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Closely linear temperature dependence of exchange bias and coercivity
in out-of-plane exchange-biased [Pt/Co]3/NiO (11A) multilayer

Z. Y. Liu and S. Adenwalla
Department of Physics and Astronomy, University of Nebrakkeoln, Lincoln, Nebraska 68588-0111

(Received 14 February 2003; accepted 22 April 2003

Strong out-of-plane exchange biasing has been observed in out-of-plane exchange biased
[Pt(5A)/Co (4 A))53/NiO (11 A) multilayer with perpendicular easy axis. Both the exchange field
Heg and coercivity He display a closely linear temperature dependence except at very low
temperatures. A thin NiO layer coated on the top of a Pt/Co multilayer has a great effect on the
domain pattern of the Pt/Co multilayer, which is in a more irregular configuration with much smaller
domain sizes than the uncoupled Pt/Co multilayer. A simulation according to Malozemoff’s random
field model gives a good agreement to the experimental temperature dependéhcamdHc,
suggesting that the closely linear temperature dependenégs afidH - are strongly related to the
behavior of the temperature of anisotropies and of the spin rotation inside the domain walls of a thin
NiO layer. The blocking temperature ofg=220K is much higher than that observed in
ferromagnetic/thin NiO systems with in-plane anisotropy. 2@03 American Institute of Physics.
[DOI: 10.1063/1.1582378

I. INTRODUCTION ments ofTy for thin NiO films by x-ray absorption spectros-
copy (XAS) and magnetic dichroism were also performed by
When a ferromagnetitFM) layer is in contact with an  Alders et al'* In ferromagnetically ordered materials, the
antiferromagneti¢AF) layer, exchange biasing at the inter- presence of interatomic superexchange interactions causes
face causes the hysteresis loop of the FM layer to shift fromong-range magnetic order and therefore influences the inter-
its origin by an amount known as exchange fiéld, and  atomic spin—spin correlation functions, resulting in a spon-
enhanced coercivityic is often observed. Since this effect taneous atomic magnetic momem). Using circularly po-
was first discovered almost half century dgit,has been |grized x rays, the temperature dependence (i) in
investigated extensively both experimentally and theorEtiTerromagnets can be measured via the magnetic circular di-
cally in an effort to understand the underlying microscopic.noism (MCD) in the x-ray photoabsorption spectra, be-
mechanisnf:®> Most observations of exchange biasing have.ause MCD is sensitive tM). Even though the MCD ef-
been reported for exchange biased FM/AF systems With ing o gisappears for antiferromagnets, both theoretical and

Elani anisobtropy. dR.ecentl%/, out-gf—plageF&;(Xr;ang? biaSin.%)éperimental studies have shown that for x rays with linear
as been observed In exchange biase Systems Wilh\arization, magnetic linear dichroistMLD) is propor-

; ; -8
perpendicular anisotrogy. tional to(M?). Hence, this MLD effect in XAS can be used

Alinear or almost linear temperature dependencei ef to measure the long-range magnetic ordering in antiferro-
has been observed in many exchange-biased FM/AF oxide g-rang 9 9

systems with in-plane FM anisotropy:® For FM/thin NiO magnets. The critical point at which the temperature depen-

bilayers with in-plane FM anisotropy, Takahoand dence of the MLD effect disappears corresponds t@lNe

Gruyters® have found a linear temperature dependence O}emperature'l'N. By performing NiL, XAS experiments on

. thin NiO films with the x-ray polarization vector parallel to
He and a blocking temperatuf, much lower than the Nt .- the sample surface, Aldeet );Ie“ determined NeeIR[em era-
temperaturd’y . The data from Refs. 9 and 10 are plotted in P ) G o ) p !
Fig. 1 and show the drop iffg with a decrease in NiO tures for thin NiO films which are in good agreement with

thickness. Experimental studfééhave shown that thg, of ~ Neutron diffraction results. The Neel temperatures of thin
thin NiO film increases with an increase in the film thicknessNiO films measured by both Takahand Alderset al** are
and is close to the bulk value of 523 K at 100(dee Fig. 1.~ consistent.

Measurements ofy for thin NiO films by Takand were The Neel temperatures determined by TaKaand by
performed using a microcalorimeter to directly measure théilders et al** are for uncoupled thin NiO films. Recently,
specific heat of magnetic NiO/MgO superlattices. Heat cavan der Zaagt al.** have observed that the Neel temperature
pacity measurements of microgram thin films up to 540 Kof a thin CoO film with thickness less than 50 A is increased,
are made possible by the dramatic reduction of the contribubigher than the bulk value, when it is in contact with a fer-
tions of the substrate, thermometer, and heater to the totsimagnetic FgO, layer. It appears to be a fact that the anti-
heat capacity. N&l temperaturdy, can be obtained from the ferromagnetic ordering in an AF layer can be stabilized if it
peak position in a specific heat curve, which is the sign of ds exchange coupled to a FM layer. However, the blocking
magnetic phase transition. The accuracy for the measuremetgmperature becomes much lower than the bulk Neel
of Ty is within ~3% as estimated by TakaidVieasure- temperaturé® and its mechanism is not yet clear.
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FIG. 1. (a) Variation of Neel temperaturgéy and blocking temperaturég
with the thicknesg,;o of NiO thin film in exchange biased ferromagnetic/
thin NiO bilayers. The data are taken from Refs®&nd®), 10 (©), and

14 (@), respectively. The dashed lines are a guide to the Ayes the
blocking temperature observed in this work.

Above Ty=523K, bulk NiO has a face-centered-cubic
(fce) rocksalt structure. Below 523 K, magnetoelastic forces
lead to slight contraction of the lattice along differdatl 1)
axes. The magnetocrystalline anisotropy due to the small dis-
tortion causes the spins to lie in ferromagnetically ordered!G. 2. (8 M—H loops at room temperature along the out-of-plane easy

; : -axis for samples (solid line) and Il (dotted ling, respectively. Both loops
(111) planes with (111) planes stacked ar“"Iferromagnetlwere measured using an AGFM magnetometsrMFM image of sample

cally. _CrySta”()graphiC twinning gives r_ise to four slo-calréd II. (c) MFM image of sample I(d) Enlargement of the square areg@n All
domains that correspond to four possibld 1) axes'® Each  MFM images were obtained in the as-grown state.

T domain can be further divided into three possiBlelo-

mains with spins lying along three possible directions of

[112], [121], and[211], respectively. There are two kinds terfe_rence de_vicéSQUID)_and AGFM magnetometers with

of domain walls betwees domains:S; , in which the wall is ~ the field applied perpendicular to the sample plane.

parallel to (111) planes, anfl, , in which the wall is per-

pendicglar to (111) planes. In bot a_nd S_l W_alls, SPINS |11 RESULTS AND DISCUSSION

rotate in the (111) plan®. For very thin NiO films of 10

—20A, itis believed to show no AF ordering due to discon-  Figure 2a) shows theM —H loops at room temperature

tinuity and/or interfacial diffusiort®’ for samples | and Il. Both loops are fairly square, implying
In this article, we perform an investigation of out-of-plane easy axes. The loop for sample | does not show

out-of-plane exchange biasing in a glass Pt(100A)/any shift, but does show greatly enhanced coercivityief

[Pt(5A)/Co (4 A)3/NiO(11A) multilayer with perpen- =887 Oe in contrast télc=390 Oe for sample Il. Experi-

dicular easy axis. The observation of strong out-of-plane exmental studie$ have shown that five monolayer NiO

change biasing implies that even for a very thin NiO layer of(~10.5A) has a Neel temperature of 295(Rig. 1). For

11 A, it still presents AF Ordering_ The temperature depenllA NiO fl|m, the Neel temperature is estimated from Flg 1

dences of exchange fieldg and coercivityH. have been to be~310K. Thus, the enhanced coercivity of sample I is

simulated according to Malozemoff’s random field model forattributed to interfacial exchange coupling. The MFM im-

FM/AF system&® and extension of it by Zhanet al.*® ages in Figs. @) and Zc) reveal clearly the difference in
domain size for samples | and Il due to the presence of the

Il EXPERIMENTS NiO layer. The presence of the NiO layer reduces the s_ize of
up and down domains by almost one order of magnitude,
The glass/ Pt (100 A)Pt(5 A)/Co (4 A)]3/  which can be seen clearly by comparing Figé)2nd 2d).
NiO (11 A) multilayer (sample ) was prepared by dc and rf This striking difference in domain size between samples |
magnetron sputtering from separate targets at depositioand Il suggests that the formation of domains in the Pt/Co
rates of 0.96, 0.199, and 0.188A/s for Pt, Co, and NiOmultilayer is strongly affected by the NiO layer through in-
respectively. Ar pressure of 3 mTorr was used and the baserfacial exchange coupling. A simultaneous effect of the
pressure was %10’ Torr. An additional sample of glass/ Pt/Co multilayer on domain wall formation in the NiO layer
Pt (100 A)[Pt(5A)/Co (4 A))3/Pt(20A) (sample 1) was  also occurgas will be discussed subsequently
grown simultaneously for comparision. No external field was  Sample | was cooled from room temperature to 30 K in
applied during sample preparation. X-ray diffraction revealsl T magnetic field applied normal to the sample plane. After
that the Co layers are highly hexagonal close padikexqh) cooling, a series oM —H loops were obtained at different
(200 textured, both Pt and NiO layers are highly fcc (111) temperatures, some of which are presented in Fig. 3. There is
textured. After growth, magnetic force microscofiFM) clear evidence of a two-step reversal process which may be
images at room temperature were obtained immediately forelated to the distribution of AF easy axes. The loop at 40 K
samples | and Il in the as-grown state. MI—H hysteresis displays a large exchange field Bf:=—754 Oe and large
loops were measured using a super conducting quantum ircoercivity ofH-=5150 Oe. The temperature dependences of
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4 oK a-eemez—e— 1150k o 4 the NiO (111) plane ak zg=25kgTg/Vap With kg andV ae

2p gt .,r'/ 7 2 = the Boltzmann constant and the average volume of AF
= 0 T 0 J 3 0 g grains, respectively.K,r was estimated to be~7.4
E -2r I ot ' ot 2,0 X 10° erg/cn?, giving the right order of magnitude in com-
-ag ) | R P -4 g parision to the theoretical valuek {=3x 1 erg/cn¥ and
T 4 T ook e 14 S K{2=1.5x 10° erg/cn? for the anisotropy constants out of
E 2} (— / y 12 and in the NiO (111) plane, respectivély In our sample,

0 T I 3 0 the NiO thickness is 11 A. Assuming a grain diameter of

-2 | o 4 J 2 100 A from previous work!® and using the measuref

e T s -4 =220K we obtain a value oK ,-=8.79x10° erg/cnt,

T (?(033) & 5 3y (ﬂOe? 6 which is one order of magnitude higher than the theoretical

value of K{2, but close to that oK. Thus, Gruyters’

FIG. 3. M—H loops at several temperatures along the out-of-plane eaS)prODOSEﬂO cannot explain the high blocking temperature of
axis after cooling in a 1 T field applied perpendicular to the sample planeT =220 K observed in sample | if all AF spins lie in (111)
These loops were measured by a SQUID. planes of the NiO layer with (111) texture.

Experimental investigations have demonstrated that the
He andH, are shown in Fig. 4, and demonstrate that bothdomalns exist in NiO films, and that the spin ordering inside

Hc andHg decrease almost linearly with an increase in tem_domams or domain walls can be strongly affected by FM

erature except in the very low temperature range, and th r{]agnetization through interfacial exchange coupling be-
P P Y P ge Etween FM/NIO bilayer$?23 The dramatic difference in do-

Hg vanishes completely above the blocking temperature Omain pattern between samples | and I, shown in Fig. 2,

Tg=220K. This blocking temperature shown in Figl&) is .. . . .
. . . indicates that interfacial exchange coupling strongly affects
much higher than the previously observégd for FM/thin . L . .
domain formation in the Pt/Co multilayer, suggesting the

NIO systems. The ratio oF /Ty=0.71 in the present case is existence of domains in the NiO layer. According to the

much larger than Tg/Ty=0.33and0.07 observed for .
. - random field model presented by Malozem®tind a recent
permalloy/NiO(100 A)(Ref. 9 and Ni/NiO(28 A) (Ref. 10 sophisticated  model  reported by  Stiles  and

systems,_ respectively. . . McMichaelSM),2* the existence of domain walls in AF lay-
Previous attempts to explain the linear temperature de-

. ers plays an important role in the exchange biasing effect.

pendence oHg and the much lower blocking temperature . : - .

. Hg is proportional to the energy e stored in AF domain
assumed that the AF oxide layer was composed of an en- 4 : )
. o walls. In the SM modef? the potential barrier to the reversal
semble of exchange decoupled grains with size close to the S .
T . of AF spins is determined by ,e. The temperature depen-
superparamagnetic limit, and the blocking temperature wa

determined by the temperature at which the magnetocrystaaer?ce ofHe and the blockmg temperature would then_ be
. . . mainly controlled byo e, the interfacial exchange coupling
line anisotropy energy is comparable to the thermal

energy'®? Assuming that the NiO layer in the Ni/NiO bi- strength, and the Neel temperature. In sample |, the NiO

layer is composed of grains with an average diameter Opyer is highly (111) textured. Due to the low@rdomain

0 . . wall energy, we consider onlg andS, domain walls. For
100A, GruyterS’ calculated the anisotropy constaie in the very thin NiO layer of 11 A, it is obviously impossible to

form aS; domain wall parallel to the FM/AF interface. Thus,
it is only necessary to consid&; walls. In bulk NiO, the

6

5 A spins inS; walls are confined by anisotropy energy and ro-
D 4l tate only within the (111) easy planes. However, for a very
9 sl thin NiO film in contact with a Pt/Co multilayer with a per-
=, ) pendicular easy axis, out-of-plane interfacial exchange cou-
T | i pling can make it energetically favorable to have out-of-

. . plane spins. By considering rotation both out of and in (111)
NG) ' _ easy planes, th8, wall energy can be expressed?dy

oar=2ANKE cosa+ (2/3) 2ArK P2 cos 68, (1)

where A,r is the exchange stiffness, is the rotation angle
of the out of (111) easy plane,_arﬁlis the_rotation angle

0 60 120 180 240 from the easy axis of121] (or [211]_, [112]) within .the

T (K) (111) easy plane. The second term in ED.is determined
by the weaker sixfold anisotropy in the (111) easy plane.

oar Will be determined by botiK () and K(2. K(2 is at

2
H (x10°0e)
w

FIG. 4. The temperature dependence$igfandH. (a) The solid line is . ) .
the fit to He according to Eq.(7) with D©=1139, PV=8686.TL) least one order of magnitude less th&f , and experimen-

~ ; (2) ;
=254K), and PP=1226,T@=70K), respectively(b) The solid line is tal StUdleS. have .ShOWI’] th_mAF for bulk NiO drops very
the fit to He according to Eq(2) with (CV=—0943TM=213K), ¢  sharply with an increase in temperat@feFor a very thin
= —234,TP=45K), and (V=1.28,4?=0.98), respectively. NiO film of 11 A, its K{2 is believed to be weaker than the
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bulk value, and thus will then be more sensitive to the in-magnitude |arger thaK'(AZF), it is reasonable to assume that
crease in temperature. The contribution K to the ex- K& drops more slowly thai (2 with an increase in tem-
change bias will be limited to a low temperature range. Byperature, thereby giving an explanation for the higfigr
assuming thatA,r is constant with the temperature and =220K than observed in FM/thin NiO bilayers with in-
Kar=K(0)(1—T/Ty)? for cubic anisotropy of AF layers, plane FM anisotropy.1°

Malozemoff's model successfully predicts the linear tem- By considering the effect of random fields on coercivity
perature dependence OHgx VAArKar= VAAEKAR(0) (1 H at the interface between FM/AF bilayers, Zhastgal

—T/Ty).*® Carey and Berkowitz argued that the temperaturesxtended Malozemoff's mod&land obtained as the expres-
dependence of the anisotropy constant sets a scal@gfor  sion of H,

and that exchange bias will occur only when the anisotropy
is above a certain threshold value. They substitutgdor Js

Ty and obtainedH g VAArK Ae(0) (1— T/ Tg). 1 Using Eq. Ho=——"— @, ©)
(1) and taking into consideration the fact that the anisotropy Msagtem ¥ L
of very thin NiO film could deviate from cubic anisotropy, where Jg is the average exchange coupling constant of
we express the temperature dependencld ofis nearest-neighbor FM and AF spins at the interfaggis the
monolayer separatioM g is the saturation magnetization of
HEzc(l)(l_T/T(Bl))y(l)+C(Z)(l_T/T(BZ))'y(Z), ?) the FM layer,tgy, is the thickness of the FM layer, ardis

the size of the domain. In FM/AF systems, coercivity is

related not only to random fields at the interface but also to
where C) and C® are two constants; TG, »Y) and  the AF property. By assuming a square grid of domains with
(TS, ¥'9) are determined by the temperature dependencegteral dimensions in the AF layer, MalozemffoundLL to

of K2 andK (3, respectively. Using two effective blocking be L~ A, /K 5. Substituting this expression into E@)
temperatures determined by the two different anisotropy congivesH. as

stants allows us to separate the contributioni ¢t andk {2

to exchange bias. As shown in Fig. 4, the temperature depen- J
dence ofHg was fitted using Eq(2). (CV=-943, T He= S 75— (AVANK 4p) 2 (4)
=213K), (C?=—234,T®=45K), and (V=1.28,9? 2 mANM 535 ey

=0.98) were determined by the fit. The ratio 6f"/C®  Clearly, H.. is related to the AF domain wall energy of
=4.03 is comparable to the theoretical value 0f4 /A, K, In our sample, the NiO domain wall energy is
\/@/\/@=4.47, demonstrating the good simulation to given by Eq.(1). Thus, replacing 4AK . in Eq. (4) by
the experimental temperature dependencelpf Both (1) Eq. (1), we can expreshic as

and y? are a little different from those for bulk NiO, sug-

gesting that the anisotropy for very thin NiO film deviates 2 12

from cubic anisotropy. The value @& is much higher than Hex| 2AK S cosa+ 3V 2AK P coseB| . (5)
that of T, but is close to the observag =220 K, strongly

suggesting that the main contribution to exchange bia®ue toK{? being much stronger thaki{y, Eq. (5) can be
comes fromK (Y, and that the highls observed is deter- rewritten to first-order approximation as

mined by the temperature dependencd<§][2. The contri-
bution of K{2 to exchange bias is limited to only a very low VAAK 2 cosp
3(VAAK Y cosa)

temperature range of<45K. The value ofT§)=45K is Heor (2VANeK R cosa) Y2+

close to the blocking temperature o= 34 K observed by

Gruyters in a Ni/(28A) NiO bilayer with in-plane Simulation to the temperature dependencklpfshowed that
anisotropy:’ For that system, the in-plane Ni magnetizationthe contribution 0ﬂ<§fF) to exchange bias is limited to only
will favor NiO spins lying in the (111) planes due to inter- the low temperature range 45K, and that the tempera-
facial exchange coupling, and no rotation of spins inside théure dependence of both{) andK(z deviates a little from
domain walls will occur out of (111) easy planes. With anthe cubic anisotropy of bulk NiO. In general, enhanced co-
increase in temperature, the welK? drops rapidly, and ercivity Hc still exists even ifHg becomes zero above the
becomes too weak to pin the NiO domain walls in positionblocking temperature. Taking these into consideration and
and causes the exchange bias to vanish at very low temperamitting the effect of the temperature dependenck Qf on
ture. This explains the observed small deviatiorHgf from  the second term in Ed6), we rewrite forHc as approxi-

the linear temperature behavior in the low temperature rangmately
shown in Fig. 4: botK(Y and K (2 are strongly related to

(6)

the exchange bias at low temperature, &3& drops much YDr2 T\
more rapidly with an increase in temperature. For our Hc=D@+D® 1- =5 +D®)| 1- =z
sample, the Co magnetization is perpendicular to the inter- Ts Tg

face, i.e., the NiO (111) easy planes, so interfacial exchange v
coupling will favor rotation of AF spins out of the (111) easy whereD(®, D), andD(? are three constants. The inclusion
plane, and thei ) will contribute to exchange bias in ad- of D in Eq. (7) takes into consideration of the existence of

dition to the weakk (2. SinceK(} is at least one order of H¢ above the blocking temperaturg!®) and y(? take val-
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