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Strong exchange bias by a single layer of independent antiferromagnetic grains:
The CoO)Co model system
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CoOI/Co bilayers with only 20 A thin CoO reveal an extremely strong exchange bias characterized by
magnetic hysteresis loops of rectangular shape and an ideal dependence on Co layer thickness. Quantitative
information on important structural and magnetic parameters are given including the exact lateral size and
shape of the fine grains constituting the films and a characteristic temperature dependence of the exchange bias.
The high coupling energy originates from a single dense layer of independent antiferromagnetic grains in
connection with a large number of uncompensated spins in the CoO.
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One of the striking discoveries in magnetism made morentroducedin situ oxidation method using a controlled expo-
than 40 years ago during the study of surface oxidized parsure of high-purity oxygen gas at low partial pressugzan-
ticles of cobalt was the observation of hysteresis loops subring tunneling microscopySTM) images were carried o
stantially shifted away from zero fiefdThe loop shift was ~situ by a commercial Omicron instrument. Magnetic mea-
attributed to exchange coupling at the interface of the ferrosurements were made with a Quantum Design superconduct-
magnetic(FM) and antiferromagneti¢tAFM) materials. The ing guantum interference device magnetometer. &ositu
phenomenon was therefore termed exchange anisotropy Bfvestigations the samples were capped with 40 A of Au.
exchange bia¢EB). Since then a great variety of AFM/FM ~ Pure Co layers deposited on H/Si(11}1 substrates are
systems with different AFM and FM materials have beenSOft magnetic exhibiting corcivities of 20—-30 Oe orifyig.
found to exhibit the EB effect.These systems have been 1(@]- Their magnetizatioM in magnetic fields up to 1500

studied with a large number of experimental techniques, an{f® amounts approximately 5% less than the magnetization

several theories have been put forward to describe the phys‘i’—iven for bulk Co(1440 emu/crfy. The magnetic behavior

. . of Co layers drastically changes if they are covered by AFM
cal properties. Hoyvever, a complete u_nder_stan_dmg_ Of. th(Etoo [Fig. 1(b)]. CoO/Co hilayers exhibit a very strong EB
underlying interfacial coupling mechanism is still missing effect which considerably varies with Co layer thickness.
and a quantitatively satisfactory model for a specific

/ h b q The coercivities for decreasing and increasing external fields,
AFM/FM system has not been reported up to now. _Hca andHcp, behave very differentlylHc,| continuously
The most widely studied type of EB systems are thingecreases with increasing Co thickness whetdas fea-

AFM/FM films. One fundamental problem in analyzing the {,res an almost constant value betweeB0 Oe and zero
observed effects is to accurately determine the structure anghq. Using the formulaHg=|Hca+Hcp|/2 the strength of
morphology at the AFM/FM interface. These propertiesine effect can quantitatively be described by the EB field
strongly depend on the preparation methods which includgy_ . For a Co layer of 164 A thicknesBl¢ is as large as 460
sputter deposition of AFM materials, metal evaporation in aQe.

reactive gas atmosphere, or oxidation after metal film The dependence dfiz on inverse Co layer thickness is
depositior? In this paper, we present a detailed analysis of
CoO/Co bilayers prepared liy situ oxidation® This particu-

lar AFM/FM system exhibits an extraordinarily strong EB g le e ,

which will be shown to originate from independent grains ' 4 4 -

with an extremely small AFM thickness. Quantitative infor- g )

mation on the most relevant structural and magnetic param- £ 2 1Hen |{[|Heo CoOfCof

eters will also be provided. g o oL NI \J  bitayers
Long-range ordered, ideally hydrogen terminated g Co thickness:

H/Si(111)1X1 substrates were preparegk situ by wet 2 2 P2 J——164A ¢

chemical treatment and subsequently introduced into an ul- g 4 b 4] ——194A

trahigh vacuum(UHV) apparatus with a base pressure in the & Pure ?Z(;a;'e’ —t—— 22:2

low 10~ °-mbar rangé’.Aﬁer cleanliness and crystalline ori- '61'5 T 0_°0_.5 - 1~5 451-5 — o_vo_s .

entation of substrate surfaces had been checked by Auger Magnetic field (kOe) Magnetic field (kOe)

electron spectroscopyAES) and low-energy electron dif-
fraction (LEED) Co films with lateral dimensions of 4 FIG. 1. Magnetic hysteresis loops &t=10K for (a) a pure
X 4 mn? were deposited by molecular-beam epitdd4BE)  180-A Co layer andb) 20-A CoO/Co bilayers with increasing Co
at a low rate of 1—2 A/min. Film thickness was monitored by thickness(164, 194, 224, and 254)4performed after cooling in a
a water-cooled quartz microbalance. CoO/Co bilayers with dield H®°°= + 4000 Oe fromT=320K. The loops start with a
constant CoO thickneg20 A) were obtained by a recently positive external field of = + 1500 Oe.
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FIG. 2. (8) Exchange bias fieldHg as function of inverse Co ©
100

layer thickness obtained for 20-A CoO/Co bilayers with different
Co thickness(b) Exchange bias fielthg as a function of tempera-
ture T from 10 to 300 K for a 20-A Co0O/164-A Co bilayer. The

400
solid line is a fit to the datésee texk Position (A)

summarized in Fig. @). The data reveal an inverse propor-  fg. 3. (a) Bottom: Topographic STM image of a pure 180-A
tionality between the strength of the EB and the thickness of |ayer deposited on a HIGL1) 1x 1 substrate at room tempera-
the FM layer which convincingly demonstrates that EB is anyre (U=+0.1V and1=1.0nA). The size of the image is 460
interfacial effect. An inverse behavior has been foundx 670A. (b) Top: Typical height profile along a straight line (a.
for many systems studied, but in most cases only roufilh|y-The lowest point at the right has arbitrarily been chosen as zero.
In the present case the experimentally found relation be-
tweenHg and Co thickness shows only minor deviationsdense with only small areas reaching down to underlying
from a linear dependence. Using the product of the EB fieldyrains(black areas That is, the top of the Co films can be
He, the magnetizationMs and the Co thicknesslg, considered as a single dense layer of Co grains with a typical
HeXMgXdco, as a lower limit for the interfacial energy we lateral diameter of 10810 A. The MBE grown Co films are
obtain a value of 1.080.03 erg/cr (at T=10K). This is  characterized by a fine grain structure with an extremely nar-
one of the highest values ever reached in EB sysfehfie  row distribution of lateral grain size. It should be noted that
extraordinary strength of the coupling is further emphasizedhe height difference between the highéstite) and the
by the fact that the FM magnetization reverses into the bilowest (blackl areas amounts only 24 A. A characteristic
ased(cooling field direction for oppositely directed external height profile of the Co film surfacgFig. 3(b)] proves that
fields which is evidenced by the negative values of the coerheight variations along the surface and therefore also along
civity Hep. the interface are relatively smooth. From the top to the edge
Furthermore, it should be noted that the hysteresis loopf each island where it usually touches neighboring islands
maintains the same typical rectangular shape throughout thtee height difference amounts gn8 A on average. Height
whole FM thickness range considered here. Similar behaviovariations between separated Co grains and island height
only exists for AFM/FM bilayers containing soft magnetic profiles at low coverages performed by the authors indicate a
materials such as permalldy.A closer inspection of the height of the grains of only 20 A although a higher value
loops depicted in Fig.(b) provides interesting details of the cannot be excluded.
underlying magnetic reversal mechanisms. For decreasing As already mentioned above the present CoO/Co bilayers
fields, the magnetization remains in saturation up to relaare prepared by a controlled situ exposure of clean metal
tively high coercivitiesH, before a sudden reversal takes layers to an extremely small amount of pure oxygen gas.
place. Contrary to this, the return to the remanent state fofhe thickness of the CoO obtained by this method has accu-
increasing fields leads to rounded edges of the hysteresiately been determined to 20%R° STM imaging of the sur-
loop. The occurrence of asymmetric reversal mechanisms fdace of such a 20-A CoO/Co bilayer reveals no apparent
decreasing and increasing fields has been found experimenhanges of surface morphology compared to the pure Co
tally for several EB systems and has also been addressdalyer (apart from the necessary change of the tunneling pa-
theoretically>=® The presently observed behavior resemblegameters Thus it can be concluded that the CoO film con-
results from a simple one-dimensional model for EB basedists of a single dense layer of small grains which originate
on domain-wall formation in the AFM.Roughly speaking, from the oxidation of the top layer of Co grains in the pure
the asymmetric reversal is interpreted by an irreversible jumgilm.
of the magnetization in one direction opposed to a small According to a sophisticated model for EB very recently
region of reversible rotation in the other. put forward by Stiles and McMichaésM),” ! the FM layer
Figure 3 shows ain situ STM image of the surface of a is suggested to interact with independent AFM grains. In this
180-A-thick Co layer which is representative for all films model each grain is assumed to be in a single AFM state and
considered in this letter. Obviously, room-temperature depot is assumed to be small enough not to break into domains.
sition yields roundly or slightly elliptically shaped Co is- Rotation of the FM magnetization winds up partial domain
lands. Most of the islands closely touch each other but do nawalls in the AFM grains due to the interfacial coupling of the
coalesce into a flat, uniform film. However, the film is very AFM spins at the interface. Although this interpretation of
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the magnetic behavior for thinner Co films. The second cycle
proceeds with a drastic reduction idf; 5 to only —2200 Oe
(compared to—4900 Oe for the first logpand an overall
mode which rather resembles a hard axis reversal of an
uniaxial FM film. Referring to the results obtained for larger

(@

1.01

20 A Co0O/44 A Co

—v—1.cycle _ Co thickness(Figs. 1 and 2 where the producHgxXMg
—a— 2. cycle Xdcp andHepa X MgX dego, respectively leads to a constant
8 6 4 -2 0 2 4 6 8 value magnetization reversal would be expected at a coerciv-
1.1 . . ity Hca~—3300 Oe. Contrary to this, the reversal starts at

considerably lower fields and extends over a wide field
— range. This type of behavior can be observed for a thickness

vvvvvvvvvvvvvvvvvvvvvvvvvvvvv

Magnetic moment (10* Emu)

POy T PP e LT below the critical value otiSh '~80A. It reveals that be-
oo 20 A CoO/da A Co | yond exchange coupling and domain-wall formation thick-
—v—1.cydle ness dependent properties of thin FM films are of crucial
—a—2. cycle importance for the observation of ideal EB. The critical be-
s 5 7 : havior may be explained by a change in the type of reversal
Magnetic Field (kOe) ‘ mechanism which has already been predicted by a micro-

magnetic theory for certain bilayer systems in the ultrathin
FIG. 4. () Two magnetic hysteresis cycles for a 20-A CoO/ film regime.13
44-A Co bilayer performed immediately after each other at a tem- More importantly, the data obtained for low Co thickness

peratureT=10K after cooling in a field4°°%'= +4000 Oe from (| )\~ 0\ 2 vitative information about the interfacial ex-
T=320K. (b) Detail of (a) for external fields betweer5000 and PPy 4

+8000 Oe inside the dashed border line(a. Arrows mark the Chan_ge. According to the data !n Fig(b# which shows a .
direction of the two branche@increasing or decreasingf the hys- ~ detail of the complete hysteresis loops, the total magnetic
teresis loop(solid for the first cycle, dashed for the sechnd moment at high positive external fields is reduced by ap-
proximately 3.5<10 ®emu due to the performance of the
the EB effect appears to be particularly appropriate for thdirst hysteresis cycle. Thus it can be concluded that the 20-A
small sized CoO grains described above, the data present&@b0O/44-A Co bilayer in its initially strongly biased state
so far do not provide evidence for the proposed mechanisrpossesses a moment along the axis of unidirectional anisot-
of domain-wall formation. Therefore it is necessary to con-ropy which is considerably higher than in its unbiased state
sider other characteristic physical properties. One of these which is more or less already reached after one hysteresis
the temperature dependence of the EB. cycle has been performed. Because the magnetization of the
The behavior ofHg in the range from 10 to 300 K is Co layer is in saturation at external fields as high as 8000 Oe,
shown in Fig. 2b). The data can accurately be modeled by athe observed difference in moment of .20 ° emu/cm 2
linear falloff proportional to (- T/Tg)". The fitting ofHz ~ has to be attributed to uncompensated spins in the CoO
=Hgo(1—T/Tg)" results inHg;=4900e,Tg=175K, and  which correspond to approximately half a monoatomic layer
n=1.06 [solid line in Fig. Zb)]. EB vanishes above the of bulk CoO assuming a moment of &8 for each C8"
blocking temperatur@g= 175 K which is far below the & ion.!*
temperatureTly of bulk CoO(Ty=293K). The linear tem- The experimental finding of a high density of uncompen-
perature dependence bfz with n~1 can theoretically be sated spins in the CoO is similar to the determination of
reproduced by assuming a cubic anisotropy for the AFMabout 0.8 monolayer of uncompensated Fe moments in
material*> However, it can also be explained by the SM FeMn/Co bilayers by x-ray dichroismsuggesting that this
model without symmetry restrictior$:the experimental fact property is in common with other AFM/FM systems. Fol-
that EB occurs below a temperatufg~35Ty is quantita- lowing an ideal interface model which relies on Heisenberg
tively explained by thermal instabilities of the AFM state in exchange across an epitaxial atomically smooth AFM/FM
grains smaller than a certain size. interface the density of uncompensated spins determined for
Figure 4a) shows two magnetic hysteresis cycles per-the CoO/Co system would lead to EB fields which are more
formed one after the other for a 20-A CoO/44-A Co bilayer.than one order of magnitude higher than the experimentally
For the first loop, magnetization reversal with decreasingbserved values. It can therefore be concluded that even if a
fields starts at-2000 Oe and covers a comparatively wide high density of uncompensated AFM spins exists the EB
range up to fields higher tharn5000 Oe. For increasing effect cannot quantitatively be explained by an ideal inter-
fields, the range in which reversal takes place even expandtice model. This is consistent with the assumption, that the
More importantly, large external fieldsH¢p) have to be interfacial energy is rather determined by partial domain-
applied to achieve a complete magnetization reversal backall formation in the AFM graing:"***?The present results
into the positive direction. This is completely different from are at variance with the interpretation of experiments using
the behavior observed for thicker Co filfBig. 1(b)] where  sputter deposited CoO as AFM material. In this study, it has
the backward transition occurs spontaneously at low negativeeen found that the spins responsible for the uncompensated
or zero fields. Obviously, already the first magnetization re-AFM moment constitute only about 1% of the spins in a
versal into the negative field direction substantially changegnonoatomic layer of Coé
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In conclusion, with the present CoO/Co bilayers we haveAFM grains to be responsible for the experimentally ob-
found an AFM/FM system exhibiting remarkably simple served EB"'! The present CoO/Co system provides a model
characteristics of the magnetic behavior and an extraordinasystem for studying EB within the large class of granular or
ily strong EB effect. The most relevant physical parametergolycrystalline AFM/FM bilayers. A unique advantage for
responsible for EB have also been determined: The AFMheoretical analysis is the simple structure of the fine CoO
consists of a single dense layer of small roundly shapegrains with an extremely narrow distribution of lateral size
grains with a typical lateral diameter of 18A0A and an and a CoO thickness corresponding to only about 8—9 Co
average CoO thickness of approximately 20 A. In the EBlayers.
state half a monoatomic layer of uncompensated spins can be
attributed to the AFM. These results and a characteristic tem-
perature dependence of the EB strongly support the forma- Discussions with W. D. Brewer, M. Prandolini, M. Gier-
tion of partial domain walls or spin twisting in independent lings, and P. Jensen are gratefully acknowledged.
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