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PHYSICAL REVIEW B, VOLUME 65, 012415

Dilution-induced enhancement of the blocking temperature in exchange-bias heterosystems

Xi Chen, Ch. Binek, A. Hochstrat, and W. Kleemann
Laboratorium fur Angewandte Physik, Gerhard-Mercator-Universit2uisburg, 47048 Duisburg, Germany
(Received 28 August 2001; published 13 December 001

The temperature dependence of the exchange bias field is investigated by superconducting quantum inter-
ference device magnetometry in;FeZn,F,(110/Fel4 nm/Ag35 nmx=0.4. Its blocking temperature exhib-
its a significant enhancement with respect to the global ordering tempefigeré6.9 K, of the bulk antifer-
romagnet FgsZny 4F,. The enhancement is attributed to fluctuations of the diamagnetic dilution which creates
clusters on all length scales having a Zn dilution ekX<1. While the infinite clusters give rise to the
well-known Griffiths phase, finite clusters also provoke a local enhancement of the exchange bias. The tem-
perature dependence of the integral exchange bias effect is modeled by averaging all local contributions of the
antiferromagnetic surface magnetization which exhibit a surface critical behavior.

DOI: 10.1103/PhysRevB.65.012415 PACS nuntder75.50.Ee, 75.70.Rf

Recently, the exchange bidEB) effect has attracted a independently of the bulk. Moreover, an increased interface
great deal of interest in basic research and materialgiteraction may explain a blocking temperature slightly
science:? owing to its relevance for technological applica- aboveTy.
tions. The EB effect describes a shift of the ferromagnetic In this paper, we investigate the temperature dependence
hysteresis loop along the magnetic-field axis away from it9f the exchange bias fieltHgg in the Feg gZng JF»(110/
origin atH=0, which is caused by the exchange coupling atF&(14 nm/Ag(35nm heterostructure by superconducting
the interface between ferromagnetiéM) and antiferromag- quantum interference devicéSQUID, Quantum Design
netic (AF) materials after cooling or growth of the sample in MPMS-53 magnetometry. Surprisingly, we find that the
a magnetic field to below the N&temperature of the anti- Plocking temperatur&g~63 K is much higher than the e
ferromagnet. temperaturel y=46.9 K of the diluted bulk antiferromagnet

Meiklejohn and Bean proposed a simple model of the EBF&.62Mo.4F2: Such a huge enhancementTgf with respect to

. . . Ty cannot be explained within the framework of a small
effect which provides the basic, but powerful Torm‘?“'% proximity effect that originates from the mutual AF/FM in-
= —JeeSarSrm/(Memtew) for the exchange bias fieftf:

i ) teraction at the interface. Instead we propose that
Here Sy and Sgy are the AF and FM spins at the interface, Fe _,ZnF, clusters, with an arbitrary concentration of

Mew andtgy are the magnetization and the thickness of theznr, " o<x<1, originate from fluctuations of the diamag-
FM layer, while Jgg is the interface coupling constant. The petic dilution occurring during the natural growth of the AF
above formula suggests that the exchange bias effect vagylk crystal. They appear on all length scales, where infinite
ishes at the Nel temperaturdy of the bulk antiferromagnet. clusters give rise to the well-known Griffiths phase where
Note that, in general, the Curie temperature of the ferromagnonanalyticity atTy<T<Ty\(x=0)=78.4K was predicted
net is much higher thafy, and has no impact on the tem- as a rigorous theoretical restittHowever, finite clusters,
perature dependence Hifg. A rare exception was reported which are already far more frequent than exponentially rare
in Refs. 5 and 6, where FM/AF bilayers with comparableclusters of infinite size, are expected to provoke a local en-
critical temperaturesT, and Ty exhibit an enhanced ex- hancement of the exchange bias. Here we present an analysis
change bias field on approachinig=Ty. Typically, the of the temperature dependence of the integral exchange-bias
blocking temperaturég, i.e., the temperature of the vanish- effect. To this end the local contributions to the AF surface
ing exchange bias effect, is smaller thHEg." This behavior magnetization, which exhibit critical behavior are averaged
is usually attributed to finite-size effects which are known,with respect to a phenomenological cluster distribution under
e.g., from the dependence of the EB effect on the AF layethe assumption of local quasicritical temperatures.
thickness: "8 Moreover Zaaget al® pointed out thaf g does The Fg Zny F»(110/Fe(14 nm/Ag(35nm sample is

not track the ordering temperature in a simple manner. Thgrown atT=425K under ultra high-vacuurfUHV) condi-
authors of Ref. 10 showed that in FefFe bilayers nealfy  tions by depositing 14-nm Fe on top of the compensated
the temperature dependence of the exchange bias field fol110 surface of the diamagnetically diluted AF substrate.
lows the temperature dependence of the AF interface magrhe metallic thin film is deposited on an &&n, 45> single
netic moment, which exhibits a power-law behavior owing tocrystal which has been polished to optical flatness with
surface criticality. In the case of large grain sizgs the  0.3-um diamond paste before transferring into the UHV
corresponding critical exponers=0.8+=0.04 agrees with chamber. Atomic force microscopy investigations of polished
the surface critical exponent of the three-dimensional Ising001) surfaces of pure FegRingle crystals exhibit rough sur-
system. With decreasing grain siz&s, however, the corre- faces of such AF insulating substrates, with a corrugation of
sponding decrease @, was attributetf to either a finite- 0.8 nm on a local scale up to Ou8n while a full line scan of
size effect, in accordance with an effective decrease in th&0-um length contains contributions of deep and rare
lateral terrace size, or to an increase of the interface interascratches which give rise to a corrugation of 4.8 nm. After
tion. The latter gives rise to surface ordering which occurscooling in a field of ugH;;=5 mT applied parallel to the
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FIG. 1. Temperature dependence of the magnetic momeoft
Fey ZNo 4F»(110/Fe(14 nm/Ag(35 nm. The inset shows the first FIG. 2. Temperature dependence of the exchange bias field
(solid line) and secondbroken ling derivatives with respect to “oHes (circles obtained from magnetic hysteresis curves at the
temperature, thus defining the “®le temperature of the respective target temperatures &K<80K after cooling in a
Fey ZNo 4F>(110) substrateT = 46.9 K. freezing field of 5 mT. The inset shows a typical hysteresis curve
measured af =5 K. The solid and dashed lines show the results of

. . _ . the best fits of Eq(1) involving Gaussian and Lorentzian distribu-
planar[110] direction fromT=100K to the respective target tion functions, respectively. Arrows at 46.9 and 78.4 K indicate the

temperature, the ex_change—bias field is determined from thﬁéel temperatures of the diluted and the pure antiferromagnet,
shift of the hysteresis loop. respectively.

Figure 1 shows the temperature dependence of the mag-
netic momentm of the heterostructure. The Curie tempera-pas heen used for a best fit of thée vs T data, where

ture of Fe is much _higher than the glotia| pf Fey 6ZNg.aF5. Heso, Tco, B, andd are the fitting parameters.
Hence the magnetic moment of Fe remains almost constant™|, -ontrast with the assumption of weak perturbations in

at all temperatures under investigation, and thes T de-  £op  however, we stress the fact that in our case the dia-
pendence mainly reflects the temperature dependence of the, gnetic dilution is a strong and intrinsic perturbation. It

parallel magnetic susceptibility of the antiferromagnet. How-giyes rise to a broad distribution function even in the case of
ever, the steep increase in the vicinity Bf, on the one 5, jgeal antiferromagnet with random site dilution.
hand, and the delayed decay of the magnetic moment above pyeyiously, we showed that the dilution-induced Griffiths

Ty, on the other hand, very probably originate from theyhase of the antiferromagnet FeZn,F, gives rise to sig-

residual interface interaction. The inset of Fig. 1 exhibits th%ificant deviations from the Curie-Weiss behavior which is

first and second derivatives of(T), which indicate the Ned naively expected at > Ty, .1% However, Griffiths-type clus-

temperaturd y=46.9K of the FgeZno 47, substrate. In con-  or5 give rise to a continuous series of local phase transitions

trast with this global AF critical temperature, however, the it “quasicritical temperatured, within Ty(x)<T.<Ty

Heg vs T dependence in Fig. ®pen circley shows a long (x=0).

tail aboveTy with a blocking temperaturgg~63 K. In view of this experience, we fit Eq1) to the experi-
The authors of Ref. 10 pointed out that in a €% Sys-  ental data of Fig. Zcircles while alternatively using two

tem the temperature dependencetyfs should be directly  henomenological distribution functions, viz., the Gaussian

proportional to the AF surface order parameter. They implicjistribution of Eq.(2) and the Lorentzian distribution
itly made the plausible assumption that the magnetic moment

Sar possesses thE dependence of the AF surface order pa- el2
rameter. In order to take into account the influence exerted 2 2
; ) ; . +(Te— -
by perturbations such as like strain and disorder on the EB p(T )= Le _(TC Teo)"Jarctaq[ T(0) TCO]/S}_
effect, they introduced the “rounded” power law if Te<Tn(x=0)
0 if T>Ty(x=0)
* 3
HEB(T):HEBOJO tAsP(Te)dTe, (1) ®)

Here Ty(0)=78.4K is the Nel temperature of the pure
FeF, while Hggg, Teo, Bs. 6, ande are the fitting param-
eters. The Lorentzian distribution function was used previ-
ously in order to model th& distribution involved in the
analogous phenomenon of a field-induced Griffiths pHase.

It is normalized under the constrai[ﬁtTr’géo)P(Tc)de%,

ex — (Tc— Tco)?/26°] (2) Wwhere a symmetric distribution with respect T, is as-
oN2m sumed.T, describes the centers of gravity of the distribu-

wheret=1—T/T¢ is the reduced temperature for<Tc,
andt=0 for T>T, while P(T.) is the critical temperature
distribution. A narrow Gaussian distribution function

P(Teo)=

012415-2
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TABLE I. List of the parameters resulting from the best fits of occurs, which depends on the bulk critical behavior.rAt

Eq. (1) to the uoHep vs T data(Fig. 2, circles involving Gaussian >y a surface transition occurs which is independent of the
and Lorentzian distribution functions, respectively. bulk transition, while a so-called “special transition” occurs
at the multicritical pointr;.*°

® (Or:]_'TE)BO Ig’ 8 5(°Kr)8 In our casej3; is quite close to the value of the special

° transition where8,=0.237 and 0.26 were reported in Refs.

Gaussian distribution  4#10.1 45.0:1.5 0.22£0.04 6.x-1.6 16 and 17, respectively. As pointed out in the work of Ref.
Lorentzian distribution 4.40.1 44.4-1.3 0.19-0.03 4.0:0.1 10, B, decreases with increasing interface exchange coupling
because the surface spins tend to order independently of the

. . . . . .bulk, i.e., with an exponent closer to the two-dimensional
tion functions, respectively, and is expected to be in the vi- P

i _ 118 . . i
cinty of the global transiton temperatuy( ~46.9K. 1S RAT L L e dlamaneti
Figure 2 shows the results of the best fits of Eb.in- y may ’ g

volving a Lorentzian(dashed lingand a Gaussian distribu- Q|lut|on.g|ve? ”SKFIO b;oken magnetic ;bon.di'; He?ce thhe
tion (solid line), respectively. Inspection shows that, in par- Interaction of an AF surface moment with neighbors from the

ticular, the tail of theH g vs T data atT>50K is modeled AF bulk_ is effectively reduced with respect to the e_xchange
more accurately by the Lorentzian distribution. This is cor-interaction between the AF and FM moments at the interface.
roborated by the resulting fitting parameters which profitTherefore the ratio of the effect!vg surface and bulk interac-
from smaller uncertainties in comparison with the parameter§0on constants increases thus giving rise to a redyged
which result from the Gaussian distribution. The resulting [N conclusion, we have investigated the temperature
fitting parameters are listed in Table |. Here we are going tglependence of exchange-bias field in, E&n,F,(110/
discuss the parameters. Substitutiontefl into Eg. (1) Fel4d nm/Ag35nmx=0.4. The blocking temperature is lo-
yields the physical meaning qfoHggo, Which is the zero- cated more than 16 K above the éleemperature of the
temperature limit of the exchange-bias field. Hepgfzgy  diluted bulk antiferromagnet. The unusual enhancement of
~4 mT is in accordance with the low-temperature value ofthe blocking temperature is attributed to a wide distribution
the woHEggo vs T data shown in Fig. 2. As expectelicy  of quasicritical temperatures which correspond to clusters of
=45 and 44.4 K, respectively, are close to the global transivarious diamagnetic dilution€©x<1. The clusters originate
tion temperatureTy(x=0.4)=46.9K. The parameter$  from fluctuations of the dilution which are involved in the
=6.1 ande = 4.0 characterize the widths of the Gaussian anchatural growth process. Clusters of infinite size., on the
Lorentzian distribution fUnCtionS, respectively. PhySlca”y thE|ength scale of the Samp|give rise to the well-known Grif-
most interesting parameters are the surface critical exponenfghs phase. However, an enhancement of the blocking tem-
Bs=0.22 and 0.19 for the Gaussian and Lorentzian distribuperature requires only very frequently occurring clusters of
tions, respectively. These values are surprisingly low in comsinite size. Within the framework of this cluster model, the
parison toBs= 0.8, the surface critical exponent of the three'experimental data are fitted on averaging all local compo-

dimensi(())nal Ising system found in the BeFe bilayer nonts which possess surface critical behavior. The resulting
system'® However, it is known that surface critical behavior critical exponentB,~0.2 is close to the value predicted for

depends on the ratio between the sgorfﬁclg coudirand the the so-called special transition.
bulk coupling constand,, r=J./J,.7~"The phase dia-
gram of the semi-infinite I1sing model exhibits a critical ratio ~ Work supported by the Deutsche Forschungsgemeinschaft
at r,~1.5011° |n the caser<r, an “ordinary transition” through SFB 491.
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