PHYSICAL REVIEW B 66, 014431 (2002

Domain state model for exchange bias. Il. Experiments

J. Keller, P. Miltenyi, B. Beschoterf, and G. Gutherodt
2.Physikalisches Institut, RWTH Aachen, 52056 Aachen, Germany

U. Nowak' and K. D. Usadel
Theoretische Tieftemperaturphysik, Gerhard-Mercator-Univer&taisburg, 47048 Duisburg, Germany

(Received 15 August 2001; published 17 July 2002

The exchange bias coupling at ferro-/antiferromagnetic interfaces of epitaxially grown Co/CoO bilayers can
be intentionally enhanced and controlled by diluting the antiferromagnetic CoO layer, i.e., by introdlicing
nonmagnetic substitutions (€oMg,O) or (i) Co deficiencies (Ca ,0). All intentional nonmagnetic cations
or defects were placed away from the interface throughout the whole volume part of the antiferromagnetic
layer. This way the roughness at the Co/Co0 interface was kept practically the same. For both types of defects,
the exchange bias field can be increased by a factor of 3 to 4. Hence, exchange bias is primarily not due to
roughness at the interface but rather can be controlled by the defects in the volume part of the antiferromag-
netic layer. We systematically investigate the dilution dependence of various phenomena of exchange bias,
such as the vertical magnetization shift of the hysteresis loop, temperature dependence, training effect, cooling
field dependence, and antiferromagnetic layer thickness dependence. All these phenomena are directly com-
pared to results from Monte Carlo simulations and are shown to be consistently described by the domain state
model for exchange bias. The combined experimental and theoretical findings suggest that the origin of
exchange bias in Co/CoO results from a domain state in the volume part of the antiferromagnet stabilized by
the defects.

DOI: 10.1103/PhysRevB.66.014431 PACS nuni®er75.70.Cn, 75.70.Kw, 75.30.Gw, 75.50.Lk
I. INTRODUCTION These uncompensated moments cause and control exchange
bias.

Direct exchange coupling at the interface between a fer- The “domain state”(DS) model gives a description of
romagnetigdFM) and an antiferromagneti®&FM) layer may  exchange bias, which is supported by Monte CaNC)
result in exchange biasing, which induces an unidirectionasimulations”” The model links the physics of diluted
anisotropy of the FM layer. The unidirectional anisotropy antiferromagnets in an external fie(Refs. 8 and 9to the
causes a shift of the hysteresis loop along the magnetic fieldoupling mechanisms of exchange-coupled magnetic layers.
axis. The magnitude of the field shift is called the exchange Malozemoff has already pointed out the relevance of
bias (EB) field Bgg. Usually, the EB shift occurs after cool- AFM domains for the exchange bias effect due to interface
ing the system with a saturated FM layer below theeNe roughness?'2In the DS model, however, the stabilization
temperature of the AFM layer or by layer deposition in anof AFM domains is not due to interfacial roughness, but
external magnetic field. Despite four decades of researctather induced and stabilized by the existence of volume de-
since its discovery’ and the commercially available mag- fects in the AFM layer. Indeed, it appears reasonable to as-
netic sensor device the microscopic understanding of the sume that any deviation from a perfect AFM crystalline
EB effect is still not fully established. structure (disorder in the AFM layer such as defects, or

In a recent papétrwe reported on EB studies in Co/CoO grain or twin boundaries, can favor the formation of mag-
bilayers as a function of volume defects in the antiferromagnetic domains and by that affect the EB coupling. Here, non-
net. Of particular importance in this study was the observamagnetic volume defect&ilution) in the antiferromagnet
tion that nonmagnetic defects in the volume of the AFMwere chosen since the degree of dilution can easily and re-
layer can enhance the exchange bias by a factor of up to ®roducibly be adjusted during sample deposition by the AFM
The nonmagnetic defectglilution) in CoO were realized in  stoichiometry.
two ways:(i) by overoxidizing CoO leading to Co deficien-  The magnetic linear dichroism effect in soft-x-ray absorp-
cies in Cq_,0 or (i) by substituting nonmagnetic Mg ions tion has recently been used to probe as well as to image the
for magnetic Co in Cp_,Mg,O. For all samples investigated domains and the structure in AFM film&-1® This spectros-

a 0.4-nm-thick CoO layer with minimum defect concentra-copy technique has also been employed to image both FM
tion was placed at the interface. Therefore, in these systensd AFM domains in FM/AFM exchange-coupled
the observed EB is primarily not due to disorder or defects asystems.’~?°These domains have been shown to be coincid-
the interface. Rather, the strong dependence of the EB fielthg and give evidence of EB coupling on a local scale.

on the dilution of the AFM layer was concluded to have its In the present paper we systematically investigate a vari-
origin in the formation of a domain state in the volume of theety of the most characteristic EB phenomena for both
AFM layer. This domain state gives rise to a small but sig-Co/Cq _,Mg,O and Co/Ce_,0 bilayer systems as a func-
nificant excess of magnetic moments at the FM/AFM inter-tion of dilution. These phenomena include, besides EB field
face, which is irreversible under FM magnetization reversaland coercivity field, the shape and vertical shift of the hys-
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teresis loops, the temperature dependence of the EB field, the Two additional sets of samples were prepared to study the

training effect, the cooling field dependence, and the deperdependence of EB on the AFM layer thickness. For these

dence of the EB on the AFM layer thickness. Each of thesesamples the AFM interface layer was similarly prepared as

phenomena as a function of dilution is directly compareddescribed above, although this time we did not deposit the

with results from MC simulations and discussed within theinitial 0.4-nm-thick CoO layer. The AFM layer thickness was

DS model, which is shown to provide a consistent descripvaried between 1 nm and 50 nm. The two sets of samples

tion of the origin of EB as well as of a variety of related were prepared with loWp(O,) =3.3x 10" ' mbar and with

phenomena. intermediate[p(0,) =5% 10" ® mbar oxygen pressure dur-
The paper is organized as follows. The following sectioning evaporation. All thicknesses and the roughness of the

describes the sample preparation by molecular-beam epitaxdifferent layers were controlled by a calibrated quartz mi-

(MBE). In Sec. lll the dilution dependence of the structuralcrobalance anéx situatomic force microscopy, respectively.

properties is investigated by reflection high-energy electron

diffraction (RHEED), high-angle x-ray diffraction, and

atomic force microscopy. Typical EB phenomena are pre- ll. STRUCTURAL PROPERTIES

sented in Sec. IV. For easier comparison, these effects are o

discussed in exactly the same order as in the preceding the- All samples were characterized situ by RHEED and

oretical part of the papérFinally, we conclude in the last oW energy electron diffractiofLEED). The RHEED pat-
section. terns of the substrate and of the different layers of which the

samples consist are depicted in Fige)+1(d). The left pan-
els show the diffraction patterns for the electron beam inci-
dent parallel to thg1120] direction (0°) of the (0001)-

The samples were prepared (9001)-oriented sapphire oriented sapphire substrate and the right panels for the beam
substrates in a MBE chamber. Prior to film deposition theparallel to thg 1010] direction (30°). The spot separation in
substrates were heatedTe=775 K for 1 h inorder to out- the RHEED image of the sapphire substrate in the 30° direc-
gas the substrate holder and then cooled to the Co growtiion [Fig. 1(a), right pane] is about,/3 times the spot sepa-
temperature o c,=575 K. The layered sample structure is ration in the 0° directioniFig. 1(a), left panel. This is con-
schematically illustrated in the inset of FigaBbelow. First,  sistent with the hexagonal surface symmetry of the sapphire
a 6-nm-thick Co layer was deposited by electron-bean{0001) substraté! For a 6-nm-thick Co layer on the sapphire
evaporation at a rate of 0.2 nm/min, which was subsequentlgubstrate in Fig. (b) the same ratio is found but the two
annealed at a temperature D&775 K for 10 min. There- directions are interchanged. From this we conclude that Co
after, a 0.4-nm-thick CoO layer was deposited for all samplegrows epitaxially in either fc¢111) or in hcp (0001 orien-
at a substrate temperature Bf,e=350 K and an oxygen tation, which only differ in their so-called ABAB or
pressure op(0,)=3.3x10" ' mbar with a rate of 0.3 nm/ ABCABC stacking order along the surface norriaAddi-
min. Note that the RHEED pattertsee Sec. Il of the Co tional LEED investigationgnot shown reveal clearly the
layer completely disappears after initially exposing the Cocorresponding sixfold symmetry.
layer to an oxygen pressure @(0O,)=3.3x10"’ mbar RHEED images of the 20-nm-thick 0,0 layers are
prior to CoO deposition. This demonstrates that the Co/CoQhown in Fig. 1c) and Xd) grown at oxygen pressures of
interface is created over the entire Co layer even before dgp(0,)=3.3x10 "’ mbar and 1.6 10 ° mbar, respec-
positing the 0.4 nm CoO interface layer, which then ensuresively. All diffraction patterns from the AFM layers show a
a continuous and homogeneous CoO layer at the FM/AFMransmission image, i.e., diffraction from a rough surface
interface. This procedure leads to practically identical FM/with islands?? In order to explain the observed RHEED pat-
AFM interfaces for all samples investigated at the lowestterns a(111) orientation of fcc Ce_,O is assumed. The cal-
possible interface defect concentration, independent of theulated diffraction patterns are shown in Fige)l The filled
dilution of the following 20-nm-thick AFM layer. circles represent the reciprocal lattice points of the undiluted

On top of this CoO interface layer two different sets of CoO fcc lattice.
diluted antiferromagnetic layers were deposited. In a first set In the 0° direction, the calculated pattern of filled circles
of samples CoO was diluted with nonmagnetic MgO forming[Fig. 1(e)] fits to the RHEED image of the Go,O layer
Co,_4Mg,0. Co and MgO were coevaporated in an oxygenprepared at low oxygen pressyiéig. 1(c), left panel]. For
atmosphere op(0,)=3.3x10 ' mbar at a substrate tem- the samples prepared at higher oxygen pressures, additional
perature ofT =350 K and a deposition rate of 0.3 nm/ diffraction spotgopen circles in Figs. (&) and 1f)] appear
min. The Mg concentration was varied between0 andx  at half the distance between the filled circles showing an
=1, while the AFM layer thickness was kept constant at 20additional structure with approximately twice the lattice con-
nm. For a second set of samples, nonmagnetic defects wesgant in real space. We believe that these additional spots are
realized by overoxidation of CoO yielding Co-deficient due to the formation of G®, upon dilution, which is also
Co, 0. The Co deficiency was controlled by varying the consistent with results from x-ray diffractigaee below. We
oxygen pressure during evaporation betwa#i©,)=3.3 conclude that almost defect-free CoO is deposited at low
X107 mbar and 1.&10 ° mbar, while growth tempera- oxygen pressure[p(0,)=3.3x10 ' mbar, while for
ture, growth rate, and AFM layer thickness were all identicalhigher oxygen pressures Co-deficient; CgO is formed. To
to the first set of samples. further investigate the formation of the additional phase with

II. SAMPLE PREPARATION
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FIG. 2. (a) Line scan of the RHEED image shown in Figd},
left panel, for a Co_,O layer prepared atp(O,)=1.0
X10°°% mbar. (b) Dilution dependence of intensity ratio between
the additional (0,1/2) spot for overoxidized £qO and the (0,1)

. . - - . . . . reflections for the CoO fcc structure.
(e)| - - . e e o . .
......... Stocoectocle pressure as seen in Fig(b2 This supports the notion that
G in G wE ® B @ e®o0® 000" the number of volume defects in the AFM layer can be con-
trolled by the oxygen pressure during deposition, i.e., the
s e e e . . . . . . number of defects is continuously increasing with increasing
[ | « = = = - T I oxygen pressure.
s o e o eo e o 8T58°38%68°us s We now discuss the RHEED patterns along the 30° direc-
C et e oo tibicistsscsatas tion in Fig. 1 (right panel$. The calculated RHEED pattern

in Fig. 1(e) does not reproduce the double spot structures as

FIG. 1. RHEED images of th@) (0001)-oriented sapphire sub- Observed for all oxygen concentratiofsee Figs. (c) and
strate, (b) 6-nm Co layer on sapphire, and two 20-nm;CgO 1(d), right panel$ In order to explain these diffraction pat-
layers prepared afc) p(0,)=3.3x10" 7 mbar and at(d) p(O,) terns, we furthermore have to assume that GO grows in
=1.0x10"° mbar on a 6-nm-thick Co layefe) and(f): Simulated  a twinned structure where crystallites are oriented 60° rela-
reflections of the diffraction patterns of €90 (111); (e) without tive to each otheflcompare Fig. @) with Figs. 1c) and Xd),
twins and(f) with 60° in-plane twins. Only solid dots fuffill the right panel§. Similar to the 0° direction the undiluted
diffraction condition for the CoO fcc lattice. The two vertical panels sample[Fig. 1(c)] only shows reflections from a CoO fcc
show the patterns for 0° and 30° in-plane orientation of the incidenfattice, while the diluted samples also show reflections from
electron beam relative to the sapphifel20] axis. the defect phase.

The main experimental features of the RHEED investiga-
increasing oxygen pressure, we analyze the evolution of thiéon of the Cq_,O layers are(i) the number of defects in
RHEED intensity of the (0,1/2) spgbpen circles in Figs. Co,_,0 continuously increases with increasing oxygen pres-
1(e) and Xf)] as a function of oxygen pressure. Figut@2 sure during evaporation an@) the layers grow with 60°
shows a line scan through the RHEED diffraction pattern oftwins. The same qualitative findings were observed in Mg-
Co,_yO prepared at high oxygen pressuf@(O,)=1 diluted CoO layergnot shown. In the following we will
x10° mbar. The (0,1) peak corresponds to the undilutedrefer to the samples with the lowest defect concentration
fcc lattice of CoO, while the (0,1/2) peak appears for Co-[p(0,)=3.3x10"’ mbar andx(Mg)=0.0] as unintention-
deficient Cq_,O. The relative intensity of the (0,1/2) and ally diluted.

(0,1) peaks is strongly increasing as a function of oxygen Additional structural characterization was carried out by
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20 (degrees) %X 10" % mbar. The exchange bias fietg and the coercivity field
B are indicated in the figure.
500 20 nm
10 nm =291 Kto 5K in thepresence of an external magnetic field
I +Bgc, oriented parallel to the plane of the film. Except for
| 0 nm (C) the explicit studies of the cooling field dependelfsee Sec.
5 IVE), a cooling field ofBec=5 T was chosen for all mea-
Fisinic /\/\ [\ A /’VA /\ surements presented. This value is larger than the saturation
(nfl) v i VYA field of the ferromagnetic Co layer.
- i
0 nm 300 b Position (nm) 500 A. Hysteresis

Figure 4 shows typical hysteresis loops abové (

FIG. 3. (a) High-angle x-ray diffraction X=0.154 18 nm) for =320 K) and below T=5 K) the Nel temperature of a

Co/Cq O with Co, _,O prepared ap(O,) =3X 10" ® mbar. The .
sample structure is schematically depicted in the inggtatomic ~ Sample _GW'th the Cp,O layer grown at p(O)
force microscopy image of a 20-nm-thick £qO layer prepared at =3X10"" mbar. The loop at low temperature exhibits a
p(0,)=3%10"® mbar layer on a 6-nm-thick Co layer. Crystallite large exchange bias shitgg towards negative magnetic

sizes range between 25 and 35 r‘(n’)L”']e scan of |mage fle|dS, Wh|Ch |S OppOSIte to the COOI'ng f|e|d dll’eCtIOH In
addition, a strong increase in the coercivity fidd is ob-

ex situ x-ray diffraction using Cu K, radiation served &5 K compared to 320 K leading to a significant
=0.15418 nm). A high-angl@-26 scan of a Co/Cp.,O  broadening of the width of the loops.
bilayer with the antiferromagnet prepared ai(0O,) Like most conventional magnetization probes, SQUID
=3%10 ¢ mbar is shown in Fig. @). Besides prominent Mmagnetometry is not layer or element specific but rather
[0 O I]- Al,O5 substrate peaks, onfit 1 1] reflections and Mmeasures the whole FM/AFM bilayer magnetization. In ad-
those of higher order are seen for both Co and CoO, which igition to the magnetization of the FM layer, both interface
consistent with the RHEED results. In addition, ahd volume magnetization of the diluted AFM layer will
[1 1 1]-oriented CgO, is observed. therefore contribute to the total magnetization. If the magne-
To further investigate the surface of the,CgO layers ex tization_of the an_tiferrpmagnet is ir(eversiple under field re-
situ atomic force microscopy images were taken. F|gL(té 3 Versal, |tlca.n be identified as a vertical Sh|ft of the m(?asured
shows an atomic force microscope image for a 20-nm-thickysteresis loop. Such an AFM magnetization was first ob-
Co,_,O layer prepared g1(0,)=3x10"° mbar on top of served in hysteresis loops of Fe/Redhd Fe/Mnk.” Both,
a 6-nm Co layer. As expected from the RHEED investiga-Positive an(.j.negatwe VGI’tIC?J shifts were found and attrib-
tions a rough surface is found. The crystallite size rangesited to positive(ferromagnetit and negativetantiferromag-
between 25 nm and 35 nm. As is seen from the line scan ife€tio FM/AFM interface coupling, respectively. However,

Fig. 3(c), the surface has a peak-to-peak height variation ofhe origin of the induced moment could not directly be as-
approximately 6 nm. signed to either interface or volume magnetization.

To investigate the change of the AFM magnetization with
the number of introduced volume defects in the AFM layer,
we performed high accuracy magnetization measurements of

The magnetic characterization of the samples was pethe vertical magnetization shift for both unintentionally di-
formed using a superconducting quantum interference devideted and oxygen-diluted samples grown ai(O,)
(SQUID) magnetometer. The samples were cooled from=3.3x10 " mbar and p(O,)=3x10 ¢ mbar, respec-
320 K, i.e., from above the N& temperatureT(CoO) tively. The shift was determined @t=20 K and is given by

IV. MAGNETIC PROPERTIES
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FIG. 5. Vertical magnetization shiftlg, vs cooling fieldBgc =, 40t v = -;0100' v/ T ————
for Co/Cq _,O samples with Cp_,O prepared at different oxygen g” . v .
pressures. Data are taken Bt=+0.8 T andT=20 K and are 20'9’,/VN/V I S i
extracted as described in the text. 0 Vv
-o—t—g o 1
1 1 I 1 1 1 0 1 1 1 1 I 1
0 2 4 6 8 10 0 2 4 6 8§ 10
Mapir=IM(B.)|—[M(B_)|, whereB., andB_ are chosen p(0,)(10°mbar) p(0,)(10 mbar)
so that the FM layer is fully saturated witB_. |=|B_|. The
data shown in Fig. 5 were takenBt. = +0.8 T. As is seen FIG. 6. (a) EB field and(b) coercivity field vs Mg concentration

in Fig. 5, at large cooling fieldM ¢ is positive and overall  x in the Cq_,Mg,O layer for various temperature&) EB field
increasing with dilution of the AFM layer at all cooling and(d) coercivity field vs oxygen pressure during deposition of the
fields. This increase can directly be linked to the creation ofo,_,O layer at the same temperatures. Note that only absolute EB
additional volume defects in the AFM layer as shown by thevalues are plotted. All lines are guides to the eye.
above RHEED analysis. It further supports that a domain
state is developed in the antiferromagnet after field coolinggEB coupling in the DS model. Therefore, at present it is not
carrying a surplus magnetization, which increases with diluclear as to how much the sign reversal\f; at Bec=0 is
tion. It is important to note that in our experiments we mea-related to the EB coupling.
sure the total AFM surplus magnetization as was also inves-
tigated by similar magnetization probes in CoO/MgO
multilayer$* and CgMg;_,O powder sample® Although,
this surplus magnetization does not equal the irreversible do- The dilution dependence of both the EB figBlg| and
main state(IDS) magnetizationm,ps of the AFM interface  coercivity field B¢ for Mg-diluted Cq_,Mg,O samples is
layer defined in Sec. IV A of Ref. 7, we find striking quali- shown in the upper panels of Fig. 6, while in the lower
tative agreement that the EB field indeed is proportional tgpanels of Fig. 6 analogous results of Co-deficient
the measured AFM magnetizatigsee the next section and Co/Cq_,O samples are depicted. The EB is enhanced by a
Sec. IVB. factor of 3 to 4 for both types of defects in the AFM layer.
In the MC simulations, contributions from both interface  Maximum enhancement is obtained fa&{Mg)=0.1 and
and bulk magnetization of the AFM layer can be separatedp(Oz) 5% 10 ¢ mbar. Note that compared to our previous
After zero-field cooling, the bulk of the AFM layer does not work,> we prepared additional Co deficient samples at an
carry surplus magnetizatiofsee Fig. 5 in Ref. )7 while it ~ oxygen pressure gi(O,) =5X 10~ mbar, which show the
should dominate the total surplus magnetization for largetargest EB field of all samples. Within the DS model, the
cooling fields. Indeed, we observe a strong reduction obbserved increase of the EB shift with an increasing number
M ¢hirt for cooling fields below 1 T as is seen in Fig. 5. Thus, of defects can be related to the formation of volume domain
it is suggestive that the low-field AFM magnetization prima- walls, which preferentially pass through the nonmagnetic de-
rily originates from the AFM spins close to the interface. fects at no cost of exchange energy. This leads to the experi-
While for diluted samplesM i remains finite and positive mentally observed excess magnetization of the antiferromag-
for zero cooling field, it changes sign for unintentionally di- net. The increase of excess magnetization between
luted samples. The former case is consistent with positiveinintentionally diluted samples[x(Mg)=0,p(0O,)=3.3
(ferromagnetit FM/AFM interface coupling in Co/CoO %10’ mbai and optimally diluted samplefsx(Mg)=0.1
(compare with AFM magnetization loops in MC simulations or p(O,)=5X10"® mbar is directly verified by the vertical
as shown in Fig. 4 of Ref.)7 This conclusion is also con- magnetization shift of the hysteresis lo¢gee Sec. IV A
sistent with the cooling field dependence of the EB shiftThis strongly supports the fact that the domain state in the
which will be discussed in Sec. IVE. AFM layer as well as the EB effect is caused and controlled
However, it has to be reemphasized that by SQUID magby the defects. For large dilutiojx(Mg)>0.25;p(0,)>5
netometry we do not only measure the IDS magnetizatiorx 10 ® mbar the EB again decreases as the antiferromag-
m,ps of the AFM interface layer, which is responsible for the netic order is increasingly suppressed and eventually the

B. Influence of dilution
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connectivity in the AFM lattice is lost. Residual EB at high 60 @ 60 - @
dilutions [x(Mg)=1.0] has to be attributed to the 0.4-nm =0 \ x=0.25
CoO interface layer and the underlying oxidized laysee g 40} I = R B
also Sec. IV @. A similar behavior is observed in other EB & T g \v
systems consisting of diluted metallic antiferromagr&té® @0} W, b1 B AN
It has also be shown that the EB can be enhanced by ior— '\'\-\ l =2 v\ l
irradiation of the whole FM/AFM sampl@. 0 A o———— Vv ]
MC simulations(see Fig. 6 of Ref. 7qualitatively repro- 0 100 200 300 0 100 200 300
duce both the initial increase of EB with increasing dilution TX) TK)
and its decrease at larger dilutions. However, the concentra 60 60
tions for optimally diluted samples significantly differ be- ®) ©
tween experimenfx(Mg)~0.15] and theory p~0.6). A ~ 4o/ x=0.05 & 40 +Xi0~5 ]
possible origin of this difference is the presence of graing |, . k) ~Hx=lo
boundaries in the twinned AFM layer which reduce the Tal C-o., Aol
domain-wall energy, thus leading to a finite EB without in- £ So_ l a8 ;\ l
tentional dilution of the AFM layer as observed for the un- T 0 T
intentionally diluted samples. This conclusion is consistent 0 100 200 300 0100 200 300
with the rather small EB found in untwinned and single crys- T(X) TK)
talline antiferromagnet¥?As seen in Figs. @ and Gc) €0 60
the defect concentration for maximum EB depends on the © ®
temperature, i.e., it shifts towards smaller values at eIevate(A ot x=0.1 ~ a0t B_I(x=0.5) |
[ EB
temperatures, which is also qualitatively observed in MC'g 5 g JB_| (x=1)
simulations(see Fig. 6 in Ref. )7 890l o
We next discuss the dilution dependence of the coercwltym l = l
field B¢, which is shown in Figs. ®) and &d). Similar to 0 . o ’\.\, —b—o o
the EB flelo!, it changes nonmonotonically with dllutlon_and 0 00200300 0 00200 300
shows maximum values at the same defect concentrations & TK) TK)

the EB, although its relative changes are smaller than those

observed in the EB field. Like the EB, the coercivity also FIG. 7. (a)—(e) Temperature dependence of EB field for the
strongly decreases with increasing temperature, which isg-diluted Co/Cq_,Mg,O samples witx=0, 0.05, 0.1, 0.25, 0.5,
common for many EB systemsThe change in coercivity and 1.0 as shown in Fig.(#. (f) Difference in EB fields for
with temperature is caused by the change in the coupling ofamples withx=0.5 and x=1.0. The blocking temperature is
the FM (Co) layer with the AFM(CoO) layer. marked by an arrow in each figure.

crease ofTg for the Co/Cq_,O samplegnot shown. Note
that the blocking temperature is not completely diminished

The temperature dependence of the exchange bias fiefdr the fully diluted sample withx(Mg)=1.0. As already
|Bgg| for the Mg-diluted Co/Ce_,Mg,O samples is shown discussed above, we attribute this remaining EB coupling to
in Figs. Ma)—7(e) at the same Mg concentrations as in Fig.

6(a). For all samples the EB field is monotonically increasing 300f ' '
with decreasing temperature. It almost varies linearly with
temperature near optimum dilutiofx(Mg)=0.1 and
x(Mg) = 0.25], while it saturates at low temperatures and low
dilutions [Figs. 7@ and 7b)]. The former dependence
agrees well with the temperature behavior as obtained by
MC simulations near optimum dilutiofsee Fig. 8 in Ref. )/

The results are described by the DS model as follows: A
metastable domain state is frozen at low temperatures after
field cooling, which inhibits domain-wall motion. Thermally
activated domain-wall motion becomes more favorable at el-
evated temperatures, which leads to a reductiomgg and
thus to a decrease of the exchange bias field as observed
experimentally.

The EB vanishes above the so-called blocking tempera-
ture Tz, which might significantly differ from the Na tem-
peratureTy of the antiferromagnet® Its monotonic de-
crease with increasing Mg dilution in Co/€gMg,O lines are guides to the eye. The percolation threskpfwr a three-
samples can be seen by the arrows in Figa)-77(e) and is  dimensional fcc lattice with nearest neighbor interaction is in-
also plotted in Fig. 8. We observe a similar but weaker de<¢luded.

C. Temperature dependence

200+

%
100+

0.0

<

0.5
x(Mg)

FIG. 8. Dilution dependence of blocking temperatligefor the
Mg diluted Co/Cq_,Mg,O samples as shown in Fig. 7. Far
=0.5 the lowerTg (dot-center diamonds taken from Fig. @). All
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4 T T T 80— T
x(Mg) =0.5 §HEEEE00000-g-=FArrst=0— A (a)
T=3K 60} .%AA\A—A——A x=0.1 |
2t . Wy w3025
7 g
s B E a0}
ﬁ 0 o E 2 | Rwoo—o0 o ox=00§
= a5 = 0l ®mroo—o—o———0 x=0 |
3 ED." Npoe—o— o005
21 E\§ —0— 1" loop A4 =l
L ~m 51" loop 0010 20 30 40 50 60
2 ”EF—DDDDD?“”“DDDDHU . . number of field cycles
-400 -200 0 200 400 '
B(mT) 1.0} (b)
FIG. 9. Training effect of Co/Ca ,Mg,O sample withx=0.5. = \e%eé:A:e: o F%OS
Plotted are the first and the 51st hysteresis loops=ab K after =% 0.8} :EIH‘EH:Q:U_—_QE =8 550
field cooling. =] - . " x=025
:5 \°‘.\0~o\.—o—o x=0.5
the CoO interface layer and the underlying oxidized layer. 8 0.6 a
This residual EB coupling is likely also to be relevant for the Addaa—aa 4 4
temperature dependence of the EB field for the sample with
x(Mg)=0.5, as can be seen in Figie}. To further separate 0.4% 10 100
the contributions to the EB coupling from the undiluted in- number of field cycles
terface layer from that of the diluted AFM volume layer, we = .
subtract the EB fields for the sample witiMg)=1.0 from % 06k T~ (c) 190
the sample withk(Mg)=0.5, which is depicted in Fig.(9. g ) ! 150
The resulting blocking temperature, which is strongly re- = u
duced, is also included in Fig. 8 &Mg) =0.5. Note that all 7 04| / =
other samples do not show any significant change in block- B - " 130 &
ing temperature when performing a similar subtractinat Q—.a . ma
shown. = 02 =, 7 b 120 =
As is seen in Fig. 8, the modified blocking temperatures i \E 110
linearly decrease with increasing Mg dilution of the AFM g 0.0 0

volume layer(dashed ling In particular, the extrapolated 00 02 04 06 08 10
dilution, above which EB coupling vanishes completely x(Mg)

(Tg—0), is close to the percolation thresholg. € 0.802)

for antiferromagnetism in a three-dimensional fcc lattice FIG. 10. Dilution dependence of the training effect for
with nearest-neighbor interactiGhThis supports the notion C€0/Ca_Mg,O samples(a) EB shift as a function of subsequent

that no global EB coupling remains once the connectivity offiysteresis cycles for different Mg concentrationat T=5 K. (b)
the AFM spin lattice is lost. Normalized EB values fronta) plotted on a semilog scale. Note

that there is almost no training effect after ten field cycl@s.
D. Training effect Relative training effect vs Mg concentratidfilled _square};super-
) imposed with absolute EB shift &ti=5 K from Fig. 6a).

Most thin-film EB systems show a reduction of the EB
shift upon subsequent magnetization reversals of the FM To further investigate the relevance of the AFM domain
layer>>>3®which is the so-called training effect. For all Mg- structure on the training effect, we focus on its dilution de-
diluted Co/Cq_,Mg,O samples we measured the training pendence for the Mg-diluted sampléss shown in Fig. B
effect atT=5 K after field cooling inBec=5 T. Typical  which is depicted in Fig.10 af =5 K. Independent of the
magnetization reversals corresponding to the first and 51sfilution, the EB shift is strongly reduced only during the first
hysteresis loops are shown in Fig. 9 for the sample withfield cycles and then remains almost constant. This behavior
x(Mg)=0.5. Besides a clear, but rather small reduction ofis in striking qualitative agreement with MC simulatiofsee
the exchange bias shift, a decrease of the coercivity field iFig. 9 of Ref. 7.
observed. The training effect implies that during magnetiza- To further explore the magnitude of the training effect, we
tion reversal the FM layer does not reverse homogeneouslplotted the relative decrease of the EB shift by normalizing
nor reversibly. According to the DS model, the training effectthe data from Fig. 1@) by their initial value at each dilution.
is due to a rearrangement of the AFM domain structureAs is seen in Fig. 1), the magnitude of this relative train-
which results in a partial loss of the IDS magnetizatiogs  ing effect behaves nonmonotonically with dilution, with the
of the AFM interface layer during field cyclingThis mag-  smallest effect observed for samples near optimum dilution
netization loss leads to a reduction of the EB shift. [x(Mg)=0.1]. In order to more easily visualize the dilution

014431-7



J. KELLER et al. PHYSICAL REVIEW B 66, 014431 (2002

dependence, we plotted the relative training effect between 100 — - - - - -

the first and 51st field cycles as a function of Mg dilutions in [ - - - -

Fig. 10(c) as its asymptotic limes together with the absolute gof ™

EB field values aff=5 K. We find that both EB shift and

magnitude of the training effect are closely related in their = 60} —u—p(02)=5x10»6mbar

dilution dependence. In other words, at optimum dilution the g — 0 p(0,)=3.3x10"mbar

exchange bias is strongest with the smallest training effect, mﬁ 401} |

while at high and low dilution the exchange bias decreases =

while the training effect is increased. 20} m——0-0—0—0——0 |
This supports the notion that the formation of volume TZ20K @

domains in the AFM layer plays a crucial role in the ex- ol— . . . . .

change bias interaction at the FM/AFM interface. The ob- 0 1 2 3 4 5

served dilution dependence of the training effect can be in- . _ cooling field (T) ,

terpreted within the DS model as follows. Magnetization 200f gpu—w [ m "

reversal of the FM layer causes irreversible changes in the ]

AFM domain structure, which yield a reduction of the IDS 150l

magnetizationmpg of the AFM interface layer and thus a fiius) o—o o o o

drop in the EB shift. Energetically, AFM domain walls are =

most strongly pinned near optimum dilution. This pinning éo 100

results in large energy barriers and prohibits domain-wall @

motion upon FM magnetization reversal leading to a small 50l

training effect. At larger dilutions the size and the connectiv-

ity of the AFM spin lattice gets reduced. This results in a T=20K (b)

decrease of the AFM domain-wall barrier and a decrease of R T Y R

EB. At the same time AFM domain-wall motion and relax- cooling field (T)

ation become easier upon FM magnetization reversal leading ] o o

to an enhancement of the training effect. FIG. 11. (a) EB field and(b) coercivity field vs cooling field for

Co/Cq _,O samples al =20 K with the Cq_,O layer prepared

at different oxygen pressures.
E. Cooling field dependence FM layer magnetization determines the global exchange

The exchange bias effect reveals a striking dependence dsias®C its decrease towards small fields will reduce the EB

the magnitude of the cooling fiel8:-. At large cooling coupling.
fields, the EB is(i) either constart’ or moderately reduced Because of the only slight decrease of the EB at high
in most EB systems, ofii) changes its sigripositive ex- cooling fields and no observation of positive EB we conclude
change biasin systems such as Fe/FeRand Fe/MnFe 33  that we have positivéferromagnetig interface coupling be-
These results were explained by antiferromagnetic interfacéveen Co and CoO. This is consistent with no change in sign
coupling between ferromagnet and antiferromagnet. In th@f Bes in NiFe/CoO up toBec=5 T.*" This conclusion is
MC simulations, both types of dependencies are qualitativeljurther confirmed by the observation of a positive vertical
obtained and can be linked to the sign of the interfaceshift of the hysteresis loopgsee Sec. IVA The Monte
coupling’ While the former casé) is obtained for positive Carlo simulations show qualitatively the same EB depen-
(ferromagnetit FM/AFM interface coupling, a negativ@n- dence on the cooling field as observed here for positive in-

: o : : . terface couplingsee Fig. 10 in Ref. )7 For comparison we
tiferromagneti¢ interface coupling yields the latter cagB. - S c
To investigate the sign of the interface coupling in Co/plotted the corresponding coercive fields in Fig(t§1The

CoO and its dependence on the AFM volume dilution, weSame qualitative behavior is observed at low cooling fields as

studied the cooling field dependence of the same Cp/ g:a??étlljé%;?rcggﬁhgvggﬁj;he coercive field remains con-
samples as shown in Fig.(@ at both low[p(O,)=3.3 '

X107 mbar and optimum[p(O,)=5x10"° mbar de- ,

fect concentrations. For all cooling fields the FM layer was F. AFM layer thickness

first magnetized at a field of 5 T and a temperatureTof In the literature there exists no clear statement about the
=320 K. Then it was cooled td =20 K for cooling fields dependence of the exchange bias on the AFM layer thick-
betweenBec=0 T and 5 T. As is shown in Fig. 11, the EB ness. Agreement seems to exist that there has to be a mini-
increases at low cooling fields while it slightly decreases amum AFM thickness in order to yield EB. For larger thick-
larger fields for both samples. The initial increase we primanesses the observations can be classified into two
rily attribute to the magnetization of the FM layer, which is characteristic types of dependenct&é? (i) For thicknesses
not fully saturated during field cooling at low cooling fields larger than a minimum value, the EB remains constant as a
as can be seen in the typical hysteresis loops for the modefunction of the AFM layer thicknessiii) With increasing
ately diluted samples af=320 K (see Fig. 4 Since the AFM layer thickness the EB field goes through a maximum
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' ' AFM layer thickness!*? Thus, the formation of a domain
100F T=5K ] wall in the AFM layer becomes less favorable with increas-
201 | ing AFM layer thickness. This results in a reduction of both
the number of domain walls and the IDS magnetization
£ 6ol i —8—p(0)= 5%10° mbar Mps, thus leading to a drop in the EB field with increasing
ém / ~0— p(0,)=3.3x10" mbar AFM layer thickness. For large AFM layer thicknesses, the
= 40t '\ i low defect density in the volume of the AFM layer prohibits
7] D\ the formation of domain walls even if there is disorder at the
20+ —— 8 interface. For very thin AFM layers, on the other hand, the
= disorder from the interface dominates and domain-wall for-
0 (') 10 2 30 4'0 5'0 mation is energe_tically favorable, which then leads to a large
(a) AFM layer thickness (nm) exchange blas. field. . .
For the optimally diluted samples, domain walls can be
250 . - - . - created in an external magnetic field at less of a cost of
T=5K — . - energy due to the nonmagnetic defects. The IDS magnetiza-
200 . . tion mypg at the interface, which is responsible for the EB, is
e stabilized by the AFM volume domain structure. This is con-
c 150 J 5 . sistent with the results of the MC simulatioh$ience, the
= L B domain structure becomes more and more stable with in-
,} 100} / . creasing AFM layer thickness leading to an increase of the
exchange bias. Assuming that grain boundaries strongly
sol™ - lower the antiferromagnetic coupling strength, the grains
may act magnetically independent, leading to a constant
olu s s s . s exchange bias for AFM thicknesses larger than the grain
) 0 10 20 30 40 50 size. This is consistent with our experimental observations in

AFM layer thickness (nm)

Fig. 12.

FIG. 12. (a) EB field and(b) coercivity field as a function of the
AFM layer thickness in Co/Ca ,O samples for both unintention-
ally diluted and optimally diluted Co,O layers prepared at
oxygen pressures op(0,)=3.3x10 7 mbar and p(0,)=5.0
X 107% mbar, respectively.

V. CONCLUSIONS

In conclusion, we have tested and demonstrated experi-
mentally that the theoretical DS model for exchange bias,
inherently based on disorder in the volume of the AFM layer,
and then continuously decreases. The AFM layer thickness gfives consistent insight into the mechanism of the exchange
which maximum EB occurs or beyond which EB saturateshias effect. Most of the characteristic EB phenomena, such
strongly depends on the particular materials chosen as wedls the vertical shift of the hysteresis loop, dilution depen-
as on their preparation conditions. dence, temperature dependence, training effect, cooling field

We therefore investigated the AFM layer thickness depeneependence, and antiferromagnetic layer thickness depen-
dence of the EB field for both unintentionally diluted dence, find a consistent description in the combination of
[p(0,)=3.3x10" 7 mbai and optimally diluted[p(O,) structural disorder together with the formation of an antifer-
=5x10 % mbaif Co,_,0 layers, which is depicted in Fig. romagnetic domain state. The disorder can result from inter-
12(a) atT=5 K. For optimally diluted samples, the EB field facial roughness, defects in the volume part of the AFM,
strongly increases with increasing AFM layer thickness andyrain boundaries, or from other sources.
saturates above 20 nm, which roughly corresponds to the The DS model can also account for the large variation of
size of the AFM crystallitegsee Sec. Il and Fig.(8)]. The  observed EB coupling constants even for identical FM/AFM
EB field for unintentionally diluted samples, however, is de-material systems.Samples of the same FM/AFM material
creasing with increasing AFM layer thickness and levels offsystem prepared by different deposition and/or oxidization
at large thickness. We note that just by varying the defectechniques on various substrates result in a large variation in
density in the volume of the AFM layer we observe bothcrystalline, compositional, as well as interfacial properties.
types of thickness dependencies as reported in other EB sy&ur experimental studies corroborated by MC simulations of
tems. The MC simulations reproduce this trgsde Fig. 12 the DS model indicate that the AFM domain structure cru-
in Ref. 7, and Ref. 4Bqualitatively. cially depends on the particular configuration and density of

Within the DS model, these different dependencies areolume defectqsuch as deficiencies of magnetic atoms or
described in the following way. At small levels of disorder ions) as well as on structural defecsuch as grain bound-
(unintentionally diluted sampl&sAFM domains can only be aries, screw dislocations, twin boundaries, and ojharthe
created at the cost of high energy. Since it is energeticallAFM layer. This results in different spin configurations as
unfavorable to close the domains parallel to the layers, thevell as a different irreversible domain state magnetization
domain walls will extend through the whole thickness of them yg of the AFM interface layer, which cause a strong varia-
AFM layer perpendicular to the FM/AFM interface. For that tion in the exchange bias coupling strength at the FM/AFM
case, the domain-wall energy increases proportionally to thinterface[see Figs. @) and Gc)]. As various fabrication
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techniques and preparation conditions crucially lead to difstood. This model and further more detailed motfeisight
ferent types of defects and defect concentrations, the AFMventually explain a variety of additional EB effects not ad-
domain structure and thus the EB coupling constant appealressed here, such as perpendicular coupling, rotational
to be strongly sample dependent. Therefore, for the sake dfysteresiS? rotatable anisotropy’ asymmetric magnetiza-
comparing different EB systems, at least a relative tendencgion reversal$*>° and others.

of increasing or decreasing EB field with varying defect con-
centrations should be known if not a detailed, possibly quan-
titative analysis of defect concentrations.

Controversies about the dependence of EB on the FM/ We acknowledge the support of Dr. C. D. Bredel who
AFM interface roughnes$*4~>’might also be accounted for made high-resolution SQUID magnetometry available to us
by the DS model. Any change of interface roughness due tat the Technical University of Darmstadt. We thank M.
variations in the preparation parameters, such as growth dfuhlmann for performing the x-ray measurements as shown
annealing temperature, most likely also results in a change of Fig. 3. This work has been supported by the Deutsche
defect structure and domain configuration in the AFM layer,Forschungsgemeinschaft through SFB Grant Nos. 341 and
although their mutual interrelation is presently not under-491.
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