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Exchange anisotropy and the antiferromagnetic surface order parameter
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The temperature dependence of the exchange bla} fear the Fek Neel temperature { 78.4 K) was
correlated with structural measurements in € bilayers. Low-angle x-ray diffraction and atomic force
microscopy show that samples with larger height fluctuations have larger lateral grain sizes. Samples with
larger lateral grain sizes exhibit a surface critical exponght<(0.8) while samples with smaller grains and
smaller height fluctuations have a decreaged indicating a more three-dimensional-like phase transition or
an increase in the FeFsurface exchange interactidri50163-182€07)05230-3

The critical exponents corresponding to a bulk magnetianagnet, such as FgFis placed in close proximity to a fer-
material and those corresponding to its surface and theomagnetic material. When a ferromagnetic Fe thin film is
atomic planes close to the surface are in general differergrown on Fek, and the sample is field cooled through the
from each other. This occurs because spins at the surfadeeF, Neel temperature, an exchange anisotropy ariSes.
have fewer nearest neighbors than those in the btilkarly ~ This exchange anisotropy is characterized by a shift of the
mean-field calculatiofsof the surface magnetization in M—H loop away fromH=0, commonly denoted as the ex-
Heisenberg ferromagnet$M) and antiferromagnet$AF)  change biasdg . Although this effect was discovered many
showed that the surface order parameter has the temperatyears agd! the detailed mechanism remains unclear. In the
dependencéM g)~tPs, where(Mg) is the surface magneti- simplest model, the exchange bias arises from interface mag-
zation for a FM or sublattice magnetization for an Afsis  netic exchange, and is given biylg=2J,SsSr/Mgtra?,
the surface magnetization critical exponent, andwherelJ, is the interface exchange ener§y, andSg are the
t=1—T/T¢ is the reduced temperature, willy represent- spins of the antiferromagnet and ferromagnét; is the
ing the Curie temperature for a FM or the @léemperature  magnetization of the ferromagnei; the thickness of the
for an AF. Within the mean-field theoryBs=1 and ferromagnet, ana is the interface lattice parametérThis
B=0.5. The mean-field calculations were inspired by low-model is inadequate for two reasori$) the values it yields
energy electron diffraction dafawhich showed half-order for Hg are usually one to two orders of magnitude larger
spots induced by the appearance of antiferromagnetic ordehan determined from experiment, assuming thahas the
at the surface of NiO(100. Subsequent experimefts same magnitude as the exchange interaction in the bulk FM,
showed thap3s=0.89+0.01 in NiO (100. Similar behavior and(2) interface disorder or magnetically compensated sur-
was later observed in ferromagnetic Ni surfaces using spinfaces would destrofg, while in practice the effect is ob-
polarized low-energy electron scatteriif§PLEED,® with  served in both casé&? More sophisticated models rely on
Bs=0.83+0.03. Although the latter two values @k do not  domain wall creation, either parallel to the interface, created
agree with the mean-field result, they do agree with morejuring the cool-down proceduté or the rotation of the FM
sophisticated calculations using renormalization groupmagnetizatiort! respectively. An important common feature
theory! where 85 ranges from 0.78 for the 3D Ising model of these models is thatg is proportional to the strength of
to 0.88 for the 3D Heisenberg model. Monte Carlo simula-the interface magnetic interaction if the AF has uniaxial
tions not only confirmed these resufitsut also demonstrated magnetic anisotropy. Moreover, because the AF domain wall
that within the Ising modeBs=0.78 only if the surface ex- size is independent of temperature for AF with uniaxial
change interactiodg is equal or smaller than the bulk If anisotropies, the model based on domain creation during
Js>J, Bs decreases steadily, and fdg/J>1.6, the surface cooling is only proportional to the interface interaction.
orders at a temperature higher than the Biidk This occurs  Hence, if the FM Curie temperature is much larger than the
because, adg increases, the surface tends to behave as AF Neel temperaturdy, He reflects the order parameter of
two-dimensional magnetic material near the phase transitionhe AF surface nedfy because in the temperature range of
rather than the surface of a three-dimensional material. Prénterest the FM magnetization is almost constant.
vious mean-field calculations qualitatively agree with this In the present study we investigate the surface order pa-
result®>® Therefore, there are three phase transition effectsameter of antiferromagnetic FeFby measuring the ex-
associated with the surface of a magnetic matetll:the  change bias of FeFFe bilayers near the FgFTy. This
atomic layers at or near the surface order with different criti-approach is experimentally easier than the SPLEED tech-
cal exponents than the buli) the surface critical exponent nique, but is limited to films that exhibit exchange bias and
Bs corresponding to the order parameter of the surface ifave an AF with strong uniaxial anisotropy. We find that
greater than the bulk exponeptif Js/J<1.0, and(3) Bs  Hg~1%8%004 for samples with large grain sizes, with the
decreases and the surface transition temperature increases éxponent decreasing as the grain size becomes smaller. For
Js/J>1.6. the large grain size samples, the exponent agrees with pre-

An interesting interfacial effect occurs when an antiferro-dictions of surface ordering of the three-dimensio(&D)
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Ising model. The decrease in exponent as the grain size de- — T
creases may be due either to an effective decrease in lateral —
terrace size or an increase in the interface exchange interac- or ﬁ//—'

tion with decreasing roughness. 60

The FE€" ions in FeR form a body-centered tetragonal
crystal structure §=b=4.69 A, c=3.301 A),*® with the
ions at the center of the unit cell ordering antiferromagneti-
cally with the ions at the cornef$.FeF, has a large uniaxial
magnetic anisotropy K~ 1.39x 10° erg/cn?) along thec
axis!® Because of its large anisotropy, FeBehaves as an
Ising model system over a wide temperature ralige.

The growth of Fek-Fe bilayers on MgQ100 has been
described elsewher8 Briefly, the films were grown by se-
guentiale-beam evaporation of FeHt,~ 90 nm at a rate of
0.2 nm/g and Fe {~ 14 at a rate of 0.1 nmysvith the rates
controlled by a calibrated quartz crystal oscillator. Substrates
were heated to 450 °C for 900 s prior to deposition in order
to reduce the brucite layer on the MgO substrates, then
cooled to the Fel growth temperature 269Ts<300 °C.

At these temperatures the Fegrows quasiepitaxially along
the (110 direction with two in-plane domains. The Fe layers
were deposited at 150 °C, resulting in polycrystalline films
with mostly (110 and (100 orientations, and then capped 0
with ~9 nm of Ag to prevent oxidation. The pressure during
deposition was<1x 10 © Torr. T (K)

Samples were cooled from 120 K through the Fe&Fiti- .
cal temperaturéTy=78.4 K (Ref. 19], to 10 K in the pres- _ FIG. 1. Hg as a function of temperature neag for a sample
ence of a magnetic fielt =2 kOe. The FeM-H loops with the 100 nm FeE_Iayer g_rown at 300 °C a_nd an Fe thlc_kness
were measured using a SQUID magnetometer in-tBekOe te=14 nm. The solid line is a result of a fit to Eql), with
to +2 kOe ranggFig. 1, top inset In all cases, 2 kOe was TC:_79'33f0'2 K, 9r=07=02 K, [s=0.80004, and
enough to saturate the magnetization of the films. The F'é'EO_718_34 Oe. Top insetM-H loop at 10 K for the same

maanetization was measured everv 5 Oe a0 in order Sample after field coolingH¢ is the displacement of the center of
9 ! y the loop away fronH =0. Bottom inset: log-log graph dfi¢ vs the
to determineH more accurately.

. ) . reduced temperature. The straight line is the power lawig
Figure 1 shows the typical behavior bfz near the FeF 0.0

» Neel temperature for a sample with = 100 nm Fek
layer grown at 300 °C antk=14 nm.Hg was determined 200<Ts<300 °C range. Small-angle x-ray diffractfOrf*
from the M-H loop (top insej. The Hg data were fit to a and atomic force microscopy techniques were used to quan-
“rounded” power law: titatively analyze the interface structure. In general, samples
grown at higher temperatures had larger thickness fluctua-
_ Heo Bs 2/p52 tions (roughnespas well as larger lateral correlation lengths
HE_5—\/§ o to°exf = (Tc—=Teo)/2671dTeo. (1 (grain size.2° By fitting the x-ray data to an optical model
T which takes into account the diminished reflectivity at each
where ty=1—T/T¢y for T<T¢y and t,=0 for T>Tg,. interface due to disordéf, roughness parameters were ob-
Hgo is the exchange bias dt=0, T is the center of the tained for some of the samples. It was difficult to fit, using
critical temperature distribution, ané; is its width. This  this model, data from samples that were too rough.,
equation is valid for a Gaussian distribution of transitionwhich did not show many low-angle peaks
temperatures, of widtlé;, due to disorder, strain, or other It is known that the magnitude and sign bifz in the
defects. The parametefs, T, 87, andHgy were simul-  FeF,-Fe system depends strongly on the cooling field,
taneously fit. The errors from these parameters were estHr-.%> However, it is important to note that despite these
mated by fitting all parameters but one and plottifgvs  changes irHg, we found thatBs remains unchanged as a
each fixed parameter. The uncertainty 8¢ was £0.04.  function of H.
The solid line in Fig. 1 is a result of this fit. The bottom inset The interface magnetic energy is defined as
shows the data in a log-log scale, where the straight line is AE=2M¢gtzHg, whereMg=1740 G is the magnetization
power law with 85=0.8. §; was approximately 070.2 K of Fe at low temperatures angd is the Fe thickness. In Fig.
for all samples, regardless of the transition temperature2 we showAE as a function of the parameterobtained for
Given that the samples had different amounts of interfacehe Fe-Ag interface, which represents the film's average
disorder(see below yet similar values ofs;, the rounding thickness fluctuations. As has been previously discu¥sed,
could also be due to the Fe magnetically ordering the,F8@F o for this interface must be related to theat the Fek-Fe
a temperature above thg of FeF,. interface because, for these samples with similar Faifd
In order to determine the effects of the interface structureFe thicknessesto within 10%9, the growth temperature of
the Fekr was grown at different temperatures in the the FeF, was the only growth parameter which varied from

M (10" emu)
N
|

-400 -200 0 200 400
H (Oe)

40

Hg, (Oe)




2334 BRIEF REPORTS 56

] | | | | | T T
795 F =
20
& 79.0 |- -
g
=
Yt
2L
o st 785 | v .
= < :
Il
) = 780 -
m
<
[ 715 —;_£_| .
L L N 1 L 1 L 1 L 1 N E
0 1 2 3 4 5 6 770 —
Is} (nm) 1 1 1 1 1 1 1 1
050 055 060 065 070 075 080 085
FIG. 2. AE vs Fe-Ag interface roughnessobtained from graz- BS
ing x-ray diffraction analysis for different samples. The solid curve
is a guide to the eye. Note that samples with largealso have FIG. 4. T¢ vs Bs for different samples. The straight line is a
larger terracegisland sizé. guide to the eye.

sample to sample. The parameters obtained for the e~ AE), Bs~0.80+0.04, which agrees well with the critical
interface had large uncertainties, presumably due to th@xponent of the surface of a 3D Ising systepL€0.78).
lower contrast between Fgkand Fe, and are thus unreliable. 1o samples with lower values & have a lower critical
It is clear from these data that the exchange bias tends tQunonent, but are still significantly larger than bulk ReF
decrease as increases. However, it is important to keep in (8=0.325). This means that & increases, the transition
mind that sanlgles with larger values @thave larger lateral - hecomes more sensitive to the interface, {3 approaches
grain sizesty.™ As will be shown below, itis the changes in the yalue of the surface of a 3D Ising system. One possible
¢ that causess to vary. _ , reason for this behavior is related to the exchange at the
The critical exponenBs for all samples, including those  pef, surface. If the exchange at the interface is greater than
whose x-ray spectra were not fit, are shown in Fig. 3 as &, the pulk Fef, s should be lower than 0.80 because the
function of AE. The general trend is foBs to decrease as gyrface would order independently from the buike., 2D
AE increases. BecaugeE decreases a (ando) increases |ike), tending to order with an exponent closer to the well-
(compare with Fig. 2 Bs decreases ag, decreases. Noteé known 2D Ising valu® of 0.125. In the range
that for the samples with largef; (samples with lower 1 o<j./3<1.6, Monte Carlo simulations predict theis
should decreaswithoutincreasingT -, while T should in-
0.9 T T T y T crease fodg/J>1.6. Figure 4 show$ - vs Bs. The changes
in T are small, and in any case the trend is contrary to the
theoretical prediction becaugk; decreases ab; decreases.
Nevertheless, this slight decrease could be due to finite size
effects, resulting from an effective reduction of the lateral
correlation length of the order parameter as the terrace size
decreases, which in Fgks known to be important for sizes
less than ~70 AZ2® Hence, this may indicate that
1.0<Jg/J< 1.6 for all the samples. Note that. for some
samples in Fig. 4 is larger thahy=78.4 K, the bulk Fek
Neel temperature. This could be due to the interaction with
the Fe, which would tend to order the FeBurface at
T>Ty.
Another explanation is directly related to the terrace sizes.
The interface structural analysis mentioned above showed
0.5 L . L L L that aso increases, the lateral grain siZg also increases.
L0 15 20 Samples with smaller grain sizes tend to have a larger num-
AE (T=10K) (erg/cmZ) ber of atoms at island or step edges which will have more
nearest neighbors than atoms on the flat regions of the sur-
FIG. 3. Bg vs AE for different samples. The solid curve is a face. This effectively results in a smaller value®§. How-
guide to the eye. ever, samples with larger grains may have larger flat regions,
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resulting in a value of3g closer to the value corresponding dependence dfiz should be directly proportional only to its

to a surfacg3s~0.8. The effective value fgBg is a result of  surface order parameter.

the average value over the whole sample, which includes In conclusion, we have systematically studied the tem-

averaging over regions where the Fe is in contact with Fefperature dependence of the exchange bias infef

, atoms belonging to the second and perhaps third moncAF-FM bilayers as a function of interface disorder. This pro-

layer, as well as with atoms near corners. Hence, the exides an indirect measurement of the Lefurface order pa-

change bias probes a distribution of valuessgfbecause of rameter. The critical exponent éfg nearTc, Bs, is found

the interface disorder. to increase as the AF film thickness fluctuations and the lat-
Finally, in antiferromagnets with cubic anisotropy, sucheral grain size increase. This could be the result of an in-

as CoO or NiO, the temperature dependencelpfis more ~ crease in the surfacelike exchange interaction at th_e mterfa_ce

complex. In the model proposed by MalozemBffior ex-  ©F the presence of larger terraces as the lateral island size

ample, the temperature dependence is proportional to botHC€aSes.

the square of the order parameter in the AF bulk and to the This work was supported by the U.S. Department of En-
interface order parameter for AF’s with cubic anisotropy. Inergy under Grant No. DE-FG03-87ER45332. J.N. thanks the
the present context FgFhas an intrinsic advantage, since it Spanish Ministerio de Educacioy Ciencia for its financial
has a uniaxial anisotropy, and theoretically the temperatursupport.
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