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Abstract

A new ferromagnet/antiferromagnet bilayer system, Fe/KMnF
3
, exhibits interesting interfacial exchange properties.

The bulk antiferromagnet KMnF
3

has three possible magnetic states: paramagnetic, antiferromagnetic, and weakly
ferromagnetic spin-canted. Consequently, the exchange anisotropy in Fe/KMnF

3
is unusual. We examine the exchange

bias in Fe/KMnF
3
as a function of the magnetic state. Monocrystalline Fe(0 0 1) and polycrystalline Fe "lms, 3 nm thick,

were grown epitaxially on Ag(0 0 1) templates on GaAs(0 0 1) substrates. Epitaxial KMnF
3

was then grown on both the
single-crystal and polycrystal Fe. We measured the low-"eld, zero-"eld-cooled and "eld-cooled magnetizations as
functions of temperature. The zero-"eld-cooled single-crystal Fe magnetization is greatly reduced at liquid-helium
temperatures. We see the in#uence of the transition from the antiferromagnetic to the spin-canted state on the exchange
coupling. The blocking temperature is close to the NeH el temperature (89 K). From the shift in the hysteresis loop, we
estimate the strength of the interfacial exchange coupling to be 4.5]10~5 J/m2. ( 1999 Elsevier Science B.V. All rights
reserved.
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1. Introduction

The interfacial exchange interaction between
a ferromagnet and an antiferromagnet is an impor-
tant, though not well understood, problem in fun-
damental magnetism, despite nearly 40 years of
research since the discovery of exchange anisotropy
by Meiklejohn and Bean [1] in the Co/CoO

system. Interfacial exchange has technological
applications in domain stabilization in magneto-
resistive heads [2] and spin-valve-based devices
[3].

Many factors seem to contribute to the strength
of the exchange bias. These include intrinsic factors,
such as the exchange sti!ness and anisotropy in the
antiferromagnet, as well as extrinsic factors, such as
grain size, orientation, and texture. In addition,
recent experiments and theoretical work have em-
phasized interfacial roughness as a critical para-
meter. For example, some work suggests that
biasing is a result of an uncompensated surface of
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Fig. 1. Illustration of the surface geometry of the (0 0 1) surface
of KMnF

3
and how the Fe atoms "t into this surface. The atoms

are drawn to scale with the atomic radii.

the antiferromagnet [4]. A recent theoretical
model, in contrast, suggests that exchange biasing
can occur at a magnetically compensated surface
and may be the result of the creation of domain
walls in the antiferromagnet [5]. The details and
strength of this interaction depend on the orienta-
tion of the easy axis of the antiferromagnet with
respect to the direction of the applied "eld [6]. To
check the applicability of this theory and to deter-
mine the importance of interfacial roughness and
crystallographic structure, it is necessary to have
a structurally well de"ned, single-crystal system.
Here, we investigate the interaction between the
ferromagnet and antiferromagnet in single-crystal
and polycrystal Fe/KMnF

3
structures.

The #uoride KMnF
3

exhibits unusual magnetic
and structural properties [7}9]. We examine the
exchange coupling between an Fe "lm and KMnF

3
as a function of the #uoride's magnetic structure.
Between room and liquid-nitrogen temperatures,
the bulk material has three magnetic states: para-
magnetic (above 89 K), antiferromagnetic (81}89 K),
and the weakly ferromagnetic spin-canted state (be-
low 81 K) [7}9]. In addition, the magnetic state of
the #uoride can be changed from antiferromag-
netic to spin-canted by applying an external
magnetic "eld smaller than 1 T. In the antiferro-
magnetic state in a bulk crystal, the magnetic
moments of the Mn atoms are along the z-axis. In
contrast, in the spin-canted state there is a spin
reorientation and the moments are perpendicular
to the z-axis [8,10]. The canting itself is less than
one degree. Of course, the spin con"guration in
a thin "lm could be di!erent, but it is likely that
a substantial spin reorientation takes place with the
transition from an antiferromagnetic state to the
spin canted state. The ability to change the mag-
netic structure of the antiferromagnet allows us
to experimentally probe how exchange coupling
depends on magnetic structure.

KMnF
3

is a perovskite cubic crystal [11] with
a lattice constant of 0.419 nm. An important ques-
tion concerns the nature of the interface between
KMnF

3
and Fe. Fig. 1 shows the (0 0 1) surface of

KMnF
3
, and how the Fe atoms would "t into the

resulting four-fold hollow surface. The lattice mis-
match between the expected Fe positions and bulk
Fe lattice spacing is about 3%. Thus we can expect

that epitaxial growth of Fe/KMnF
3

using molecu-
lar beam epitaxy (MBE) could create ferromag-
net/antiferromagnet structures with well de"ned
interfaces.

2. Experimental details

Fe/KMnF
3

bilayers were grown in an ultrahigh
vacuum (UHV) MBE system at 2]10~8 Pa. Fe
and Ag were evaporated from K-cells and KMnF

3
was evaporated using an electron gun. Growth
temperature was about 325 K. No "eld was applied
during deposition. We used GaAs(0 0 1) substrates
prepared by a sequence of annealing and sputtering
at 820 K. We observed the characteristic recon-
struction in the re#ection high energy electron dif-
fraction (RHEED) pattern for GaAs, indicating
a gallium-terminated surface. On this surface we
grew a thin (1 nm) seed layer of Fe followed by a Ag
"lm (100 nm). During growth we observed that
both the Fe seed layer and the Ag template were
single crystal. However, to improve the Ag tem-
plate quality, we annealed it at 620 K for about
10 h in UHV.

An Fe "lm, 20 monolayers thick, was then grown
on the Ag template. Its structural quality was
monitored by observation of RHEED intensity os-
cillations, which indicated pseudo-layer-by-layer
growth, and by the RHEED patterns themselves.
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Fig. 2. Hysteresis curves for Fe/KMnF
3

at 5 K. The samples
were cooled in a "eld of 500 mT. The coercivity is substantially
larger for the single-crystal sample.

From the RHEED results we estimate that the Fe
terraces have a horizontal width on the order of
25 nm. The four-fold structural symmetry was well
pronounced. A 30 nm thick KMnF

3
"lm was then

grown on the Fe layer. The RHEED pattern clearly
indicated a single-crystal KMnF

3
"lm. The struc-

tures were capped with 4 nm of Au.
In addition, we prepared an identical structure

with all polycrystalline layers. These "lms had no
Fe seed layer and the polycrystalline Ag layer was
not annealed. This allowed us to compare the mag-
netic properties of single-crystalline and polycrys-
talline Fe/KMnF

3
structures.

We used a magnetometer based on a supercon-
ducting quantum interference device (SQUID) to
study the magnetic properties of the bilayers. All
samples were demagnetized at room temperature
before SQUID measurement. We applied a "eld of
0.5 T during "eld cooling. The hysteresis loops of
"eld-cooled samples were measured at 5 K. The
single-crystal samples were measured along
the easy (1 0 0) and hard (1 1 0) axes of the Fe "lm.
The diamagnetic contribution of the substrate was
subtracted from the magnetic data.

3. Results and discussion

Field cooling in 0.5 T to 5 K caused a negative
shift in the hysteresis loops of both the single-
crystal and polycrystal specimens, typical for
exchange-coupled systems. The loop for the single-
crystal structure shifted 8.5 mT, twice as much as
for the polycrystal sample, 3.5 mT. Such shifts,
using the simplest model, indicate an exchange
interaction between the ferromagnet and the
antiferromagnet on the order of 4.5]10~5 J/m2 for
the single crystal and 2]10~5 J/m2 for the poly-
crystal.

Single-crystal samples allow us to probe the
connection between the magnetic response and
crystallographic orientation. In uncoupled Fe "lms,
hysteresis loops along the easy and hard in-plane
axes are generally quite di!erent; the easy-axis loop
is rectangular whereas the hard-axis loop is slanted
and much narrower. In the Fe/KMnF

3
bilayer

structure at 5 K, both the easy- and hard-axis hys-
teresis loops are rectangular and similar in width,

about 35 mT (Fig. 2). In contrast, the polycrystal
sample, with no unique crystallographic orienta-
tion, has a much narrower loop, about 6 mT. This
shows the importance of the crystallographic struc-
ture of the KMnF

3
on the magnetic properties of

the bilayer.
It is not immediately obvious if the magneti-

zation of the KMnF
3

contributes to the magneti-
zation measured in our experiment. From previous
work [7], however, it is estimated that the spin
canting of the KMnF

3
is less than one degree, even

at low temperatures. Thus the KMnF
3

is very
nearly in the antiferromagnetic state and its net
magnetization is negligible compared to that from
the Fe "lm.

Zero-"eld cooled magnetization at 5 K for the
single-crystal sample along an easy axis of the Fe
"lm required over 110 mT to saturate (Fig. 3),
a value much larger than would be expected for an
uncoupled Fe "lm. This indicates that the single-
crystal KMnF

3
locks in the moments of the demag-

netized Fe upon cooling, although the spin-canted
structure of the KMnF

3
could cause Fe alignment

out of the "eld direction.
A comparison of "eld-cooled (FC) and zero-
"eld-cooled (ZFC) magnetization at 5 mT as func-
tions of increasing temperature demonstrate
the usual bifurcation for exchange-coupled layers.
The FC magnetizations upon increasing temper-
ature are similar (Figs. 4 and 5). The ZFC curves,
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Fig. 3. Zero-"eld-cooled magnetization as a function of applied
"eld at 5 K for the single-crystal sample. The saturation "eld is
above 100 mT.

Fig. 4. Magnetization at 5 mT versus temperature for single-
crystal Fe (3 nm)/KMnF

3
(30 nm) along an Fe easy axis. The FC

sample was originally cooled in 500 mT. The ZFC magneti-
zation is greatly reduced at low temperature. The inset shows the
magnetization of KMnF

3
near the transition from the spin-

canted to the antiferromagnetic state (after Refs. [6}8]).

Fig. 5. Magnetization at 5 mT versus temperature for polycrys-
tal Fe (3.5 nm)/KMnF

3
(30 nm) "eld. The FC sample was origin-

ally cooled in 500 mT. The ZFC and FC magnetizations are
similar, in contrast to Fig. 4.

however, are di!erent. For single-crystal Fe/
KMnF

3
, the magnetization of the Fe "lm is close to

zero at liquid He temperatures, indicating that the
demagnetized Fe magnetization is frozen by the
single-crystal #uoride at low temperatures (Fig. 4).
The ZFC magnetization approaches the FC mag-
netization at 70 K and remains constant over the
next 20 K. Both ZFC and FC magnetizations
merge at the blocking temperature, 90 K. In con-

trast, ZFC and FC curves are similar to each other
for the polycrystal sample, also merging at 90 K
(Fig. 5).

As discussed above, KMnF
3

has three magnetic
states and provides an interesting opportunity to
see how the magnetic state in#uences the exchange
coupling. Bulk KMnF

3
is in the spin-canted state

from 0 to about 81 K; the antiferromagnetic state
then extends to about 89 K. The di!erent regions of
the ZFC magnetization curve for the single-crystal
sample correspond to these known magnetic
transitions in bulk KMnF

3
. These critical temper-

atures are close to temperatures (Fig. 4) where the
magnetization undergoes signi"cant changes. The
90 K blocking temperature is close to the 89 K NeH el
temperature of KMnF

3
.
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