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The exchange bias of polycrystalline Co films grown on epitaxial, 67-nm-thick single-crystalline films of
�110� FexZn1−xF2 films was measured as a function of Fe concentration. A set of samples was grown with a
pure, 1.0-nm-thick FeF2 layer at the interface, and another set was grown without the interface layer. Unlike
previous measurements of twinned FexZn1−xF2 films, the exchange bias of samples with the pure interface layer
remained relatively constant as the Fe concentration was decreased from x=1.0 to 0.35. A decrease in HE with
increasing x in samples without the pure interface layer was also observed, which can be explained by a
weakening of the FexZn1−xF2/Co exchange interaction as the Fe concentration is decreased. Evidence for the
creation of frozen domains in the antiferromagnet was obtained from vertical shifts in the hysteresis loops at
low temperatures for samples with x�0.75, which agrees with the critical concentration xC=0.76 above which
antiferromagnetic domains are not expected to form due to lack of percolation of nonmagnetic impurities. The
large enhancement of exchange bias expected from the domain state model is not observed in these samples
because of the existence of the critical concentration in FexZn1−xF2.
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I. INTRODUCTION

The phenomenon of exchange bias, characterized by the
shift of the magnetic hysteresis loop of a ferromagnet �F�
away from H=0 when the F is coupled to an antiferromagnet
�AF� or a ferrimagnet, was originally discovered in Co par-
ticles whose surface was oxidized to form CoO.1 Since then,
this effect has been observed in a large number of systems,
including ferrimagnetic/ferromagnetic bilayers.2,3 Because of
its applications in data storage technology, much research
has been performed recently to obtain a more fundamental
understanding of the effect.

Several theories have been proposed to explain the vari-
ous discrepancies with a direct interface exchange coupling
mechanism,4 including the fact that polycrystalline AF’s pro-
duce a nonzero exchange bias; that the magnitude of the
effect is smaller than expected; and that nominally compen-
sated AF surfaces also show an effect. Alternate theories in-
clude the formation of domain walls parallel to the surface
during magnetization reversal;5 formation of antiferromag-
netic domains perpendicular to the surface during the cool-
down procedure;6–8 a combination of an effective perpen-
dicular anisotropy and AF domain formation;9 and proposed
more recently that nonmagnetic impurities can cause the AF
to form a net magnetic moment that increases the F/AF cou-
pling �domain state model�.10,11 Experiments on CoxMg1−xO
and oxygen-deficient CoO thin films,10,12 as well as on
twinned FexZn1−xF2 samples,13 seem to support the domain
state model. Monte Carlo simulations also seem to support
this viewpoint, at least qualitatively, although the impurity
concentration that maximizes the effect does not coincide
with the observed data.11 Another interesting observation is
that the maximum enhancement in CoxMg1−xO �300%� is
significantly larger than in twinned FexZn1−xF2 samples
�30%�.

FeF2 is a model antiferromagnet with a tetragonal crystal
structure and a single easy axis. Exchange bias using this
material, originally grown twinned on MgO,14 has led to sig-

nificant discoveries, including positive exchange bias,15

asymmetric hysteresis loops,16 and stimulated theoretical
work in the area.17–21 Recently single-crystalline �110�
FeF2-based exchange bias samples were grown via molecu-
lar beam epitaxy on MgF2.22 The exchange bias in these
samples revealed an extreme sensitivity to the cooling field
direction,22 and provided new insights into the fundamental
behavior of exchange bias above the Néel temperature of the
antiferromagnet.23 The observation of these phenomena,
which are not observed in twinned samples, is a result of an
improved structural quality of these single-crystalline
samples.

Here we present a systematic study of single-crystalline,
epitaxial FexZn1−xF2 thin films with Co overlayers. We find
that the exchange bias effect is independent of x for the range
between x=1.0 and x=0.35. This raises questions about the
domain state model, including whether other types of struc-
tural defects, in addition to nonmagnetic impurities, are
needed to enhance the exchange bias.

II. EXPERIMENTAL DETAILS

A. Sample growth and description

The samples were grown on MgF2 �110� single crystals
via molecular beam epitaxy, using the substrate temperature
and other growth conditions previously used for single-
crystalline FeF2.22 FeF2 and ZnF2 were codeposited from an
electron beam source and a Knudsen cell source, respec-
tively, as was previously done for FexZn1−xF2 twinned
samples grown on MgO �100�.13 The actual thickness of the
samples was determined from a quantitative analysis of x-ray
reflectivity data and the Fe concentration x from measure-
ments of the �001� lattice parameter.13

The thickness of all antiferromagnetic layers was approxi-
mately 67 nm and the Co overlayers were polycrystalline,
with a thickness of approximately 18 nm. In order to prevent
oxidation, all samples were capped with a 5-nm-thick MgF2
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layer deposited at room temperature. The samples used for
our experiments had Fe concentrations ranging between 0.3
and 1.0. Two types of samples were grown as sketched in
Fig. 1: one having a 1.0 nm pure interface layer �PIL� of
FeF2, and another without the PIL, as was previously done
for the CoxMg1−xO/Co system10,12 and twinned FexZn1−xF2
samples.13 The rationale for this was to make the AF/F ex-
change the same for all samples with the PIL independent of
their Fe concentration. The samples without the PIL were
grown to determine what other effects the PIL may have had
on the exchange bias.

In order to avoid structural differences between samples
having the PIL and those not having the PIL, we constructed
a special sample holder where two substrates were mounted
at the same time. After the growth of the AF layer, one
sample was removed from the sample holder and transferred
to another ultrahigh-vacuum chamber, without exposing the
sample to air. The other sample was reinserted into the depo-
sition chamber and the PIL was deposited. Afterwards, the
stored sample was placed back on the sample holder, and the
Co and subsequent MgF2 capping layers were simulta-
neously deposited on both samples.

B. Structural characterization

The surface crystal structure was analyzed in situ via re-
flection high-energy electron diffraction �RHEED�. The crys-
tallography and interface structure was analyzed ex situ from
x-ray diffraction and reflectivity data, obtained from a rotat-
ing anode source using Cu K� radiation. In-plane lattice pa-
rameters were determined from the �332� Bragg reflections,
which have a component of the x-ray momentum transfer
vector q pointing in the plane of the sample.24,25 The posi-
tions of the Bragg peaks were modeled using two Gaussians
corresponding to the Cu K�1 and K�2 wavelengths �0.154 06
and 0.154 40 nm, respectively�. Using the out-of-plane �110�
lattice parameter and the �332� lattice parameter, together
with the assumption of a tetragonal crystal structure, it was
possible to determine the in-plane �001� c-axis lattice param-
eter from the relation

d�001� = 2�d�332�
−2 − 9d�110�

−2 �−1/2, �1�

where dhkl is the interplanar distance between �hkl� planes.
The Fe concentration x was determined from the c-axis lat-
tice parameter using a linear interpolation between the c-axis
lattice parameters obtained for the x=1.0 and 0.0 samples.13

� scans of the �332� reflection, carried out by rotating the
sample about the surface normal with the angle of incidence

and detection angle set at the �332� Bragg condition, were
performed to determine the in-plane crystalline
symmetry.24,25 Reflectivity data were fitted to a recursive op-
tical model to determine the thickness of each layer, as well
as the interface roughness between adjacent layers.26

The surfaces of the MgF2, FexZn1−xF2, and Co layers were
imaged in situ using atomic force microscopy �AFM�. This
was accomplished by transferring the sample after the
growth of each layer to a commercial scanning probe micro-
scope with an AFM needle sensor, without exposing the
sample to the atmosphere, through a transfer chamber with a
base pressure of 1�10−9 Torr. This permitted us to compare
the interface roughness of all samples under the same condi-
tions.

C. Magnetization measurements

The exchange bias was measured in a superconducting
quantum interference device �SQUID� magnetometer after
field-cooling the sample from T=100 to 5 K. Note that TN
�78 K for pure FeF2 so all samples were cooled from above
their TN. Both the cooling field HCF and the measuring field
H were applied parallel to the FexZn1−xF2 �001� direction,
that is, in the plane of the sample and parallel to the c axis.
The exchange bias was measured as a function of tempera-
ture, determined from the shift of the center of the hysteresis
loop away from H=0.

III. RESULTS AND DISCUSSION

A. Structure

The RHEED patterns obtained immediately after growth
of the FexZn1−xF2 layer were streaky, as shown in Fig. 2,
with no discernible transmission spots. This indicated that
the surface was reasonably flat. All samples had similar pat-
terns, indicating that the surface roughness was not highly
dependent on the Fe concentration. The patterns were two-
fold symmetric when the samples were rotated about their
surface normal, indicating that the samples were indeed ep-
itaxial and untwinned.

The x-ray reflectivity data indicated that the interface
roughness at the FexZn1−xF2/Co interface was approximately
0.5–0.8 nm for all samples, as shown in Fig. 3. The rough-
ness at the top of the Co layer was approximately 0.8–1.0
nm. Similar results were obtained from the root-mean-
squared surface roughness of AFM images.

The wide-angle x-ray diffraction data indicate that the an-
tiferromagnetic layers are highly crystalline along the �110�
growth direction, with a structural coherence length � esti-
mated from Scherrer’s equation27 ��=0.9� / cos���	�2��,
where � is the Bragg diffraction angle of the �220� peak,
	�2�� the full width at half maximum of the Bragg peak, and
�=0.154 06 nm is the x-ray wavelength�, of between 24 and
45 nm. The in-plane coherence was between 6 and 12 nm.
The lattice parameters and structural coherence lengths are
summarized in Table I. Clearly the crystalline coherence of
the samples degraded slightly as the Fe concentration de-
creased, especially in the in-plane direction. This may be due
to a non-zero correlation in the distribution of the Zn impu-

FIG. 1. Sketch of samples used in this study.
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rities, evidenced by the correlation length of the pure
ZnF2 �x=0� sample, which is larger than those of the dilute
samples with x
0.85. � scans of the sample revealed a two-
fold symmetry of the �332� peak. In addition, two �402�
peaks were also visible, at 90° from the �332� peaks, since
the diffraction condition is very similar to that of the �332�
peak, as shown in Fig. 4. However, the intensity of the �402�
peaks was small because the detector and sample position
were not exactly optimized for the �402� diffraction condi-

tion. This was verified by optimizing for the �402� peaks and
redoing the scans, in which case the intensity relation be-
tween the two types of peaks was reversed. The purported
twofold symmetry was confirmed by the RHEED measure-
ments mentioned above.

The important conclusions from the structural studies are
that �1� all samples had similar interface roughness param-
eters, and �2� the FexZn1−xF2 layers of all samples were epi-
taxial. Hence, differences in the magnetic properties ob-
served among the samples are likely to be due to changes in
Fe concentration.

B. Magnetic hysteresis loops

Representative hysteresis loops obtained at T=5 K after
cooling in a field of HCF=2 kOe are shown in Fig. 5. Note
that at T=5 K the samples with the PIL had a significantly

FIG. 2. RHEED patterns obtained from the surface of the

FexZn1−xF2 surface with the electron beam along the �11̄0� direction
for x=1.0 �top� and 0.36 �bottom�.

FIG. 3. �Color online� Specular x-ray reflectivity for the x
=0.36 sample, without PIL, with fit to optical model. R represents
interface roughness parameters and t layer thicknesses.

TABLE I. Structural parameters obtained from the x-ray diffrac-
tion. �hkl are the structural coherence lengths along �hkl� crystallo-
graphic directions and dhkl interplanar distances for �hkl� planes.
The Fe concentration x was determined from d001 by interpolating
between the x=1.0 and 0.0 values. Uncertainties for x are �±0.02
�except for the x=1.0 and 0.0 pure samples� and for d are
�±0.0002 nm.

x d110 �nm� �110 �nm� d001 �nm� �001 �nm�

1.00 0.3333 45.4 0.3292 11.0

0.97 0.3331 28.8 0.3288 12.1

0.85 0.3328 34.5 0.3267 10.1

0.77 0.3327 26.5 0.3254 7.8

0.65 0.3329 25.3 0.3233 7.3

0.36 0.3332 24.6 0.3185 5.8

0.00 0.3330 31.0 0.3125 8.7

FIG. 4. � scans of the MgF2 and FeF2 �332� peaks. The FeF2

�402� lattice parameter is sufficiently similar to the �332� parameter
that it is also visible.
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larger HE. In addition, the coercivity was relatively small
with respect to the exchange bias. The asymmetry in the
hysteresis loops has been observed previously in transition
metal fluorides and is believed to result from a fundamental
asymmetry of the interface magnetic interaction.16 The small
part of the signal with HE�0 for the PIL sample in Fig. 5�a�
indicates that a small portion of the sample near the edge of
the substrate had a slightly different interface interaction.
This was verified by repeating this measurement after cool-
ing in a smaller field of 500 Oe, since it is known that a
positive HE occurs when cooling in larger fields in samples
with rougher interfaces.14 In this case the loop only showed a
negative HE contribution. In any case, this problem does not
affect the conclusions presented here. Figure 6 shows HE and
HC as a function of temperature for all the samples in this
study. For all samples HE saturates at low temperatures �ex-
cept for the x=0.85 sample� and HC has a peak near the
blocking temperature �TB� above which HE=0. Interestingly,
the x=0.85 and 0.77 samples with the PIL show a change in
sign of HE at intermediate temperatures, as reported previ-
ously for a x=0.82 sample.28 This is discussed in more detail
below.

C. Dependence of TB and HE on x

In order to assess whether TB and the Fe concentration x
are correlated in a sensible way, in Fig. 7 we have plotted TB

as a function of x as was previously done for twinned
samples.13 The straight line in the plot is the expected rela-
tionship between TN and x obtained from macroscopic
single-crystal data for x�0.25.29 Two important observa-
tions from these data are �1� the good agreement between the
expected TN and TB �although some points are slightly below
the line�, and �2� the almost perfect agreement between the
values of TB for samples with and without the PIL for each
value of x. This gives us confidence that the samples are
ordering as they should and, because the PIL does not seem
to change the TB for the range of samples studied here, the
onset of HE is driven by the long-range AF order inside the
bulk of the AF layer.

The interface exchange bias energy 	E=HEMt, where M
is the saturation magnetization of the ferromagnet �the stan-
dard value of 1400 emu/cm3 for Co� and t is the thickness of
the ferromagnetic layer determined from x-ray reflectivity, at
T=5 K as a function of x, is shown in Fig. 8. Graphing 	E
instead of HE normalizes all of the samples by taking care of
small sample-dependent thickness variations in the F layer.
For the samples with the PIL, 	E does not vary much as a
function of x, whereas for the samples without the PIL, 	E
decreases monotonically as x is decreased. In order to deter-
mine whether this decrease is due to an effective weakening
of the interface exchange due to an increase in dilution, we
have also plotted 	E /x for the samples without the PIL in
Fig. 8. For Fe-rich samples 	E /x coincides well with the
values of 	E for the samples with the PIL. This indicates
that the PIL had the desired effect of increasing the AF/F
interface exchange to a level comparable to that of the pure
sample. For the lower Fe concentration samples the PIL also
increased the ordering within the AF because the 	E /x data
were lower than the 	E data for the PIL samples. This is not
unexpected because it was previously found that in twinned
samples exchange bias was observed for samples with a PIL
and x=0 at T=5 K,13 indicating that the PIL can order inde-
pendently of the underlying layer for low Fe.

D. Effects due to existence of critical concentration xC

We now turn our attention to the samples that show a sign
change in HE as a function of temperature, previously ob-
served on a x=0.82 sample.28 Experiments were performed
as a function of cooling field for all the samples. A sign
change of HE as a function of T was observed in the x
=0.77 sample with PIL, although the switching temperature
�TS� is higher than for the x=0.85 sample, as shown in Fig. 6.
Because neither lower nor higher Fe concentration samples
displayed the effect, and because the structure of the x
=0.77 and x=0.85 samples was not significantly different
from the other samples, we conclude that the change in sign
is a result of an instability of the AF magnetic structure that
occurs in a finite, intermediate concentration range. This
could be related to the critical concentration xC�0.76 in
FexZn1−xF2, above which AF domains are not expected to
exist when the sample is field-cooled from above TN because
of a lack of percolation of magnetic impurities. This has been
observed in both Monte Carlo simulations30 and recent ex-
perimental data of bulk single crystals.31 In this sense, the

FIG. 5. Hysteresis loops measured at T=5 K for x= �a� 0.97, �b�
0.77, and �c� 0.36 samples. Data for samples with a PIL ��� and
without a PIL ��� are shown.
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PIL acts as a buffer between the F and the dilute AF, causing
the AF to form a state that is in quasiequilibrium. As the
temperature is increased and the field is reversed, the AF

changes its configuration possibly by rotating all of the spins
by 180°, thus reversing the sign of the exchange bias. Indeed,
when the temperature was lowered from T�TS but with T

TB to T=5 K, the sign of HE remained positive.

We explored the role of the critical concentration further.
If there is a critical concentration, we would expect the fro-

FIG. 7. Blocking temperature TB as a function of Fe concentra-
tion x for samples with ��� and without ��� the pure FeF2 interface
layer �PIL�. The error bars in x come from the the uncertainty in the
FexZn1−xF2 �001� lattice parameter and the uncertainty in TB from
the step size in the temperature measurements �±1 K�.

FIG. 6. �Color� Exchange bias �HE� and coercivity �HC� as a function of temperature for the samples used in this study. Data for samples
with a PIL are shown in �a� and �b� while data for samples without a PIL are in �c� and �d�. Legend shows the Fe concentration. Solid curves
are guides to the eye.

FIG. 8. Interface energy 	E as a function of Fe concentration x
for samples with ��� and without ��� the pure FeF2 interface layer
�PIL�. Also shown is 	E /x ��� for the samples without the PIL.
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zen magnetic moment predicted by the domain-state model11

to develop in the AF only for samples with x
xC. To test
this hypothesis, in Fig. 9 we have plotted the vertical shift of
the hysteresis loops for samples with x�0.85 as a function
of temperature. Here, 	M /MS= �M�HS+ �−M�HS− �� /2MS,
where M�HS± � is the magnetization at positive and negative
saturation fields and MS is the saturation magnetization. No-
tice that the shift is evident in the hysteresis loops plotted in
Fig. 5. Clearly, there is a significant frozen magnetization
generated for the samples for low Fe concentrations, and this
shift tends to disappear at higher concentrations, in agree-
ment with the hypothesis. An interesting point is that the
frozen magnetization does not go to zero at TB, and in fact TB
seems to coincide with the point of the maximum negative
slope of the graph, at least for the x=0.36 and 0.65 samples.
This indicates that the order in these samples is present at
T�TB, but the interface coupling is too weak to sustain ex-
change bias. This would explain why the points in Fig. 7 for
x
0.75 are systematically below the expected single crysal
TN; in other words, TB
TN. Regarding the x=0.75 sample,
there is a change of sign of 	M /MS that coincides with the
change of sign of HE shown in Fig. 6. This is an indication
that the change in sign of HE is due to a reversal of the
domain structure in the antiferromagnet. The signal for the
x=0.85 sample is too small to be measured accurately. The

change in sign of HE could be due to a change in the domain
structure of the AF, perhaps a 180° rotation of the AF order
parameter, due perhaps to the instability of the domain struc-
ture for x�xC.

E. Comparison with previous work

Our experiments on single-crystalline FexZn1−xF2/Co bi-
layers demonstrate that there is at most a 10% enhanance-
ment, near x=0.85, in the exchange bias as the Fe concen-
tration is decreased from x=1.0 to 0.30. This result is at odds
with measurements performed in CoxMg1−xO/Co and
twinned FexZn1−xF2/Co bilayers, as well as with theoretical
expectations �domain state model�. In the case of the twinned
samples, an increase of approximately 30% was previously
observed at intermediate values of x,13 whereas in the
CoO/Co case a significant increase of over 300% was
measured.10 At least for the FexZn1−xF2/Co system, this in-
dicates that the previously-observed enhancement was re-
lated to structural defects in the twinned samples, which may
permit some domain formation even for x�xC. For the un-
twinned samples used in this study, we have clear evidence
from the frozen magnetization data that the domains do
form, but only at lower concentrations, in agreement with
previous work. This indicates that the enhancement at larger

FIG. 9. Vertical shift of the hysteresis loops 	M /MS as a function of temperature for samples with the PIL ��� and without the PIL ���.
Error bars are due to the standard deviation from averaging magnetization measurements near saturation. The dotted vertical lines indicate
TB. The solid curves are guides to the eye.
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values of x is not possible because small domains do not
form. For the CoxMg1−xO/Co case, it is possible that because
of its fcc structure, the critical concentration for domain for-
mation is higher, thus permitting the formation of AF do-
mains. This is possible because there are more nearest neigh-
bors in the CoO structure and also because next-nearest-
neighbor interactions are more important, all of which causes
the percolation of the vacancies to occur at higher values of
x. It also remains to be seen what is the role of structural
defects in the CoxMg1−xO system.

Finally, we note that a spontaneous magnetization was
observed previously in a pure FeF2 single crystal32 and a
dilute Fe0.46Zn0.54F2 single crystal33 when field cooled. In the
case of the pure crystal, the authors suggested that the spon-
taneous magnetization was a result of a small piezomagnetic
effect, which for a thin film would be very difficult to ob-
serve indeed. For the case of the dilute crystal, however, it is
possible that part of the signal observed was due to the fro-

zen moments similar to those observed in our thin film
samples.

IV. CONCLUSIONS

We have measured the exchange bias properties of un-
twinned epitaxial FexZn1−xF2/Co bilayers as a function of x.
We found an enhancement in the exchange bias of less than
10% with decreasing x, even though we were able to observe
the frozen domains at low x required by the domain state
model. We conclude that the lack of a large enhancement of
the exchange bias as x is decreased is due to the fact that for
x�0.76 antiferromagnetic domains do not form very easily.
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