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Exchange coupling mechanisms at ferromagnetic/CoO interfaces
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The nature of the interfacial exchange between a ferromag(tetg metal film and an antiferromagnetic
oxide film was investigated in FNB0 nm/CoO(30 nm bilayer films, with the FM materials Fe, Co, Ni,
NiggFe,, and NigCos,. FM materials with a high Ni concentration exhibit reduced values of net unidirectional
interfacial exchange energy densifyiz. Mean-field analysis predicts the variationAer and indicates that the
interfacial coupling occurs via direct exchange between metal atoms. An alternative, possibly coexisting
mechanism involves plausible interfacial chemical reactions.

Exchange anisotropyrefers to phenomena produced by well characterized. However, the techniques to provide de-
the exchange interactions at an interface between ferromaggiled structural and chemical information at an atomic level
netic (FM) and antiferromagnetiéAFM) materials. Cooling about such a buried metal-oxide interface are not as yet well
a thin-film FM/AFM bilayer in a saturating magnetic field developed. This paper reports an investigation of the nature
from a temperaturdl intermediate between the FM Curie Of the interfacial exchange interaction responsible for ex-
temperaturd ¢ and the AFM Nel temperaturdy produces ~change anisotropy which is based on examining the behavior
a unidirectional anisotropy that is manifested as agsin Of He as the composition of the FM film was varied while
torque component and a hysteresis loop displaced along tHgepPing the AFMCoO) film constant. A mean-field analysis
field axis. The loop shift is called the exchange fiéld . emonstrates th.at. the o.bserved. dependenckl obon the
Since this loop shift is equivalent to a bias field on the FM’gcptieor?f V'\:/mcwrpn;;r:tn gg”jf;ggfe‘g't:t2?#2%%5%2”%?532:
AFM f"'T”S. are widely useq to bias FM sensor fllms N MAG- )\t correlates experimentally with a direct exchange mecha-
netoresistive read heads in current high-density informatio

storage systenfsFor this reason, investigation of exchange%sm' This analysis predicts the observed decreasaoin

. . with increasing Ni concentration in the FM. In addition, an
anisotropy phenomena has become an extremely active rgxemative successful model for the dependencafand

see_lrch topi_c. Assuming Heqsenberg exchange across an eRi_(T) with FM composition is developed, based on very
taxial atomically smooth FM/AFM interface, plausible chemical reactions at the metal-oxide interface.
This second model also explains the dependenc&cobn
Ao IS S ;) the FM film at low temperatures. Both mechanisms can be
E " Mewten @Meytey’ (1) operative simultaneously.
A series of films was deposited with the structure
whereAo is the net interfacial exchange energy dengitlgr ~ SiO, (20 nm/FM (30 nm/CoO(30 nm), where FM=Fe, Co,
unit interfacial arep Jey is the interfacial exchange integral, Ni, permalloy (NigFe,p) and Ni;gCos,. The substrates were
S andS; are the spins of the interfacial atonasis the lattice ~ Si(100 wafers with a native amorphous oxide layer2.5
parameter, andMg,, and tg, are the magnetization and nm) which results in polycrystalline films. The films were
thickness of the FM layer, respectively. Observed exchangdeposited at ambient temperature with a rotating substrate
fields, however, are typically less than a few percent of theable (~0.6 Hz. The CoO base layers were reactively dc
values predicted by this ideal interface model wit.athat  sputtered. Standardized deposition conditions were used for
is an average of the FM and AFM exchange integrals. Thighe initial 30 nm CoO layer to insure similar magnetic and
discrepancy is explained by the fact that the operative interstructural properties. Each FM film was dc sputtered from a
facial AFM spins are the uncompensated spins, a small fracsingle target. The substrates were backed by Alnico magnets
tion of all AFM surface spins, as we recently reported forduring deposition to induce an easy axis in the FM. The,SiO
polycrystalline permalloy/CoO hilayefsHowever, the na- layer was rf sputtered from an Si@arget and served as an
ture of the interfacial FM-AFM exchange interaction was noteffective oxidation barrier. The deposition rates werg.7
resolved by that investigation. nm/min for the CoO and-1.5 nm/min for the FM. CoO is
The issue of interface exchange is a formidable probleman fcc type Il AFM with two magnetic sublattices fdr
The metal-oxide interface is expected to have nonbulk prop<Ty=293K. The AFM ordering is characterized by FM
erties, multiphase environments, stress gradients due to sigligned (111) spin planes with adjacent antiparall€l11)
nificant lattice mismatch between oxides and metals, an@lanes. The AFM alignment results from the superexchange
various types of structural defects. These features wouldoupling of the cobalt cations via tipeorbitals of the oxygen
enormously complicate rigorous modeling even if they wereatoms.
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80 TABLE |. Magnetization data of FM30 nm)/CoO (30 nm) bi-
layers.
7~
)
9 L - N oo Bulk Mg A
o) (emu/cg He (Oe) Ao o
:q:) FM T=0K T=50K (erg/lcn®)  Ac(Fe)
L:") 40 Fe 1745 35.0 0.183 1.00
Bo Co 1435 43.5 0.187 1.02
g NissCOsg 974 62.5 0.183 1.00
-E, 20 NigoFeso 893 59.0 0.158 0.86
> Ni 512 67.3 0.103 0.56
=
O 50 100 150 200 250 300 The qualitative similarities oHg(T) for the various FM
materials strongly suggest a common exchange coupling
Temperature (K) mechanism for all films. The values bfz were analyzed to

determine the possible roles of the interfacial exchange pa-
FIG. 1. Temperature dependence B for FM(30 nm/  rameters. Table | lists the values A from Eq. (1) using
CoO(30 nm bilayers for the FM: Ni, NigCoso, NigoFeo Co, and  the measureti (50 K), which is representative of the “pla-
Fe. teau” value.Ao is shown normalized to the value for Fe in
In high-angle x-ray-diffraction measurements of the pi-the last column of Table I. Th&o values for Fe, Co, and

layer films, the CoO diffraction pattern was consistent for allNisoCOso are within 2% of each other, whereas the values for
films as expected, and no evidence for any phases other th&grmalloy and Ni are considerably lowére., the normal-
CoO and the FM was detected. The various FM layers aré&ed values are 86 and 56 %, respectiyelhus, FM mate-
nonepitaxial to the CoO base layer and have different cubit¢ials with the highest concentration of Ni have lower values
structures: fco(Ni, NisCosg, NiggFeyo), bee (Fe), and hcp  of Ao. The model of strong antiferromagnetic interfacial ex-
(Co). Growth by close-packed planes was indicated by theehange by Mauret al® predicts a constant value dfo for
preferred orientations of the FM materials. all FM/CoO bilayers due to the limitation imposed by the
Magnetic measurements were made with an alternatinformation of an interfacial 180° AFM domain wall during
gradient magnetomet¢AGM) and a superconducting quan- the reversal of the FM layer. The observed variatiomof
tum interference devicéSQUID) magnetometer. Room tem- values with the various FM materials, however, suggests a
perature measurements using a calibrated AGM verified thalependence ofAc on the interfacial exchange parameters.
the FM layers exhibited! 5 values within uncertaintya few  The model by Maurket al® predicts a linear dependence of
percent of the published literature valuésThe published Ao on interface coupling for the case of relatively weak in-
Mg values are used in the analysis. The temperature depeterfacial exchange across a flat, uncompensated boundary.
dencies ofHz were obtained from a series of hysteresisThe model by Malozemoffpredicts a weaker dependence on
loops measured using a SQUID magnetometer at temperénterface exchange coupling across a rough interface.
tures ranging from 10 to 320 K after field-cooling from 340  The interfacial exchange integral paramet&rswere de-
K (>[Tnt45K]) to 10 K in a+10 kOe field. The FM easy rived from a mean-field analysis. The interfacial coupling
axis was aligned parallel to the measurement field. The tenbetween the interfacial spir§ andS; was modeled with the
perature above whichg is zero is defined as the blocking assumption of a binary alloy of Co and FM atoms. A mean-
temperature Tp). field analysis was applied to two possible interfacial configu-
Figure 1 shows$d(T) for the FM/CoO bilayer films. The rations, which would exhibit either superexchange or direct
Hg(T) curves for the FM/CoO films are qualitatively similar exchange coupling. In superexchange, the interfacial ex-
and share three common featurés: T,=295+5 K which ~ change between an AFM Co atom and an FM metal atom is
agrees with the bulky of CoO; (i) an intermediate tem- mediated by an oxygen atom (€e0*FM?"). In direct ex-
perature region (200 T=50K) in whichHg(T) is inde- change, the AFM Co atom couples directly to the FM metal
pendentof temperature(a “plateau” feature; and (i) a  atom (Co-FM). In the superexchange case, the interfacial
low-temperature increase 6fg(T<50K). The plateau and spins are AFM aligned; whereas, in the direct exchange case,
low temperature features ¢fz were also observed in iden- the interfacial spins are FM aligned. Several other basic as-
tical temperature regions of the magnetization of the uncomsumptions were usedi) each atom has a specified number
pensated surface spins of CoO layéfhe two features cor- of nearest neighborén) and next-nearest neighbofisnn);
respond to two different interfacial uncompensated CoO spiriii) the minimum number of exchange interactions appropri-
populations. The AFM spins responsible for the plateau feaate to the type of exchange were used to model the system
ture are coupled strongly to the spins in the CoO core and aree.g., the FM environment can be described by a single in-
characterized by large anisotropy fields and a high magnetiteraction effective only between nn atomand (i) all nn
ordering temperature~Ty). The AFM spins responsible and/or nnn across the interface are those of the other inter-
for the low-temperature increase are characterized by modacial component.
erate anisotropy fields and low “freezing” temperatures; We first consider the case of interfacial superexchange. In
thus, we infer that these spins are weakly coupled to the cor€00, the nn and nnn C& ions are, respectively, connected
of the CoO layers. by 90° and 180° FMI"-O?-FM?" paths involving one inter-
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18 T T T T T tive trend for Ao for FM materials with higher Ni concen-
tration; this contrasts strongly with the measured results.

16 Superexchange For the case of direct exchange, mean-field theory utilizes
i g_.—. a single FM exchangé between nn atoms. One firfds
14 e
- —  S(S+1
T2t @
12 Kg

which is the same formulation as for the AFM, wha@igand

S are the average Curie temperature and the average spin of
the interfacial metal composition, respectively. The analo-

Ac/Ac(Fe)

0.8 gous expression foho is
0.6 5 _
0.4 1 1 1 1 1 1 S+1
g 8 & F =z = = . _
ST T The spinS satisfiesu=gugS for the bulk interfacial metal-
E"’ -2“ lic composition. The Curie temperatures and atomic mag-

netic moments of the various FM alloys were obtained from
FM Material the literature’ In Fig. 2,_ the calculated ratiqs afo with
respect toAo (Fe) for direct exchange predict the correct
FIG. 2. Interfacial exchange energy densities for the various FMrend of decreasindo for FM with increasing Ni concen-
materials. The experimental datsolid line) are compared to the  tration. The lower\o values of the FM materials with higher
calculated values for the two interfacial coupling models— Nj concentrations reflect their lower Curie temperatures and
superexchange and direct exchange. For each interface model, tEEin values.
interfacial exchange energy density for each material was normal- The inferred direct metal-metal interfacial bond is some-
ized to the experimental value dfo (Fe). what unexpected for an oxide-metal interface. A local bal-
_ . _ ance in the number of oxygen and metal ions on the oxide
r_nedlate. 3 _on. CoO has_ two ;uperexchange Interac-surface is required to minimize surface energy due to charg-
tions: (i) J; is a weak AFM interaction between nn, afid  ing, so the condition of an oxide free interface between the
J, is a strong AFM interaction between nnn. We assume th&M and the AFM Co atoms is improbable. RHEED analyses
interfacial magnetic structure is also fcc type Il and employof the surfacg111) spin plane of NiO(Ref. 11 and MgO
the bulk analysis for the interfacial atoms. TheeNeempera-  (Ref. 12 indicate a rapid interfacial restructuring, observed
ture (Ty) for a hypothetical material of the interfacial alloy as superstructure in the RHEED pattern, to reduce this elec-

composition would be given By trical charge'® Thus, an oxygen-free direct exchange would
suggest that a fraction of the initial atomic layer of FM atoms

—  S(S+1) becomes incorporated as the upper surface of the AFM layer.
T k—BJz, (2 The result of FM direct exchange coupling at the

CoO-FM interface is in contrast to the interfacial AFM in-
teractions suggested by Noguet al’® in the single-crystal
H%eFZ-Fe system. Nogset al. reported a negative to positive
exchange bias transition with increasing cooling field and
suggested an AFM FefFe interfacial coupling as an expla-
nation. We found, however, that the permalloy/CoO bilayer
films exhibited negative exchange biasing and no depen-
_ dence ofHg on the magnitude of the applied cooling field
S T 3  (50kOe>Hceq>500e) 1 Since a cooling field of 50 Oe is

N* ®) sufficient to magnetically saturate the permalloy layer, the

permalloy is in a single domain state during the field-cooling
— : ; process.

The values F)TTN for_thg AFM oxide alloys vary linearly While direct exchange accounts for the observed variation
with compositiorf, so Ty is equal to the averagey of CoO iy pq. an alternative explanation can be given in terms of
and FM-O.S was calculated by using the stoichiometric av- chemical reactions at the FM-AFM interface. The elevated
erage of the Co" and FM" spin values, as determined by surface temperature caused by the kinetic energy and heat of
neutron diffraction’’ For the cases of interfacial superex- condensation of the sputtered FM films can lead to FM oxi-
change, the upper curve in Fig. 2 shows the calculated ratiogation. Partial oxidation of the FM at the interface has
of Ao normalized to the experimental value &é (Fe). The been seel in 5 Fe Mdssbauer measurements on
high Ty, for NiO relative to CoO results in highdry values  Ni (15 nm/5"Fe(t)/CoO(30 nm for >’Fe thicknesses Osdt
for FM materials with higher Ni concentrations. The interfa- <1.6 nm. These reactions can modify the surface of the CoO
cial AFM coupling configuration predicts an increasing rela-films to provide for better FM-AFM coupling. For F¥Co

whereS is the spin of the interfacial oxide composition. The
nearest-neighbor terms cancel due to the spin structure in t
magnetically ordered state. Solving fty=J,, and substitut-
ing into Eq. (1), the interfacial exchange energy densky
has the form

Ao

S+1
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and Fe, the marked increaseAmr and strong decrease in the uncompensated spins, and, hence, moHiy.

low-temperature rise ikl g are consistent with this model. A In summary, we measured a dependence of the interfacial
variation on this model would note the possibility of a thin energy densityAc on the FM material in FM/CoO bilayer
layer of CqQO, on the surface of the newly formed CoO, due films. The bilayer films with FM materials containing higher
to the ready oxidatioff of the CoO surface in the reactive concentrations of Ni exhibit lower values afr. Two mod-
sputtering gas. Bulk G@®, hasTy=30K," slightly below  els were discussed which predict the observed behavior. In
the observed onset ¢ increase. The thin GO, layer is  one, mean-field calculations account for the variation with a
expected to have a somewhat larger blocking temperaturgodel of a limiting interfacial environment composed of an
than bulk CgO, due to its strong exchange coupling with the 510y of Co and FM metal atoms coupled by direct exchange.
higher Ty CoO, similar to the increase in apparéig for 1 result is contrary to expectations for a metal/oxide in-
Fe;0,/CoO superlatticeS! During subsequent FM film iorace. Despite the large degree of spin compensation of the

deposition, the FM and GO, could react to form monox-  Agw interface, the result of interfacial direct exchange im-

ides. The new monoxide layer would provide a more direClyjias that the net or uncompensated AFM spins responsible
FM-AFM exchange coupling, increasing measutéd and ¢, the unidirectional anisotropy are parallel to the FM spins.

decreasing the low-temperature riseHg . Furthermore, the |, the alternative model, chemical reaction of the FM metal
strongest fractional temperature dependencd fed00K is  5ioms with the top layer of G®, which seems to be

seen for FM=Fe, which is expected sincg FeO exhibits thepresent on the CoO, can be very plausibly associated with
lowestTy (=200 K) of the pure 8l monoxides. The reason e ohserved dependence & with the FM. Both of these
why the film with FM=Ni does not seem to show the inter- achanisms may be present simultaneously, and both em-

face reactivity may be due to the difficulty in forming inter- yhasize the importance of the interfacial species in determin-
mediate Ni-Co spinel¥’ or the relatively low diffusion co- ing the magnitude of the exchange field.

efficients in mixed monoxide¥. Note that the interface
reaction layer might exhibit topographic morphologies dif- This work was supported in part by the NSF-MRSEC
ferent than the underlying CoO film, depending on the parfrogram DMR-9400439 and the ATP Heads Program ad-
ticular reactants. This could change the surface density ahinistered by NSIC.
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