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PHYSICAL REVIEW B, VOLUME 64, 104415

Influence of interfacial disorder and temperature on magnetization reversal
in exchange-coupled bilayers
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Polarized neutron reflectometry is used to measure the thermal response of the net-magnetization vector of
polycrystalline ferromagneti¢F) Fe films exchange coupled to twinned (110) MrantiferromagnetidAF)
layers. We observe a strong correlation between the temperature dependencies of the net sample magnetization
perpendicular to the applied field at coercivity and exchange bias. For cooling field and measurement condi-
tions involving magnetization reversal via rotation, we find a range of temperature dependencies. For the
smoothest F-AF interface, the temperature dependence of exchange bias compares \BeilgtcBallouin
function—an observation predicted by some theoretical models. This temperature dependence is expected for
the sublattice magnetization and the square root of the anisotropy cogstatf bulk MnF,. In contrast, for
a rough F-AF interface the magnetization reversal pro¢assl exchange biashowed little temperature
dependence up to temperatures approaching the Aff ptent—a clear consequence of increasing interfacial
disorder in a F-AF epitaxial system.

DOI: 10.1103/PhysRevB.64.104415 PACS nunider75.70.Ak, 61.12-q, 75.30.Gw

Exchange anisotrop§EA) at the interface between ferro- was increased along the lower branch, domain nucleation
magnetic(F) and antiferromagnetiGAF) materials is a long- (with magnetization parallel to the cooling field direction
standing problem in condensed-matter phySiose that has was observed. This means that the magnetization reversal
received renewed attention recently due to the importance dirocess was different on either side of the same hysteresis
EA in technological applicationsProgress, theoretical and 00p.
experimental, has been made in understanding the phenom- Here, we study the temperature dependence of the mag-
enology and mechanisms for exchange bigs(the shift of ~ Netization rotation process occurring at coercivity of Fe films
the F hysteresis loop along the field axis—a manifestation ofXchange coupled to MaFUsing PNR, we measured the
unidirectional EA.2 Experimentally, the effects of interface [raction of the sample with magnetization directed perpen-
disordef on He, the relation betweemiz and coercivity, dicular to the applied field at coercivity as t,he sa_mple was
He,57 the magnetization reversal mechanidfisand the warmed from low temperatures to above theeNpoint for

temperature dependence dt (Refs. 6, 10, and J)1lhave
been studied in different systems. Theoretical studies havt
produced various models fdig and Hc .2 These models
include formation of AF domain walls paraltél and
perpendiculd? to the F-AF interface, perpendicular ex-
change coupling®~" collective excitationd® and uncom-
pensated free-spin densiti¥s:® We report results of an ex- =" 0
perimental investigation that correlates temperature =
dependencies of magnetization reversal mechanisms$iand
with interface disorder in an epitaxial F-AF system. 05 L
Previously, polarized neutron reflectometfifNR) was
used to probe the in-plane projection of the net-
magnetization vector of polycrystalline Fe films exchange I o
coupled to twinned (110) MnFor FeRAF layers® For -600 -400 -200
samples cooled in fields applied along a direction that bisect:
the anisotropy axes of the AF twins, two different magneti-
zation reversal processes were observed. When reversing the fig, 1. Ferromagnetic hysteresis loops for samplésoSd line)
field direction from positive to negative saturation, i.e.,and R(dashed lingat 30 K. Inset: Orientation of the 2-kOe strong
changing field strength from right to left along the F hyster-cooling field relative to the Mngtwin domains. Arrows indicate the
esis loop(Fig. 1), the magnetization reversal occurred via bulk spin structure of the AF. Neutron measurements were taken as
magnetization rotation. On the other hand, when the fielch function of temperature for applied fields at coerciviiy).
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MnF, (Ty=67 K). The neutron experiments involved stud- 1 F
ies of two samples—one with a very smooth F-AF interface
and another with a more structurally disorder@dugh or
interdiffused interface. We find for the case of smooth
F-AF interface, the fraction of the sample with magnetization%
directed perpendicular to the applied field at coercivity to beT o6 |
well correlated withHg, and both decreas&imonotoni-
cally with increasing temperature. Forraugh F-AF inter- 204l
face, the magnetization reversal process was also well correg
lated withHg, but a completely different thermal response %
compared to that of the smooth sample was observed. Nei@ 02 |
ther the magnetization reversal process for the rough sampl
nor Hg showed appreciable temperature dependence until th , ‘ ‘
temperature was within-10 K of Ty, and then, the fraction 0.05 0.1 0.15 0.2 0.25
of the net sample magnetization perpendicular to the applie
field at coercivity(andHg) dropped precipitously. We show

that the drop ofHg near Ty is correlated with interfacial to (00) in Fig. 1 measured as a function of momentum trangler

roughngss for many Fe-Mpsamples. We attribute the dra- The curves were obtained from a one-parameter fit of a closure
matic difference between the thermal response of the F ovefy,,in modefinsey to the data.

layers to the influence of F-AF interfacial disorder on the

exchange coupling. In turn this quantity dictatés of the F The magnitude and orientation of the magnetization vec-
hysteresis loop. tor M relative to the cooling field were determined from
Our samplegsamples for neutron study, denoted samples;ample reflectivities measured with polarized neutrons. PNR
R (rough and S(smooth] were prepared by electron-beam jnyolves specular reflection of a polarized neutron beam
evaporation onto single-cryst&D01) MgO substrates. The from a flat sample onto a polarization analy?eFour neu-
samples were composed of Zn25nm) (buffer layers to  ton cross sections were measured. Two cross sections corre-
improve epitaxy, MnF, (50 nm), Fe(11 nm), and Al@ nm)  gpond to the non-spin-fligNSP reflectivity profiles, where
(capping layer to prevent oxidatipf" The nominal deposi- the intensities of the reflected radiation for spin-ip+)
tion temperatures were Zpf473+2K), Fe(423-2K),  [and alternately spin-dowf-—)] neutrons illuminating and
and Al (4232 K). The deposition temperature of MaWas  reflecting from the sample were measured. The difference
varied between 523-623 K to induce different interfacepetween ther + and—— NSF reflectivity profilesANSF, is
roughnes$! Using x-ray reflectometrf. the thicknesses of rejated to the projection d¥l on the direction of the applied
the Fe films were determined to be 10 and 13 nm for samplege|q, i.e., ANSF<M,. The remaining two cross sections are
R and S, respectively, and the roughness of thghe spin-flip (SP reflectivities. These are nonzero if the
F-AF (Fe-MnF,) interface(root-mean-square deviation about sgmple changes the neutron beam polarization from spin up
its mean to be 1.9-0.2nm for sample R and 0:50.2nm  to spin down (+—), and vice versa. For most neutron-
for sample S® In-plane glancing incidence x-ray scattering studies, the two SF cross sectiohs- and —+)
diffractior®® and reflection high-energy electron diffraction gre equaland this experiment is no exceptidii so here the
confirmed that the AF layers grew as twinned epitaxial thingyerage of the- — and — + cross sections is called SF.Nf
films. One AF crystal domain is oriented such thathas a compone; perpendicular to the neutron spin, then
[110] MnF,ll [110] MgO, while the other domain is oriented the beam polarization will change, so €H, . Note, the
with [001] MnF,l [110] MgO. Application of the Scherrer difference between the NSF cross sections is relatéd,tp
particle size broadening relatithto the widths of the in- in contrast to the SF cross section, which is relateMto.
plane (110) Mnk Bragg reflectiongafter correction for in- For the neutron-scattering experiment, the samples were
strumental broadeningielded lower limits for twin domain  cooled(to 36 K for sample S and 20 K for sample R a
sizes of G=1 and 1G-1 nm for samples R and S, respec- field Hgc=2.00+0.01 kOe with the orientation shown in
tively. Fig. 1 (insed. Subsequent neutron measurements involved
To confirm that the Fe overlayer is exchange coupled taaturating the sample in @#2-kOe field?® reducing the ap-
the AF layer after field cooling throughy , the F hysteresis plied field to zero, reversing the direction of the applied field
loops of the samplegFig. 1) were measured with a super- and then increasing the field strength until the- and ——
conducting quantum interference device magnetometer. Theflectivity profiles were equal, i.eANSF=0. This field cor-
samples were cooled to 10K(Ty) in a field of Hec  responds to—Hc(T)+Hg(T) (O's in Fig. 1) where M,
=2 kOe (=159 k A/m) with the orientation shown in Fig. 1 =0. The two NSK++ and——) and two SH+— and—+)
(insed. He=—32+3 Oe andH =138+ 4 Oe for sample R, cross sections were then measured in a region of momentum
and Hg=—30+2 Oe andH.=81+2 Oe for sample & transferQ, close to the critical edd@of the sampleFig. 2).
which are consistent with previous measurements on similn all cases, the two SF cross sections were found to be
larly grown bilayers’! Above Ty ,H=43+2 Oe for sample equal, so the average of the two cross sections is shown in
R and 1G-2 Oe for sample S. Fig. 2. If a closure domain mod&I(Fig. 2, inset is assumed

ectivity
o
[=-]

eutro

FIG. 2. Polarized neutron reflectivity of sample S corresponding
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FIG. 3. Temperature dependence of the SF scattering normal- FIG. 4. Temperature dependencethf normalized to unityH
ized to NSF scatteringFig. 2), integrated overQ, is shown for  (boxes, is shown for the samples. The SF scattering in excess to
samples §@) and R(O). The dashed line is a guide to the eye for that measured abovi,, SFK (circles, is normalized tdHg(50 K)
the data taken from sample R. The dashed line is shifted upwarder the respective sample. The solid curve is the Brillouin function
for sample S to emphasize the difference in the temperature depefor a spin:% system and =67 K. The dashed lines are guides to
dencies of the SF scattering between the two sampleepresents  the eye.
the fraction of the Fe film with magnetization perpendicular to the

applied fieldH,, i.e., f, =f,+f, (see Fig. 1, insgt The spin-flio  jn MnF, and the concomitant exchange coupling across the
scattering in excess of that measured abbye SFs, is shownin £ AF interface. For sample S, a steady decrease of the inte-
the figure for one measurement. grated SF intensityor f,) is observed aJ is approached
from below. On the other hand, the integrated SF intensity
from sample R shows less temperature dependence until a
temperature close tdly is reached; then the intensity

for the Fe film domain structure at coercivity, then the SF
intensity is directly proportional td, =f,+f,. f, repre-
sents the fraction of the Fe film with magnetization perpen

. . : . . decreases
dicular to the applied field, anfi is a scalar variable repre- )
senting the fraction of the sample with magnetization Next, we comparéie(T) to the thermal response of the F

corresponding to that of thith (i=1, 2, 3, or 4 domain overlayer magnetiozation' at coerci'vitlyl.E(T) normalizoed to
(Fig. 2, inset. Within the formalism of the closure domain & (0 K), calledHg(T), is plotted in Fig. 4(boxes. He(T)
model, M, is related to|M| through f,, i.e., [M, _data are also shown for a secofsinooth s_ample $, with
—f,|M|. The curves in Fig. 2 represent the NSF and gpnterfacial roughness of 0.360.15 nm—shghtl)ol less than
reflectivity profiles obtained from a closure domain model inthat of sample S(0:50.2nm). The slope offg close to
which only f, was optimized to achieve the best fit to the Tn»—dHg/dT,* is shown in Fig. 5 for several Fe-MaF
data®? The agreement between the one-parameter fit and thg@mplesiincluding samples R and)$vith different interfa-
data is excellent. cial roughness. A tendency for the rate in the droplefnear

The measurement procedure was repeated several times fn t0 be correlated with interfacial roughness for many
the temperature range from 20—324 K. The SF intensity inFe-MnF, samples(with the notable exception of samplg)S
tegrated over the measur@range(from 0.065-0.23 nm')  is observed. Specifically, the approachHj to Ty is steep-
is plotted(sample S® sample R:O) as a function of tem- est for samples with the roughest interfaces. The integrated
perature in Fig. 3f, , which is related to the integrated SF SF intensity(or f,) above a mean value obtained from the
intensity (by fitting to the closure domain modgis shown SF(T>Ty) in Fig. 3, and normalized tbéig, is shown in
on the axis at the right of Fig. 3. FA@r>T,, the integrated Fig. 4 (circleg for the respective samples. This excess SF
SF intensity(or f,) is nonzero for both sample&ig. 3), intensity is called S§;. The temperature dependencies of the
indicating that in the absence of exchange coupling acrosseutron SF intensityrelated tof | ) and the exchange bias for
the F-AF interface, magnetization rotation still occurs on thethe smooth samplésample $ are remarkably correlated.
upper branch of the hysteresis loop. The predominance ddpecifically, the temperature dependence shows a monotonic
magnetization rotation in the smooth sampglbove T)  decrease in the SF intensifyr f, ) and exchange bias for the
compared to the rough sample, and difference$iinbe-  smooth samplgsample $ with increasing temperature. A
tween the samples abovig,, stem from differences in the similar correlation is observed between the temperature de-
anisotropies of the Fe films, since they have different micropendencies of the SF intensity and exchange bias for the
structures. rough sampldsample R. However, in contrast to sample S,

However, for T<Ty, both samples show a very pro- the temperature dependence reflected in the SF intensity an-
nounced enhancement of SF intengfjg. 3). This suggests exchange bias for the rough sample is constant until a tem-
thatM , at coercivity increases beloW, due to AF ordering perature close t@y, and then a precipitous decrease occurs.
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below Ty, then decrease precipitously.

However, other models can also produce the observed
Hg(T) in the smoothest sample. For example, in F-AF
systems that can exhibit positive exchange biasg.,
samples S and,Sor Hg->20kOg, the exchange coupling
across the smooth Fe-MpbFnterface is antiferromagnetic
004 - ﬁ e (irrespective ofHFq).39 Leighton et.al.21 and Hond® have

______________________________ attributed the origin of AF coupling across the Fe-MnF
interface to superexcharfgebetween F&-F"-Mn?". In
003 [ ] this model, the AF coupling across the Fe-Mnhterface
Samples # is expected to increase with decreasing temperature
in proportion to the AF-sublattice magnetizati@s observed
0.02 ‘ for sample $).
0 0.5 ! 15 2 25 In the case of the rough sample, an altogether different
rms interface roughness [nm] temperature dependence of the magnetization reversal pro-
cess (and Hg) was observed. Possible origins include

FIG. 5. The derivative oHg with respect to temperatulBas o, ghness-induced alteration of the temperature dependence
T—Ty is shown for several Fe-Mpfsamples with different inter- ¢ yne AR surface magnetizatiéhor a difference due to
face roughness. The solid line s a linear f.'t to the d.ata’. WhlChfundamentally different interfacial exchange coupliig.
suggests a tendency ftn‘H;/dT| to increase with increasing inter- We note that sample R is an example of a system that exhib-
face roughness. The dashed line, correspondingdtd’/dT . . . .

-~ 1 S - . : its only negative exchange biéf®r anyH ), so the Fe film
=—0.036 K+, is the derivative of the Brillouin functiotshown in . . . 21
Fig. 4 asT—Ty,. is f(_arromagnetlca}lly coupled to the Mpk® Lelghtonet al.
attribute F-coupling across the rough Fe-Mrifterface to
direct exchange(plus superexchangebetween Fe and
Mn atoms. In addition, roughness-induced uncompensated
free spins at the F-AF interface could provide a contribution
hysteresis loop, whilél(T) is obtained from a comparison 'I[SeHaEn.dV\lﬁ ct;erlrl\?)\(/ei stgti ds trl\jzg SE?:;CV?/ OCUC;(LijtI;nngd btimp/)?ﬁrr:q ote

of coercive fields fromboth sides of the loop. The implica- magnetic order of the F-AF interface at higher temperature

tion of this correlation is that the temperature dependencie ear T,), since the uncompensated moments would
of magnetization reversal processes on either side of the Ioogg' N/ . ) P .
e less constrainefvia exchanggto the MnF, sublattice

must be the same, because,$F) is correlated with L
Hg(T)—a measurement obtained from both sides of thgnagnetization. , ,
loop. Yet, interestingly, the reversal processes are very dif- In summary, we measured the res.por(ﬁnae !nten5|ty
ferent. The cooling field orientation shown in Fig(inseyis ~ ©f SPin-flip scattering and exchange biaxf Fe films ex-
one that promotes asymmetric magnetization reversal—ofnange coupled to an AMnF,). The temperature depen-
the left-hand side of the loop, reversal occurs via magnetizadencies of the fraction of magnetization perpendicuiar.,
tion rotation(henceM, and SF are nonzeyowhile on the  SFs) to the applied field at coercivity anHg(T) are re-
right-hand side reversal occurs via domain nucleation andharkably well correlated. For a sample with a smooth
wall motion. F-AF interface, both quantities decreased monotonically with
Several theoretical models attributing the origin of ex-increasing temperature. In contrast, little temperature
change bias to the formation of AF domding **predict a  dependence was observed in the magnetization reversal
temperature dependence Bifz(T)«\K,(T), whereK,; is  process or Hg(T) for a sample with an imperfect
the anisotropy of bulk Mnf We note that for bulk Mng; (rough or interdiffused F-AF interface until the sample
JK; and the MA* sublattice magnetization have the sametemperature was raised to within10 K of Ty. In other
temperature dependent®® the latter having been previ- words, a range in dependencies of magnetic response to
ously measured with neutron scatteriiigrhis work deter-  changing temperature was observed and is attributable to dis-
mined the temperature dependence of the sublattice magnerder of the F-AF interface. The thermal response of an F
tization to be the same as a Brillouin function for Snz% overlayer at coercivity, and consequertly, are fundamen-
system,Bg,(T) with Ty=67K; therefore, the same models tally different for F-AF interfaces with different structural
that predict Hg(T)«yK{(T) also predict thatHg(T) disorder.
%Bs(T). Bgy(T) is shown by the solid curve in Fig. %,
We noteHg(T) for the sample with the smoothest F-AF  The neutron-scattering facilities of the National Institute
interface (sample $) is nearly identical to that oBg,(T). of Standards and Technology and the Hahn-Meitner Institute
For the case of the sample with a rough F-AF interface, thare gratefully appreciated. We acknowledge discussions with
temperature dependence of the integrated SF intensity is n@t. Martien. This work was supported by the U.S. Depart-
“Brillouin-like,” i.e., the integrated SF intensity anddg ment of Energy, BES-DMS under Contract No. W-7405-
show little appreciable change with temperature until justEng-36, Grant No. DE-FG03-87ER-45332, the National

0.06 ‘ T

0.05 [

Sample S,

-dH_/dT K™

The strong correlation between SfT) and Hg(T) for
smooth and rough samples is remarkable, sincg(3F is
obtained from an observation taken from oolyeside of the
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