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Exchange bias flop in FexZn1ÀxF2ÕCo bilayers
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Department of Physics, West Virginia University, Morgantown, West Virginia 26506-6315

~Received 17 May 2002; published 20 September 2002!

We have measured the angular dependence of the exchange bias field (HE) in polycrystalline Co thin films
deposited on antiferromagnetic~AF! FexZn12xF2 ~110! films. Single crystals and twinned AF samples were
studied, the latter possessing small grains~;7.0 nm! with their in-plane@001# easy axes perpendicular to each
other. The twinned samples were field cooled through the AF Ne´el temperature with the field at an anglea with
respect to the twins’ perpendicular bisector in the plane of the sample. The most negativeHE occurred at an
anglef50 for 0<a<30°;40°. An exchange bias flop occurred ifa was increased further, wheref abruptly
shifted by 90°. This means that two equivalent exchange bias field axes exist in this system. A 1.0-nm pure
FeF2 layer deposited between the FexZn12xF2 and Co layers resulted in a sharper exchange bias flop transition,
indicating that the pure interface layer acts as a buffer for the interface interaction. In untwinned FeF2 samples,
a largeHE was observed with the sample field cooled along the FeF2 easy axis, whereas two loops with the
same exchange bias magnitude but of opposite sign were observed when the cooling field was applied 90° to
the AF easy axis. Changing the cooling field direction to 91° caused the sample to acquire a significant positive
HE parallel to the AF easy axis. These experiments demonstrate two important notions:~1! that the interface
exchange coupling responsible forHE is extremely sensitive to the underlying magnetic anisotropy of the AF;
and ~2! that the direction of the cooling field does not necessarily determine the direction ofHE .

DOI: 10.1103/PhysRevB.66.094426 PACS number~s!: 75.70.Cn, 75.50.Ee
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I. INTRODUCTION

Exchange anisotropy originates from the interaction at
interface between antiferromagnetic~AF! and ferromagnetic
~F! materials when the AF/F system is field cooled throu
the AF Néel temperatureTN . There is significant interest in
this effect because of the technological applications in m
netic sensor and magnetic random access mem
applications.1 Early magnetic torque measurements in po
crystalline Co/CoO showed that the unidirectional excha
anisotropy energy can be written asUA52KEcosu, where
KE is the unidirectional, interface anisotropy energy, andu is
the angle with respect to the cooling field.2 To first order in
cosu the observed shift of the hysteresis loops in AF/F
layers due toUA can be written asHE52KEcosu/MFt,
whereMF and t are the magnetization and thickness of t
ferromagnet, respectively.3 The exchange biasHE is also a
measure of the AF/F interface coupling and therefore can
used to determine the antiferromagnetic surface or
parameter.4,5 Hence, this phenomenon is a probe of interfa
magnetic exchange interactions that are otherwise difficu
measure.

The original model proposed by Meiklejohn and Be
qualitatively explains howHE depends on the intrinsic mag
netic properties by assuming an interface that is fully unco
pensated~i.e., antiferromagnetic surface with a net magne
zation! and therefore direct exchange AF/F interfa
coupling.2 This model fails to explain the existence of e
change bias observed in nominally fully compensated s
faces and surfaces with atomic-scale disorder that would
to destroyHE , nor does it reproduce the quantitative val
of HE , which is always much smaller than the value p
dicted by the theory.1 Recent x-ray photoemission electro
microscopy measurements suggest that the formation o
ultrathin alloy layer at the AF/F interface could cause A
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compensated surfaces to have a net magnetic coupling to
ferromagnet.6

The angular dependence ofHE and the coercivityHC
were recently used to demonstrate that in generalHE does
not have a simple cosu dependence in polycrystalline sys
tems. The maximumHE occurs atu5p/4 or u52p/4 in
NiFe/CoO bilayers,3 whereas an in-plane fourfold symmetr
is induced in Fe/MnPd bilayers after field cooling.7 On the
other hand, a pure cosu term is adequate for bilayers usin
amorphous Co65Mo2B33 as the F layer, presumably due
the suppression of the magnetic anisotropy in the F layer8 It
has also been demonstrated that there is an asymmetric
gular dependence of the exchange-coupling direction on
applied field direction in polycrystalline CoO/Co bilaye
due to a rotatable anisotropy.9 It was also recently pointed
out that the complex angular dependence ofHE in polycrys-
talline bilayers can be explained by inhomogeneous A
interface coupling, possibly as a result of AF domain w
formation during the F magnetization reversal.10

In order to quantitatively understand the magnitude
HE , models that rely on the formation of domain wal
within the AF have been proposed.11 Some models assum
that AF domains are formed during the cool-down procedu
in such a way that a net interface coupling results betw
the AF and the F at low temperatures.12,13 This could occur
in systems with AF magnetic uncompensated surfaces
rough AF/F interfaces. In general these models predictHE
values that are much closer to those observed experimen
but the question remains how the domain structure in the
layer changes as a function of the cooling field directio
Malozemoff’s model, for example, seems to imply that th
is the case.12 Experimental evidence supporting the doma
state model was recently provided by an observed
hancement of HE by up to a factor of three in
CoxMg12xO/CoO(0.4 nm)/Co bilayers over theHE of pure
©2002 The American Physical Society26-1
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CoO/Co bilayers.14 This enhancement presumably resu
from the creation of AF domains during the cool-down pr
cess, facilitated by the nonmagnetic impurities that lower
energy required to form AF domain walls. These small A
domains result in a net magnetic moment at the edges o
AF domains with a net magnetization which couple to t
ferromagnet.13 Subsequently we demonstrated thatHE in-
creases in FexZn12xF2/Co bilayers with respect to the pur
FeF2 /Co system by as much as 65%, as long as a 1.0
pure FeF2 layer is deposited between the dilute AF and
layers.15

The main advantage of the FexZn12xF2 system lies in its
crystallographic unit cell, with its rutile, body-centered t
tragonal structure, which results in a strong magne
uniaxial anisotropy along thec axis. Therefore, unlike cubic
antiferromagnets such as the transition-metal oxid
FexZn12xF2 has a single axis along which the spins order
low temperatures. Because of this, FexZn12xF2 is considered
to be a realization of the random-field Ising model.16 Regard-
ing the pure FeF2 system, it is known that the largest e
change bias in FeF2 /Fe bilayers occurs in~110! FeF2

twinned samples with two in-plane~001! domains17 when
the cooling field is along the perpendicular bisector of tho
twinned domains. In~110! FeF2 ~untwinned! single crystals
the coupling to the Fe layer is perpendicular to the AF e
axis.18

In this paper we study the angular dependence of
change coupling in twinned FexZn12xF2/Co bilayers, as well
as the exchange bias dependence on cooling field directio
a single-crystal FeF2 /Co bilayer. We show that the exchang
biasHE , the coercivityHC , and the remanenceMR remain
largely unchanged when the direction of the cooling field,a,
is changed with respect to the perpendicular bisector of
twins by 30° in the pure sample and dilute samples, and
in dilute AF samples with a pure 1.0-nm ultrathin FeF2 layer
deposited between the AF and F. A further increase ina
results in a sudden shift~flop! of the maximumHE position
by 90°. This shows that the effective unidirectional magne
anisotropy generated during the cool-down procedure at
AF/F interface is extremely robust with respect to the co
ing field, presumably as a result of the large uniaxial m
netic anisotropy in the bulk of the AF. In twinned A
samples the exchange bias flop occurs due to the existen
two equivalent AF easy axes. We also observe an increas
sharpness of the transition in samples with the ultrathin p
interface layer due to the AF surface ordering at a slower
than the bulk during the field-cooling procedure, thus in
lating the bulk of the AF from the strong exchange intera
tions generated at the AF/F interface. In untwinned FeF2 /Co
bilayers, cooling along the AF easy axis results in the larg
HE , whereas cooling perpendicular to it results in dou
loops with equal magnitudes ofHE but opposite signs. A
misorientation of the cooling field of just 1° with respect
the perpendicular direction produces a large net excha
bias field along the AF easy axis. Domain-state models
seek to quantitatively explain the origin of exchange b
must therefore take into account the anisotropy in the bulk
the AF.
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II. EXPERIMENTAL DETAILS

The details of the growth procedure and structural ch
acterization are described elsewhere15 and are summarized
here. The dilute AF~DAF! layers, 68 nm thick, were grown
via molecular-beam epitaxy coevaporation of FeF2 and ZnF2
at a rate of;0.02 nm/s and a temperature of 297° C.
polycrystalline Co layer, 18 nm thick, was deposited on t
of the dilute AF at a temperature of 125° C, followed by 5
nm of MgF2 to prevent oxidation of the Co layer. Som
samples had an ultrathin 1.0-nm pure AF~PAF! FeF2 layer
deposited between the DAF and the F layers. Reflec
high-energy electron diffraction showed the presence of
equivalent crystallographic domains. An out-of-plane x-r
diffraction scan, with the scattering vectorq parallel to the
growth direction, was performed to determine the~110! lat-
tice constant of the DAF layer, followed by an in-plane sc
of the ~332! peak to determine thec-axis lattice parameter
This procedure allowed the determination of the Fe conc
tration x with a precision of60.01. The roughness of th
AF/F interface, determined from x-ray reflectivity, was le
than 0.8 nm. The in-plane structural coherence was;6
nm–10 nm, calculated from Scherrer’s equation for the~110!
and ~332! reflections using a method previously used f
FexZn12xF2 ~001! films grown on MgF2 ~001!.19 For com-
parison purposes, an untwinned~110! FeF2 film was grown
on a ~110! MgF2 single-crystal substrate. All other growt
parameters, including film thickness, were identical to
twinned samples grown on MgO~100!. In this case, x-ray
diffraction showed that there was no twinning, and that
in-plane crystallographic domain size was;28 nm.

Magnetization measurements were performed using a
brating sample magnetometer~VSM!. The external magnetic
field was supplied by a 1.1 T electromagnet in the 15–300
temperature range using a closed-cycle refrigerator.
VSM was only sensitive to the magnetization compon
parallel to the applied field. Figure 1 shows the measurem
geometry. The samples were cooled in a fieldHCF
52000 Oe applied at an anglea with respect to the perpen
dicular bisector of the two AF crystallographic domains fro
a temperature of at leastT590 K, which is greater than the
TN of the AF, toT520 K ~the TN of bulk FexZn12xF2 de-
creases linearly withx, from a maximum of 78.4 K forx
51.0, forx.0.25).20 The cooling field was large enough t
saturate the magnetization in the F layer during the coo
procedure. For the present samples, cooling in larger field
up to 10 kOe did not alter the results below. Subsequen
magnetic hysteresis loops were measured atT520 K in the
25 kOe to15 kOe field range.HE was determined from the
shift of the hysteresis loop fromH50 with an accuracy of 5
Oe. By manually rotating the sample in the film plane, t
loops were measured at different anglesu with respect to the
perpendicular bisector for a given cooling field directiona.
Both HCF andH were applied in the film plane. The samp
was then warmed up again toT590 K, rotated to a new
anglea, and cooled again throughTN , and the procedure fo
measuring the hysteresis curves was repeated atT520 K.
Hysteresis loops atT5300 K andT590 K showed that the
Co films deposited on top of the twinned AF layer did n
6-2
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EXCHANGE BIAS FLOP IN FexZn12xF2/CO BILAYERS PHYSICAL REVIEW B 66, 094426 ~2002!
have an in-plane anisotropy aboveTN . Co films grown on
the untwinned AF did show a slight anisotropy at room te
perature with an easy axis along the@001# direction.

III. RESULTS AND DISCUSSION

A. Twinned Samples

Figure 2 showsHE , HC , andMR ~normalized to the satu
ration magnetizationMS) as functions ofu for a FeF2 /Co
bilayer and a Fe0.84Zn0.16F2 /FeF2 ~1.0 nm!/Co sample after
being field-cooled along thea50 anda545° directions. An

FIG. 1. Measurement geometry. The vertical line represen
perpendicular bisector of the two AF crystallographic domains. T
low-temperature magnetic configuration of the Fe21 ions is shown
for reference.HCF is the cooling field vector andH is the applied
magnetic-field vector.a andu are the angles between the bisec
line andHCF andH, respectively.

FIG. 2. HE , HC , andMR /MS as functions ofu for a50 ~a–c!
and a545° ~d–f!, measured atT520 K, for FeF2 /Co ~h! and
Fe0.84Zn0.16F2 /FeF2 ~1.0 nm!/Co ~n! samples. Solid curves are fit
to the Fourier components of Eq.~1!.
09442
-

enhancement ofHE occurs in the dilute sample, compared
the pure FeF2 /Co bilayer, when a 1.0-nm pure FeF2 is de-
posited between the DAF and the F layer. Notice thatHE has
360° symmetry, whileHC andMR have 180° symmetry. This
is a result of theunidirectionalnature of the exchange bias
For a50, the most negative value ofHE , HE,min , occurs at
u50, as expected for a cooling field that is small a
positive.21 Notice that theHC maxima,MR maxima, and the
minima/maxima ofHE coincide perfectly. This result agree
with a single-particle model where a unidirectional anis
ropy causes a significant shearing ofM -H loops when the
field is applied perpendicular to the anisotropy directio2

Interestingly, the peaks inHC and MR sharpen significantly
as the Fe concentrationx decreases. Fora545°, HCF points
along thec-axis of one of the AF domains~see Fig. 1!. In this
case a shift of theHE , HC , and MR maxima by 45° is
clearly observed. In addition, the maxima ofHC andMR are
significantly broadened with respect to thea50 case, indi-
cating the existence of a wider distribution of interface e
change anisotropies.

The solid curves in Fig. 2 are fits to the following equ
tions:

HE5 (
n51

`

HEncos@~2n21!~u2f!#, ~1a!

HC5 (
n50

`

HCncos@2n~u2f!#, ~1b!

MR5 (
n50

`

MRncos@2n~u2f!#. ~1c!

These equations represent a Fourier decomposition ofHE ,
HC , andMR , wheref is a phase difference with respect
u50. This treatment is based on previous measurement
the angular dependence of these quantities, where it
shown thatHE can only have odd Fourier components a
HC andMR must have even components.3 The fitted coeffi-
cients forHE(u) are summarized in Table I. In this case
was sufficient to go to then53 term to reproduce theHE
data. Notice that the second-order termHE2 is only ;5% of
the first-order termHE1, which is negligible in this case. On
the other hand, fittingHC and MR required higher-order
terms comparable to the zeroth-order term, due to
sharply-peaked features shown in Fig. 2. The simple cou
dependence ofHE demonstrates that the exchange bias
strongly influenced by the uniaxial magnetic anisotropy
the AF layer, which leads to a strong interface interact
during the cooling procedure.

Further insight can be gained by plotting the angle~f!
where the minimum value ofHE occurs as a function ofa,
which coincides withHC andMR maxima, as shown in Fig
3. Notice thatf remains unchanged atf50 for 0°<a<30°,
and then suddenly shifts tof590° in the 30°,a,60° range
for the samples without the pure AF interface layer. This i
clear indication that there are two stable domain structu
that form as the sample is field cooled. Hence, when
sample is cooled within630° of one of the perpendicula

a
e
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TABLE I. Summary of fitting parameters ofHE for a50 anda545°, respectively, for twinned samples
Cn5HEn /HE0. The uncertainties are62.5 Oe forHE0 and60.025 forCn .

a50 a545°
Sample HE0 (Oe) C1 C2 C3 HE0 C1 C2 C3

FeF2 /Co 2171 1.00 20.06 0.06 2126 1.00 0.12 20.05
Fe0.84Zn0.16F2 /FeF2(1.0 nm)/Co 2292 1.00 20.03 20.03 2258 1.00 20.08 0.03
Fe0.57Zn0.43F2 /FeF2(1.0 nm)/Co 2280 1.00 20.04 20.04 2242 1.00 20.06 20.03
Fe0.62Zn0.38F2 /Co 2111 1.00 20.08 0.05 273 1.00 20.03 0.00
FeF2 /Co ~untwinned! 2366 1.00 0.11 0.02
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bisectors, a stable AF structure forms such that the effec
exchange anisotropy fieldHE,min occurs in a direction along
the perpendicular bisector. A more complicated structure
formed in the 30°–60° range, where a slight canting of
AF domains occurs. This provides evidence for the existe
of an effective unidirectional anisotropy direction resulti
from a frustration of the interface exchange interaction d
to the small size of the AF structural domains~;6 nm–
10 nm!, which is much smaller than the lateral domain w
width of Co. The interface unidirectional anisotropy induc
during the cool-down procedure is reversed in one of
domains in going froma530° to a560°, causing the effec
tive interface exchange field to rotate by 90°, as illustrated
Fig. 4.

Figure 3 also shows that the transition is substantia
narrower for the case of samples having the interface p
AF layer, independent of the Fe concentration. This exp
mental result can be explained by assuming that the P
DAF short-range interface exchange interaction is sign
cantly weaker than the PAF/F interaction. As the sample
cooled, the bulk of the AF orders more rapidly than the A
surface in contact with the F, in the same way that the s
face of a ferromagnetic or antiferromagnetic material ord
more slowly as the temperature is lowered below its criti
temperature.22 At low temperatures, the DAF tends to free
along its anisotropy direction, whereas in samples with
the PAF, the DAF will tend to make it easier to form domai
that are not perfectly aligned along its easy direction.

FIG. 3. Angular positionf of the HE minima as a function of
the cooling field direction a, measured at T520 K for
FeF2 /Co (h); Fe0.62Zn0.38F2 /Co (s); Fe0.84Zn0.16F2 /FeF2 ~1.0
nm!/Co ~n!; and Fe0.57Zn0.43F2 /FeF2 ~1.0 nm!/Co ~L!.
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other words, the PAF acts as a buffer between the F and
DAF, shielding the interaction between the DAF and the
layer, and causing the domains in the DAF layer to ali
more easily along the AF uniaxial anisotropy direction.

The dependence ofHE,min as a function ofa is shown in
Fig. 5. In the 30°,a,60° range the value ofuHE,min(a)u
abruptly dips to a value;uHE,min(0)u/A2, which occurs at
a;45° for the pure sample. As previously noted,23 in this
configurationHCF points parallel to one of the domains an
perpendicular to the other. Since the coupling for each of
domains is perpendicular to thec axis, the exchange bias fo
the domain with itsc axis parallel toHCF is shut down
during the cooling procedure, while theHE for the other
crystallographic domain is maximized. Assuming that t
two crystallographic domains are on average identical
size, and that the maximum coupling to one of these doma
is Jeff , the maximum value ofuHE,minu is proportional to
twice Jeff /A2 for a50. On the other hand, fora545°, only
one of the domains is active, so the maximum value ofHE is
proportional toJeff . We note that a significant disagreeme
with this expectation was recently observed in FeF2 /Fe bi-

FIG. 4. Schematic for the effective exchange anisotropy fie
generated during the field-cooling procedure.HE1 andHE2 are the
exchange fields generated by the two perpendicular crystallogra
domains when the sample is cooled alonga50, andHE,eff is the
effective exchange field detected by the F layer. When the samp
cooled with 60°<a<90°, one of the domains reverses its magne
structure, resulting in an exchange fieldHE18 , which causes the
effective exchange field to rotate by 90° toHE,eff8 .
6-4
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EXCHANGE BIAS FLOP IN FexZn12xF2/CO BILAYERS PHYSICAL REVIEW B 66, 094426 ~2002!
layers, withuHE,min(45°)u being a factor of 3 too small whe
the sample was cooled withHCF applied at 45° from the
bisector.23 This discrepancy can be explained by a small m
alignment ofHCF with the respect to the AFc axis, on the
order of 5° or less, which could have caused the position
HE,min to shift by approximately 20°–30°, yielding an appa
ently small value ofuHEu measured along the cooling fiel
direction. For the samples with the interface PAF layer
Fig. 5, the dip is less evident, perhaps due to the sharpne
the angular transition, so that the actual minimum is not
ally observed.

B. Untwinned Sample

In order to verify the exchange bias flop picture, the a
gular dependence ofHE was also measured in the untwinne
AF sample grown as described above. Figure 6 shows th
large exchange bias is present if the sample is field-coo
from room temperature to 20 K in a fieldHCF52000 Oe
parallel to thec axis of the AF layer, and then measure
alongc axis. However, no exchange bias is observed withH

FIG. 5. Magnitude of the maximum value ofuHEu as a function
of a. Legend is as in Fig. 3.

FIG. 6. Exchange bias in single-crystal FeF2 /Co bilayer with~a!
HCFic, Hic; ~b! HCFic, H'c; ~c! HCF'c, Hic; and~d! HCF'c,
H'c. Herec represents the direction of the FeF2 c-axis. The data
were obtained atT520 K. Solid lines are guides to the eye.
09442
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perpendicular toc axis, which implies thatHE in all AF
domains is parallel toc axis (HEic). Figure 6 also shows
that after the sample is field cooled withHCF'c, there is no
net exchange bias withHic or H'c. Nevertheless, a doubl
loop is observed withHic, indicating that the localHE vec-
tor direction in the AF layer can take one of two counterp
allel directions. This is likely due to the formation of coun
terparallel domain states in the AF, where the sublatt
magnetization in the two domains are counterparallel to e
other, and the strong uniaxial anisotropy in FeF2 does not
permit the formation of significantly canted states at lo
temperatures.

The exchange bias angular dependence of the untwin
sample withHCFic is shown in Fig. 7. The angular depen
dence of the twinned sample is shown for comparison p
poses, and the results of the fit to Eq. 1~a! are shown in Table
I. Clearly the first-order cosu term still dominates, but the
second-order term is now an appreciable 11% and posit
indicating that the interface coupling may not be entire
collinear.

Finally, the extreme sensitivity of the exchange bias to
cooling field direction is shown in Fig. 8. The figure demo

FIG. 7. Angular dependence ofHE for pure FeF2 samples when
cooled along thec axis of the FeF2 for the twinned~s! and un-
twinned ~h! samples. Solid curves are fits to Eq.~1a!.

FIG. 8. Magnetic hysteresis loops measured withHic in the
untwinned FeF2 /Co bilayer after cooling withHCF applied 90° to
the c axis ~s! and 91° to thec axis ~d!.
6-5
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HONGTAO SHI AND DAVID LEDERMAN PHYSICAL REVIEW B 66, 094426 ~2002!
strates that cooling in a direction just 1° away from t
direction perpendicular to the AFc axis results in a signifi-
cant positive exchange bias of;300 Oe. By assuming tha
the sample splits up into regions of positive and nega
HE , the data show that roughly 75% of the sample ha
positive HE due to the 1° misalignment. This remarkab
angular sensitivity is reminiscent of the extreme sensitiv
of the spin-flop transition in bulk MnF2 to the applied field
direction.24 It is quite possible that the two effects have t
same physical origin if the AF/F interface exchange inter
tion selects one of the two possible domain structures in
AF depending on the direction of the cooling field. In th
bulk material, the domains would have the same energy,
the only way to make the sample single domain is to
through the spin-flop transition and then lower the field
zero. In the case of the exchange bias, the cooling fi
breaks the symmetry during the cooling procedure.

IV. CONCLUSIONS

In conclusion, we have shown that in FexZn12xF2/Co bi-
layers with AF having strong magnetic anisotropy, the d
main structure in the AF formed during the cool-down pr
cedure is very robust with respect to the cooling field ang
g

M.
g,

.
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For most of the angular range, field cooling yields one of t
equivalent antiferromagnetic domains in twinned A
samples. Only in a narrow angular range do different dom
structures form, showing that the antiferromagnetic dom
structure generated during the cool-down procedure can
much more robust than previously thought. A thin pure A
layer deposited at the dilute AF/F interface acts as a bu
which enhances the sharpness of the transition between
ferent AF domain structures. For untwinned AF samples,HE
can only lie along the@001# in-planec axis of the AF, inde-
pendently of the cooling field direction. These results de
onstrate that the interface exchange coupling responsible
HE is extremely sensitive to the underlying magnetic anis
ropy of the AF, and that the direction of the cooling fie
does not necessarily determine the direction ofHE .
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