and is almost dis-
(GMR) measurements in a dc four in-line poiiitao voltage  ordered. High resolution TEM images clearly show Py crys-

chosen to describe the in-plane momentum trarjgferecip-
rocal lattice units(r.l.u.) of the NiQO(111)] and¢ the perpen-
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FIG. 1. Atomic resolution TEM image for a RT prepared Py/ 0012 ii\i;i i
NiO(11)) interface. The film(top) is polycrystalline and the inter- g 2 » J y T 150" o

face is sharp and flat. The N{@QL1) substrate(botton) is of high 0 Py tﬁ?cknessso(,i) 100
quality.

FIG. 3. Evolution of the scattered signal characteristic of the
uncovered[still p(2X2) reconstructefdsurface[the (3/2,0,0)i0
surface peak, filed symbdlsnd the ordered relaxed Py (1,150)

: : . (opened symbojs function of the deposited thickness of Bylease
Direct growth or annealingafter RT growth at very high note the axis bregk Both curves have been normalized. The con-

;c_emgeraturefs:éB(f)O K) (Ijea;ves the dPy ﬂlmk_m afwelll Crx‘stal- tinuous thin line shows the evolution ofg2 % 2) signal due to the
ized state free r.om elects and stacking 1au _ts. .t Such‘:lbsorption in a continuous Py layéabsorption length in Py at
tempgratures the mterface_betwee.n Py and(m is fairly 18 keV=30.56 um, the curve was calculated for an incidence
reactive and Fe deeply diffuses into the NiO substrate tQge of 0.17°). The absorption in the Py layer cannot explain by

form a spinel interface compound. The high oxidation/jiself the attenuation and vanishing of the NiO reconstruction sig-
reduction reactivity of Fe/NiO interfaces has also been repg).

ported in Ref. 13. Bulk Ni-Fe-O spinels are ferrimagnetic

and such a layer could prevent or modify the magnetic couPassing through Bragg peaks which are well separated for
p|ing, making more Comp|ex the understanding of the pheIhe different Stackingthe fcc and the twinned one of the)Py
nomena. Thus the high temperature preparation is not wellhe structural quality is very good over large areas since
suited for preparation of epitaxial spin valves within our ap-GIXD probes areas of the sample of several square millime-
proach. When the growth is performed at 600 K the spinefers. The ratio of the integrated intensities of characteristic
GIXD signal is always very small; the diffusion at the inter- peaks of fcc and twinned-fcc Py structuree., at¢=1.18
face is thus limited to a very few atomic planéss also and{=2X1.18) shows that the film contains less than 5%
checked by TEM of twinned FCC stacking. The increase in intensity of the

The temperature of 600 K appeared to be suitable withiPeaks with respect to the amount of Py deposited shows that
the framework of obtaining an epitaxial spin valve. Figure 2the whole film is single crystalline and epitaxial. The epitax-
shows for such a sample a scan along a transfer momentul@l relationships with respect to the substrate can be deduced
direction perpendicular to the surfadel(18,0¢]), direction ~ from the position of in-plane Py peaks, along fiheh,0] and
[h,0,0] directions and arél11)Py/(111)NiO and[100|Py//
[10QINiO.

While the Py deposition proceeds, the NpQ2x2) re-
construction signal vanishes. Indeed, the divergence of the
electrostatic potential is cancelled by the metallization as
well as by the surface reconstruction, that becomes unneces-
sary when a metallic layer is deposited. The evolution of the
signal of the Ni@111) surface reconstructiofr?’ thus al-
lows one to monitor the coverage by the metallic layer. How-
ever, our data are hardly of any use to determine whether the
reconstruction vanishes as a consequence of a movement of
its atoms or simply by filling of the holes in the reconstruc-
tion with metal(Ni and Fg atoms. The intensity recorded for
the reconstruction signal is roughly proportional to the un-
covered ratio of the surface. In Fig. 3 we show the evolution

FIG. 2. Scan along a perpendicular direction to the surfee ~ Of the (3/2,0,0)i0 reconstruction peak with respect to the
[1,0¢]p, direction, i.e., th§1.18,0{ 1yic), passing through Bragg fjepos_lted thickness of Py) as well as the evolut!qn of.the
peaks of the Py which are separated for the different stadtgng ~ intensity at the (1,1,0),=(1.18,1.18,0);o Py position, its
and twinned-fct. From bottom to top, the Py thickness are: 3, 6, intensity being roughly proportional to the amount of depos-
12, 24, 50, 120, and 200 A; the last situation is the annealed filnited Py that adopts a fcc structuitevinned and not twinned
and was vertically shiftedX 40) for the sake of clarity. No more About 30—40 A are necessary before the reconstruction sig-
twinned fcc structure is present after the annealing. nal vanishes indicating that the initial growth mode of Py is

tallites (Fig. 1). Interestingly, a similar behavior has been
observed for the Co/NiQ11) interface prepared at R¥.

Normalized intensity (arb.units)

£ [r.lu. NiO]
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a Volmer-Webber mode and is followed by coalescence. The
detailed study of the growth mode with respect to the thick-
ness and to the substrate temperature will be reported else-
where.

Most of the samples described here were prepared at rela-
tively high temperatur¢higher than the Nel temperature of
the NiO, Ty=523 K). If not otherwise specified, the samples
were zero field(environment remanent fieldcooled from
their preparation temperature to RT. Even in these condi-
tions, remarkably, for all growth temperatures the Py layer
exhibits a very large coercivity that is at least an order of
magnitude larger than usually expected for Py. Indeed, even
the RT deposited polycrystalline Py layer exhibits a RT mea-
sured coercive fieltH .= 105+ 10 Oe for a 170-A thickness,
without needing to onset the magnetic coupling by cooling
from aboveTy to RT in external magnetic fielprocedure
believed to magnetically couple the FM layer to the AF sub- .
strate by magnetic pinningComparatively, only 0.05 Oe is FIG. 4. AFM image of a 25-A Au/200-A Co/Ni@11) single

expected for a polycrystalline bulk sample and at mostysta| jayer. The height color scale is 50 nm. The NiO substrate is
10-20 Oe for an uncoupled single crystalline Py lafs®e | visible.

Sec. lll B 1). The large increase of the coercivity of the Py

layer deposited on single crystalline NI1) is due to the  {imes the incident Co thickness. Such a layer is thus not
gxchange coupling' mechanism described.before 'and Sugge%equate at all for spin valves building.

its use as magnetically haiginned layer in a spin valve. From the magnetism point of view we observed again
The magnetic energyobtained from the coercivilyat the g6 coercivities of the Co laye?.For the Co/NiQ111)
interface is as large adpy/nio(single crystal=0.12 mInt  interfaces much attention was paid to the magnetic history of
and will be discussed in Sec. IV B. Although this approachihe samples. The investigated preparation methods included
may be somewhat crude it allows comparing quantitativelycy deposition under magnetic field at temperatures below
the exchange coupled interfaces. The present observationgq aboveT\(NiO) as well as post-preparation annealing of

lead to the idea that preparing fully Py-based spin-valve deg,qo sample at 650 K, i.e., abovy(NiO) and with aHS?!

vices on single crystalline NiQ11) substrates must be pos- _ 1 y e that was maintained during cooling to RT. Inter-
sible by exploiting the reproducible increase of coercivity

that h | t not b ted in detail up t h estingly, the increase in coercivity was independent of the
tha tﬁs ?mos n$ eert1 rﬁpglr eh 'rlt ctai :Jp 0 r;]qf\;v, I\r/la agnetic history of the sample. The well-crystallized

an tne less easily controliable hysteresis ioop shitt. i Ore'samples show almost square hysteresis loops and Co acts as
over, the increase of the coercive field is not sample histor

. e % harder(magnetically pinnedlayer. The magnetic proper-
dependent and appeared to be a”;;?St |so|_t|rggmatlons ties of samples prepared above 600 K have been investigated

with respect to the angle betweed,; and He,i” remain s\ with respect to the measurement temperathie.
below 15%. increases with decreasing temperature and below 150K
samples annealed in the external magnetic figlse ex-

2. Co on NiO(111) change field appears and has a similar behavior than
with a maximum of 135 Oe at 50 K. These features undoubt-
edly confirm the onset of classical exchange coupling be-
tween the Co islands and the antiferromagnetic (YD)

Using a similar GIXD approach we have previously
showrf® that the growth of Co on NiQ111) single crystals

has some similarities with the growth of Py/NIL1). For a substrate at low temperatures. Measurements for different Co
substrate held at room temperature the growth is nearly po'%_hicknessest(;o) in the 14—23 nm range for samples pre-

crystalline and improves with increasing substrate tempera- . -

ture. Above 500 K the Co film is fully crystallized with many Pared at 800 K showed againkitc, law and no hyster-
stacking faults. Increasing even more the substrate temperﬁ-s'§ loop S.h'ft at room tempgr_atLﬁgeOur interfacial mag-
ture during Co growth allows reaching perfect epitaxial fcchetic energiegbased on c_oerCIVItvyJ=1.27 mJ/rd are again

Co even for thick layers 20 nm without HCP or twinned nearly an order of magnitude Iar_ger than those obtained for
fcc contributions. However, Co exhibits a strong Volmer- SPuttered systemsJ¢0.11 mJ/r in Ref. 30.

Weber growth modéFig. 4); even at 20-nm thickness large .
Co islands were observed by atomic force microscopy and 3. Cogeqg on NIO(111)

the substrate is sometimes still visible. The three- Since epitaxial Ni on Ni@L1l) single crystals forms
dimensional growth of Co was further quantitatively investi- island$’ and permalloy grows more layer wise, we tried to
gated by small angle x-ray scattering experiments performeimprove the Co growth by addition of Fe to obtain smoother
in situin the 1—-30-A thickness range.”A0.7 sticking coef- and high coercive pinned layers. The growth of;E@,
ficient at 600 K was obtained and the actual diaméter layers on Ni@111) single crystals was investigated by
spectively height of the islands was~4 (respectively 2  GIXD. Interestingly, CgyFe;, adopts a body centered cubic

014416-4



SINGLE-CRYSTALLINE MODEL SPIN VALVES USING . .. PHYSICAL REVIEW B8, 014416 (2003

layer is thus very poor compared to Py and Co. The details of
the growth studies will be reported elsewhere.

The coercivity of the CgFe, film grown at 650 K
and zero field cooled is increased to about 400 Oe for a
100-A-thick film which makes possible its use as a pinned
layer in spin valves. The interfacial energy amoud¢gre

e -
o <
1 1

Normalized intensity (arb.units)
g
1

04 ~3 T—550 K =0.64 mJ/m in this case. However, for films of very poor
— = . . .

§\§ crystalline quality(grown at low temperatujeand for diffuse

02- interfaces (growth above 700 K the magnetic coupling
\;F\\“ﬁ could not be observed and the interfacial energy reduces to

0o * {— 0.1 mJ/n% which is close to the value for a completely un-

/S S S A coupled film. We could thus effectively combine the wetting

Co, Fe,, thickness (4) due to Fe with the high coercivity of the Co layer.

FIG. 5. Evolution of thep(2X2) NiO reconstruction signal vs.
the thickness of the GgFe,q layer, for two deposition temperatures: B. Spin valves
550 K and 650 K.
1. PYNiO(111) based spin valves

(bco crystalline structure which allows investigating the ef- 'The fIatnessf of _the different surfaces and |n.t(.'-:rfaces na
spin-valve device is a known mandatory condition for ob-

fect of the crystal structure on the growth and magnetic prOp'Eaining a spin valve with usable GMR. For our first Py layer

erties with respect to the grovvth temperature. Agam thPthis condition is fulfilled whatever the growth temperature is.
growth temperature strongly influences the crystalline quaIWe will now show that the control of the morphology of the

ity of the obtained film: the higher the temperature, the bettef; . aver is not sufficient to obtain spin valves. For all stud-

the crystalline quality and the smoother the film. Figure Sigs reported in this section the initial NiDL1) single crystals
shows that at 650 K thicknesses in the nanometer range ajfere 5¢5 mn? platelets of 0.5-mm thickness and had a

enough to completely remove the surface reconstruction sigy g5° mosaic spready 1500 A domain size ane=500 A
nal indicating a continuous epitaxial layer. terrace size.

For the growth at 650 K in plane and out of the surface
plane GIXD scans show the presence of textured(bEb0)
epitaxy and fcc((111) epitaxy crystalline structures. How- ) .
ever, the bcc structure is of very poor qualigbout 20° | A sample(#6 in Table ) for which all Iaye.rs were depos-
in-plane mosaicityand preferentially align dense crystallo- t€d at RT on the substrate showed a classical MR-6f2%

graphic directions parallel to thé100] direction of the 2and only one VSM hysteresis loop with a coercive field

NiO(111) surface. HR-TEM images show the presence of ﬁ;;griialrg (r?gt. (-jr(:](‘:eoitpr)lljec;utr)?/ itshgoéﬁ zf)iz;r\]c\é?lve since the FM

arains (Fig. © and & e ioiacil aye o ik _ 1" e o undertand what mechanim prevens the et
ness. The overall crystalline quality of the Ggrero alloy ing a continuous rough metallic layer with the presence of
well defined islandgFig. 7, top left image Only EF-TEM
investigations allowed understanding the chemical morphol-
ogy of the systeni{Fig. 7). From the chemical distribution
maps(Cu, Ni, Fe it appeared that although the Py layer in
contact with NiO was quite flat, the deposited Cu forms is-
lands on it. The sample is thus mainly made of a pinned
170-A-thick Py layer with Cu inclusions. The observed co-
ercive field is consistent with the total thickness of the Py
and the 1, evolution of the coercivity that will be dis-
cussed in Secs. llIB1 d and IV B.

Additional HR-TEM cross section images showed that Cu
grows mainly with a fcd111) structure and preferentially on
the (111 Py crystallites. This is consistent with the lower
surface energy of Gall) compared to other orientations.
Interestingly, the second Py layer seems to wet well the Cu
surface whatever the morphologlyig. 7). Thus, within our
preparation conditions, getting a well defined epitaxial spin

FIG. 6. Atomic resolution TEM image of the GgFe,yNiO(111) valve stacking reduces to make the first Py layer looking like
interface prepared at 650 K. The image shows the presence of &(111) single crystal surface. The control of only the mor-
spinel layer at the CoFe/NiO interface position, due to Fe diffusionphology of the pinned Py layer was thus not a sufficient
into the NiO substrate. criterion in this system.

a. Room temperature prepared layers
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TABLE I. (Fully epitaxia) Py based spin valves using Nil11) single crystalline substrates (##6).
The preparation condition$SP indicates the standard preparation described at in fi; Y@n additionalin
situ O?~ etching of the substrate,(870 K) an additional air annealing of Ni®@11) at 970 K), the substrate
temperaturel during film growth and measured characteristics of the sandwiches and their different layers
are given as well as RT measured coercivities of Py films deposited on NiO single crystals (#7 —#10). The
effective compositions were cross checked by chemical dosing.

tpinned tspacer liree Hcpinned H¢ free GMR (%) Remarks

Py(A) cu(A) Py(A) Py(Og Py(Oe
#1 100 50 100 180 35 35 SPO?7); T=580 K
#2 60 30 80 260 75 2.4-3.1 SP=580 K
#3 130 45 85 130 30 2.5-3.0 SP=580 K
#4 100 50 100 150 35 2.25 SED?7)&A (970 K); T=580 K
#5 60 35 60 330 45 3-35 SRO?7)&A (970 K); T=580 K
#6 70 45 100 105 105 no GMR SP=room temperature
#7 155 - - 95 - - SPT=560 K
#8 200 - - 85 - - SPT=650 K; film annealed at 800 K
#92 308 - - 44 - - SPT=650 K
#10 115 - - 105 - - SPT=600 K

#The reported value forl . (measured value, 180 Q& corrected with respect to the actual composition of
Nige-3Fe€y- 3 Using Ref. 35.

b. First Py layer deposited at 600 K

A deposition temperature of 600 K for the first Py layer layers were RT depo_sited. Prior to _deposition the su_bstrate
ensures a good crystallinity and an almost sharp interfacaas etched with & ions for 20 minutes at 2ke\(drain
Moreover this temperature is above the NiOeN&empera-

ture and the large Py magnetic susceptibility let expect dletails in Sec. llIB 1 d. The thicknesses were chosen to
single magnetic domain structure for Py during the coolavoid GMR cancellation and must thus be understood as not

down to RT and in turn the occurrence of an exchange fieldptimized with respect to the GMR based sensors but realis-
He. A 25 A Au/100 A Py/50 A Cu/100 A Py/NiQ11)

substrate

growth direction

FIG. 7. EF-TEM images taken at the Ni, Fe and ICy; edges anc : NPIs
of sample #6 in Table I. The two Py layers can be distinguished ashow defect free epitaxial layers and a sharp NiFe/NiO in-
well as the nucleation of the Cu cluster layer between them. Théerface. It is thus reasonable to attribute the coercive field

very thin continuous Cu film shows that the first Py layer is flat.

sample(#1 in Table ) was built on such a Py layer. All other

current~10 pA), this preparation will be discussed in more

tic within the growth of a model epitaxial spin valve. Let us
first discuss the magnetic properties.

The VSM hysteresis loops were measured from 300 K
down to 15 K(Fig. 8). Two individual loops can be fairly
well distinguished even at R[Fig. 8@)] indicating almost
no magnetic coupling between the Py layers i.e. almost no
pin-holes in the Cu layer. As expected, the pinned Py layer
acts as the hard magnetic layer and the top uncoupled Py
layer as the soft sensing layer. Clearly, the center of gravity
of the wider loop is shifted at 15 K with respect to the nar-
rower loop (sensing layer, smalH.) due to the unidirec-
tional exchange coupling with exchange fieltk which
yields measurable values below 10J Kig. 8b)]. Although
no additional annealing under an external magnetic field was
done the magnetic exchange coupling appears naturally in
our samples more likely due to our preparation conditions
(deposition above the NiO N&temperature The coercivity
of the pinned layer increases with decreasing temperature,
showing that all its magnetic properties are strongly affected
by the NiO substratéFig. 8b)], whereas the coercivity of
the free Py layer remains constant40 Og. Compared to
sputtered Py films:32for which H, values in the 1-10-Oe
range were reported, thé. values of our free Py layers are
quite high. HR-TEM and EF-TEM images of such samples

enhancement of the free Py layer to magneto-crystalline con-
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the overall properties of our spin valve are almost sample

FIG. 8. (a) VSM hysteresis loops measured at 300 ®)(and  history independentas long as diffusion was prevenjed
15 K (thick line) for a fully epitaxial 25 A Au/100 A Py/50 A
Cu/100 A Py/Ni@i111) spin valve.(b) He (@) andH, (A) of the c. Thermal stability of the Py based spin valves

inned Py layer anti (O) of the f Py | Lt ture. .
P yiay ((©) of the free Py layer vs. temperature We have next used our model spin valves to tackle the

tribution to the magnetic anisotropy although we cannot toimportant question of the thermal stability of the structure
tally exclude an enhancement of the coercivity by an orang@nd of the magnetic properties. Annealing of exchange
peel effect that could be induced by the particular morpholcoupled layers at a temperature between the AF substrate
ogy of the NiQ111) surface. Neel temperaturé520 K for NiO) and the FM layer Curie
The different behaviors of the coercivity of both Py layerstemperature followed by a cooling to RT under a saturating
combined with the results from the RT grown sample unam+magnetic external field is believed to generate or incréhse
biguously show that the free Py layer is neither pinned by thdecause of the magnetic polarization of the FM l&§éef.A
NiO substrate nor coupled to the pinned Py by pin-holes. Theample similar to the previous one has been annealed at 700
magnetoresistance measurements were performed at RT kafor 10 minutes, then cooled down to RT under a magnetic
the CIP geometryFig. 9b)] for transverse and longitudinal field of 2.1 kOe. Surprisingly after this treatment both, the
GMR. The GMR equals to about 3.5% at the maximum andsGMR responsd2%) and theH value for the pinned layer,
its variation along the top plateau is limited to 14% of thewere found to decrease. TEM cross sections were used to
maximal value(i.e., 0.5% in the scale of Fig. 9bThe ob- understand the change of the magnetic prope(tées 10.
tained device thus has all the magnetic features of an opera- Remarkably, all the layers are epitaxial and on the atomic
tional spin-valve sensor but is based on the pinned layeresolution TEM imagdFig. 10a)] no defect can be found.
coercive field increase and not on the exchange field that i§he successive layers can be distinguished in the HR-TEM
negligible in our samples at RT. In Fig. 9 the correspondencémage and the interfaces between the different metallic layers
between the GMR and VSM measurements appears clearlgemain all chemically sharp. To the contrary, the Py/NiO
The characteristic magnetic properties of each film are verynterface becomes wavpecause of the induced strain due to
similar in both measurements, confirming again the absendee diffusion and diffuse: a spinel-like compound &f10-A
of pin-holes. We shall conclude that the Cu spacer does thickness, already observed by GIXD for high temperature
very good magnetic decoupling of both Py layers. Moreoveigrowth and/or annealing, appears after the 700 K annealing
the effect was stable during magnetic cycling at 50 Hz andf the complete spin valve. The EF-TEM measurements
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FIG. 11. The VSM measured coercivity, of the pinned Py
FIG. 10. (a) HR-TEM image with atomic resolution for a fully |ayer is represented versus the inverse of its thickness, 1for
epitaxial 25 A Au/100 A Py/50 A Cu/100 A Py/Ni@11) spin valve different compositionéchecked by chemical etchingrhe coercivi-
after annealing at 700 K for 10 miKb), and(c) EF-TEM chemical  ties were corrected with respect to the composition and correspond-
maps at the CiL, 3 and NiL, ; edges. White contrast indicates the jng magnetic permeabilityRef. 35. The dotted line is a linear fit
presence of the investigated element. Hc=f(1/tp,) = (15837.6-1899) Oe: A X 1ftp,+(4.3+16.6) Oe.
Even if large error bars are present the offdmilk coercivity has
[chemical maps of all present elements, Figstokand _ €87 B L Teat R L ar e were evimated
1O(C?] allowed quahtlfylng the concentration prqflle acrossof about 10% for the thickness aynd 10-25 Oe for the coercivity.
the interface showing a Rre; ,O, compound with Kx
<2. Details on the analysis of such diffuse interfaces can be ) )
found in Ref. 28. The formation of this compound degrades The effect of the thickness of the pinned Py layats,
the properties of the spin valve. Several reasons may be if¥as also investigated. Figure 11 shows th.e coerC|v!ty of the
voked: (i) the ferrimagnetic interfacial spinéince stoichio- ~ Pinned Py layer for all samples of TableH is proportional
metric bulk trevorit (NiFg0,) is known to be ferrimagnetic 10 1Apy. Even for films as thick as 100 A of Py the coerciv-
may be less well magnetically coupled to NiO than Ri; 1Y iS enhanced to values of several hundreds of Oe that
the interfacial compound may limit the volume of NiO that tyPically correspond to the values reported for Co based
participates in the coupling; ardi) the wavy interface may SPuttered spin valve8:***"And indeed, the interfacial en-
limit the efficiency of the specular reflectivity of electrons €r9y J(J=Mstp H., whereMs is the spontaneous magneti-
that may then lose their polarization after reflection. In anyzation of bulk Py: 800 mJ/f) is of the same order of mag-
case, it appears that our spin valves are chemically stable Uptude as for sputtered Co/NiO interfag®$Jpynio(Single
to 600 K but not above. crysta)=0.12 mJ/m vs Jegnio(Sputtered0.11 mJ/nd].
Hence, from a magnetic point of view a single crystalline
Py/NiO interface is worth a sputtered Co/NI21) one and
thus, our Py layers can be used as pinned hard magnetic
In order to understand the influence of different param-ayers in fully epitaxial spin valves
eters on the exchange coupling phenomenon and on the Due to the smaller Cu thickness used for sample #2, both
properties of epitaxial spin valves a set of samples was preRy layers are not completely magnetically decouptéd:of
pared(Table ) in different growth conditions. Different and the free Py layer is 75 Oe which is about twice larger than
well characterized initial substrate states were used. Higkthe value obtained for the other systems. The GMR signal is
temperaturg1550 K) air annealed surfaces show a small Caidentical to the one of sample #3 showing that the gain in
contamination and smooth surfaces? Oetching before  GMR due to thinner layerginned, free and space’-4§
deposition leads to rough and clean surfaces, a subsequdiegbmpare #4 and #5 for examplis lost by the presence of
annealing at moderate temperat(®@0 K) in air, heals(par-  pin holes in the spacer layer. Thus for our Py based spin
tially) the surface roughnedd:!” Whatever the substrate valves the minimal Cu spacer thickness has to be 30-35 A.
preparation method all samples show an increade ofvith Except the initial roughness, samples #1 and #4 are identi-
respect to the un-coupled film and nonzéte at low tem-  cal. Interestingly, a rough NiO substrdtél) leads to better
peratures T<100 K). A similar behavior has been observed defined structures and magnetic properties i.e. a squarer
for epitaxial Co islands deposited on single crystallineGMR response signdFig. 12. The coercive field strengths
NiO(111) surface€?® confirming that the present magnetic are alike but the GMR signal is significantly larger. It is
phenomena are related to the exchange coupling and not tikely that the roughening of the NiO surface following the
the onset of interfacial compounds. oxygen etching increases the nucleation density of the Py on

d. Sample preparation and effect of the Py thickness
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. . FIG. 13. GMR signal measured in transverse geometry for the
FIG. 12. GMR loops in transverse CIP geometiy K7y ! oo .
) . all-Co and CggF etting layer epitaxial spin valves.
measured for samples using a rough NiO surface (#1 square re- 8o™€70 WETING ayer epitaxial spin valv

sponse with plateaus: filled squaresmd a clean and flat NiO sub-
strate (#4 peaked response: open ciicles Most of the CqgFe;g based spin valves do not show GMR
signal. The reason is mainly the morphology of the pinned

the surface, leading thus to a flatter Py film. This might thenlayer. The formation of individual large bcc alloy grai¥sg.

in turn, influence the efficiency of the Cu layer as space®) leads, albeit the good surface wetting, to a very rough
through an improved wettincompare samples #2 a#d). layer. The GMR remains generally essentially zero. Even if
For the GMR response too, a higher nucleation density fosome GMR might existas for sample #13), pinholes may
magnetic domains during the magnetization reversal allowbe present since thd, of the free layer is large. Moreover
understanding the beneficial contribution from substratdor the CggyFe,g layer the surface preparation plays a major
roughening. In summary, our preparation methods can yieldole, an G~ etching(sample #14) improves drastically the
in a reproducible manner, GMR values around 3% for spirmagnetic couplingicompare to sample #13) because of a
valves fully based on Py. The best substrate is a rough O petter initial wetting but the GMR degrades mainly because
etched Ni@111) sing_le crystal surface. A Iarge thickness the roughness of the Ggre, layer increases. Obviously, the
(50-130 A for the pinned layefto get a continuous il omhology and the poor crystalline quality of the ey,

and Cu films thicker than 35 AFig. 10 are required, limit- layer make it a poor candidate as pinned magnetic layer with
ing thus the maximal GMR values. The exchange coupling, . nrenaration methods. The quality of the magnetic cou-

e;<h|b|ts f'_f\ng_| fe?:]urtes(l) below 13”]) dK a un!d|retct|on ext- pling appeared to be much more sensitive to surface prepa-
change fieldH that increases with decreasing temperature, i " s oo o py,

and (i) a strong and almost in-plane isotropic enhancement The improved wetting of the NiO substrate due to the

of the coercive fieldd = 1/tp, at RT. The RT functioning of resen f Ee is an interesting property that we have tried t
our spin valves is based on the increase in the valué.dbr presence ot e IS a eresting property that we have tred to
the pinned FM. use in Cq/NlQl_lD based spin valves. We have prep_ared
an epitaxial spin valve using Co as pinned layer with a
_ _ 8-A-thick CoygFe, wetting layer on a Ni@Q111) single crys-
2. CINIO(111) based spin-valves tal (sample %32) .OThe preparation conditions were kept iden-
The characteristics of the most interesting Co/fil)  tical with respect to sample #11 except the incorporation of
spin valves are reported in Table Il. Because of the strongl@.1% Cu in the top Co layer in order to render it magneti-
3D (islandg growth mode of Co on NiQl1l), attempts to cally softer. The result is remarkabl&ig. 13, the GMR
produce spin valves with 100 and 200 A of Co as pinnedncreases from 0.4% to 1.5% although the coercivity of the
layer failed. Only using 300-A Cdgsample #11) a GMR pinned layer is reduced by about 25% because of the pres-
response could be obtained and it is as small as 0.4%.  ence of the interfacial alloy. Thus a thin &Be; layer is an

TABLE Il. Co and CqgFe;, based spin valves using N{@L1) single crystalline substrates.

tpinned tspacer ttree H. pinned  H. free GMR (%) Remarks
A) Cu(A) A) (0® (Oe (see Table)l
#11 Ca300 50 Cq300 370 330 0.4 SP; (©); T=650 K
#12 CgoFesy(8)+Co(292 50 (Co+0.1% Cy(300 270 60 1.5 SP(027); T=650 K
#13 CagFe(100) 50 Py(100) 140 70 0.5 SPT=680 K
#14 CaFe(100) 50 Py(100) 450 40 0.2 SP; (&); T=680 K
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excellent wetting layer that is able to improve the overalltribute to theH,. increase here. The second phenomenon

properties of the spin valves. yields theH .ty behavior that we obtained experimentally
on Co and Py films deposited on single crystalline NiQl).
IV. DISCUSSION In the light of this modéf we may quantify our results.

Since the Py films have well defined thicknes&H3 growth
we focus on them. From thlelcoct;yl law we can extract a
When Co and Ni are deposited on Ni1), they exhibit ~ NiO domain-wall energyr of 0.22 mJ/nf at RT. Its value is
a strong three-dimension&D) growth mode, with forma- of the expected order of magnitude for the weak six-fold
tion of metallic islands on the surfadas shown in Fig. #  anisotropy of the easyl1l) plane. This value is about 3
The addition of Fe to these metals allows a very good wettimes larger than previous measuremé&tit&but it has al-
ting of the surface and the growth appeared to improve a loteady been recognized that this energy increases with in-
as far as wetting is considered. From another point of viewgreasing NiO crystal qualit{ Since our samples proved to
growing the alloys above 600 K leads to a diffuse interfacebe of singleT domain with multipleS domainé® and have
which is detrimental to thél. and GMR effect. The chemi- very small mosaic spreads, our value may be closer to the
cal composition of the diffuse layer is £gNi,0,.2% Since  NiO intrinsic domain-wall energy of the eagy1l) plane.
the enthalpy of formation of NIQAG(NiO) = —13.36 UA| Importantly, ouro value indicates that rotation of the spins
is larger than that of R®, [AG(Fe;0,)=—19.02 UA] it  outsides the(111) plane can be excludeths long as the
seems clear that the improved wetting is due to the thermomagnetic field is applied in the sample plared thus con-
dynamically favorable formation of the Fe oxide rather thantributions from the more anisotropic directions to the ex-
to any more subtle surfactant or surface energy effect. Howehange coupling phenomenon. Note that within this mecha-
ever the final effect is a better growth of the alloys and maynism the AF domain wall deeply~<2 um, Ref. 45 extends
be transposed to sputtered spin valves. in the NiO crystal. An intermediate situation was obtained
for Py films deposited on single crystalline Ni@1) (Ref.
B. Exchange coupling for single crystalline 11)_were the observed d_omain—wall_ energy includes contri-
FM/NIO(11) interfaces butions from the magnetic hard axis and in turn Igrg@'
) o ] values and an interface ener¢fy.08 mJ/nf) that lies in be-
Our present studies of epitaxial spin valves allow one tqyeen our result$0.12 mJ/n?) and the value for sputtered
draw some interesting conclusions about the exchange CoWio |ayers (0.03 mJ/n?). The observation of large interfa-
pling mechanism itself. For all our films that are exchangegja| energies is another confirmation that the model given in
coupled we observe a very large and reproducible increase @fef 44 applies well to our single crystalline interfaces.
the coercivity, which can neither be completely attributed 0 F.om the onset temperature Bf-, knowing o, we ex-
the single crystalline structure of the layers nor to some iny,oct 2 EM/AF domain area of (5307 A2 which matches
terface compound nor to dead magnetic layérEhe addi- _the typical terrace sizémeasured by AFMof the NiQ(111)
tional magnetic energy is thus essentially due to the couplingiqje crystal substrates confirming that interface defects
mechamsm_ apd Justl_ﬁes the use l8f in the evaluation of praak the in-plane exchange coupling and not only grain
the magnetic interfacial enerdy at least in order to compare ), ndaries. Across any of these defects the magnetization

our interfaces. o _ directions of the AF spins are uncorrelated, which is the main
Whereas the exchange field in FM/AF interfaces has beeﬁssumption in the model of Stiles and McMich&:0ur

investigated thoroughly over decades tgincrease due to  opservations indicate that during cycling the external mag-
exchange coupling has attracted attention only recently alaetic field, because of the large interface energies, the mag-
though splitéze[gd samples have also shgwn, even modestlyetization of the FM layer drags the magnetization of large
th'ﬁgfe‘f ““"*The model of Zhangt al:™ suggests &.  AF yvolumes, as a consequence of the deep extension of the
*tey - law at low temperature derived from the statistically gomain-wall inside NiO. The result is the observed increased
fluctuating energy of the pinned FM domain walls in an ex-H . values because of the energy losses in the AF due to
ternal magnetic field. Since we investigated Higbehavior jrreversible transitions of the AF order in the grains. We can
with respect tdgy at room temperature it seems not surpris-now draw a more general picture of the magnetic exchange

ing that this model does not account well for our results. Thesoupling at FM/AF interfaces. The phenomenon obviously
Hcoct;h}, behavior has been foreseen in a model proposeflas two competing feature:

recently by Stiles and McMichaét. These authors consid- (1) A net interfacial magnetization leading to the ex-
ered polycrystalline FM/AF interfaces and evaluatedithe change fieldHg ; the AF has a finite magnetic domain size
increase due to the FM layer because of inhomogeneous costructure and in each domain the FM layer receives a statis-
pling to the AF and energy losses in the AF due to irreverstically net field inducing the exchange bias by the random
ible transitions of the antiferromagnetic order in the AF interaction first proposed by Malozeméff*® LargeHg val-
grains. The first phenomenon leads tbi@pct;,ﬁ law at law  ues require large AF domain-wall energies and thus large
temperatures that requires a contribution from intergranulain-plane magnetic anisotropies but the acti# value
exchange coupling in the ferromagnetic film. Since our Costrongly depends on the magnetic history of the sample.
films are made of single crystalline islands, our Py films are (2) An increased coercive fielt, for the pinned FM
almost defect free and the measurement temperature we uskger because of the energy losses in the AF when the mag-
(RT) was already relatively high, this first effect cannot con-netization of the AF is dragged by the FM one. This effect is

A. Wetting effect of Fe
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not dependent on the magnetic history of the sample and ifhe large shunting in the metallic layer. However, here we
enhanced when the interfacial energy is large, the AFhave a model system for which the influence of different
domain-wall energy is smalleading to deep domain-walls parameters can be controlled and studied.

and the defect free in-plane FM/AF contact area size is large. We have shown that the overall magnetic properties of our

The studies reported here almost ideally illustrate the sed?y/NiO spin valves may be compared with sputtered Co/NiO
ond case. Smaller grain sizes in the FM layer can only reducbased spin valve¥. Several major differences may be high-
the coercive field increase because of the<t 2 (Ref. 49 lighted: (i) we use Py as soft and hard magnetic layie)ithe
or H ot 32 (Ref. 43 contributions arising from the mag- complete structure is fully epitaxia(ii) we use much larger
netic interaction between FM grains. Smaller grain sizes irCu layer thickness limiting thus the problems due to pin-hole
the AF should contribute to a limitation of this effect too, but formation; and(iv) in the present case the resulting GMR is
may also lead to additional in-plane anisotropies and in turrisotropic andno annealing under a magnetic field is neces-
larger Hg values. This point is confirmed by the results of sary to produce a functioning devicgVithin a production
Michel,}* who reported a largeti for a polycrystalline film  process these features might be less stringent than the usual
(66 Oe compared to an epitaxial on@6 Oe that had a devices, except for the use of single crystalline substrates.
larger coercivity. For Py on single crystalline CAQ1) an The achieved GMR is quite large, considering the nonop-
He (respectivelyH,) increase(respectively decreasevith  timized thickness. Moreover, sizes for GMR sensors pre-
respect to decreasing interface quality was also obséfved.pared by sputtering for industrial applications are typically of
Interestingly, single crystalline interfaces build on surfacesseveral square microh$>’ in the case of the epitaxial spin
with the NiO (111) planes perpendicular to the interface valves on Ni@111) single crystals substrates X% mnt
should cancel théd. increase but since the pure AF spin size of the samp)e we ensured a good homogeneity and
planes will then be perpendicular to the FM lays may be  quality of the layers on a mm length-scéatistance between
cancelled too. A single crystalline AF substrate with purepoints in GMR measurementst is very likely that the pres-
spin planes parallel to the surface having a large in-planence of defects at large length scajen{ terraces and nm
unidirectional magnetic anisotropy should correspond to theteps on AFM imaggsdecrease the macroscopically mea-
almost ideal first case. All other situations should than haveured GMR signal. The reported values must thus be under-
properties in between both ideal cases. Assessing this lastood as lower limit.
assumption requires further experimental work.

The largeH. is now understood as part of the exchange
coupling and is related to the good crystalline quality of both
the epitaxigl film and the substrate. It ha; the major advan- e have shown that fully epitaxial spin valves with the
tage to be independent of the magnetic history of the samplgesired magnetoresistive properties can be prepared and that
and is the basic phenomenon used in our spin-valves.  they have at least similar properties to sputtered devices. The
preparation conditions are reported in detail. The best results
were obtained using Py as a magnetically pinned layer. We
have shown that for molecular beam epitary prepared sand-

Since sputtered Py layers only exhibit a modest increaswiches, the flatness and the crystallographic structure of the
of the coercivity and almost no shift of the hysteresis loop, itpinned Py layer have to be controlled to reach an operational
is not possible to directly compare our spin valves with simi-device. Even if the first layer is quite flat, a poor crystallo-
lar ones made by sputtering. However, our results compargraphic quality leads to preferential nucleation of spacer
well with the typical properties of Co based spin val¥®s. clusters instead of a continuous layer preventing the decou-
Their typical structure is 100-A Co or Py/35-A Gli6-34 A pling of the magnetic layers. The best results are obtained
Co/300 A NiO/Si. They have square response, maximaWwithin a compromise between the crystalline structure
GMR about 10% and coercive fields in the 100-400 Oe rangégrowth temperature just below the onset of diffusion, 600
(depending on the Co thickngsand about 5 Oe for the K) and the surface roughne&he GMR signal is better for

V. CONCLUSION

C. Spin valves

pinned Co and free Py layer respectively. oxygen etched surfacekeading to single-crystalline epitax-
Considering the thick layers we deposited, our 3.5%ial layers and good magnetic properties.
GMR is a rather big value. A simple calculatfSrshows that When NiQ(11)) single crystalline substrates are used, an

with optimized thicknesg40—-50-A pinned layer and 25— increase of an order of magnitude of the coercivity of ferro-
30-A Cu spacera 15-20 % GMR response might be magnetic layers in contact with the substrate is obtained.
achieved. Unfortunately it means also that the NiO surfacdhis effect is intrinsically part of the exchange coupling and
should be flat over square millimeters. This target seems na¢ linked to the cooperative rotatiofbecause of the large
obvious at all with single crystals and would need furtherinterfacial energy of the ferromagnetic and antiferromag-
improvements in surface quality. Keeping in mind that ournetic domains during magnetization reversal. We have
structures are model spin valves, it is only important thatshown, by comparison with recent models, that the coercive
they exhibit the right GMR effect in order to understand thefield increase is driven by the irreversible transitions in the
role of each interface. Their optimization in terms of GMR AF domain structure of NiO. The interfacial energy for
response was thus not a goal in the present studies. single crystalline Py layers on Ni®@11) equals that of Co/
The very large thickness of the used Py layers makes thilliO interfaces prepared by sputtering enabling the use of Py
system not suitable for an applicatimeading devicedue to  as hard and soft magnetic layers when the substrate is a
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single crystal. The corresponding effect for sputtered Py/NiGion; and (vi) the very important role of the coercivity in-
interfaces(if any) is much smaller. crease which is completely linked to the crystalline quality in
For these spin valves the respective role of each interfacthe exchange coupling phenomenon.

can be investigated in detail. In particular, our model spin-
valves that are fully characterized enabled us to highlight
some important pointgi) the detrimental effect of interfacial
diffusion of Fe into NiO on the GMR amplituddji) the B. Dieny is acknowledged for fruitful discussions, S. Auf-
minimal Cu thickness of 35 A, necessary to decouple thdret for support during the magnetic measurements, Y. Sam-
ferromagnetic layersf{iii) the increase of the GMR for son for the AFM measurements, G. Renaud for help during
etched surfacegjv) the very large exchange coupling ener-the early GIXD experiments, and M. Noblet for technical
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