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We have probed directly the temperature and magnetic field dependence of pinned uncompensated magneti-
zation at the interface of antiferromagnetic FeF, with Cu, using FeF,-Cu-Co spin valves. Electrons polarized by
the Co layer are scattered by the pinned uncompensated moments at the FeF,-Cu interface giving rise to giant
magnetoresistance. We determined the direction and magnitude of the pinned uncompensated magnetization
at different magnetic fields and temperatures using the angular dependencies of resistance. The strong FeF,
anisotropy pins the uncompensated magnetization along the easy axis independent of the cooling field orienta-
tion. Most interestingly, magnetic fields as high as 90 kOe cannot break the pinning at the FeF,-Cu interface.
This proves that the pinned interfacial magnetization is strongly coupled to the antiferromagnetic order inside
the bulk FeF, layer. Studies as a function of FeF, crystalline orientation show that uncompensated spins are only
detected in a spin valve with (110) crystal orientation, but not in valves containing FeF,(100) and FeF,(001).
This observation is in agreement with symmetry-related considerations which predict the equilibrium boundary

magnetization for the FeF,(110) layer.
DOI: 10.1103/PhysRevB.102.174406

I. INTRODUCTION

Antiferromagnets are essential for the development of spin-
tronics applications [1]. They display faster dynamics than
ferromagnets, which can be exploited in devices operating
at terahertz frequencies [2,3]. Vanishing macroscopic mag-
netization eliminates stray fields, making antiferromagnetic
devices insensitive to external magnetic fields. The major
drawback is that the antiferromagnetic order cannot be easily
manipulated nor detected using commonly available tech-
niques. Moreover, laboratory magnetic fields can only affect
uncompensated magnetic moments present due to defects.

However, local compensation of magnetic moments in
bulk antiferromagnets may not be preserved at an interface
either for symmetry reasons or because of imperfections.
Moreover, the magnetic-moment magnitude and orientation
at interfaces may vary significantly depending on the crys-
talline orientation of the antiferromagnetic layer [4]. For
certain orientations of an antiferromagnetic layer, the in-
terfacial spin structure may be uncompensated, enabling
useful functionality in magnetic heterostructures. For exam-
ple, pinning of the uncompensated interfacial magnetization is
responsible for exchange bias in ferromagnet/antiferromagnet
heterostructures [4-10]. Additionally, giant and tunneling
magnetoresistance, extensively studied in ferromagnetic spin
valves, may exhibit different properties when ferromagnets
are substituted by antiferromagnets [11,12]. Low spin ac-
cumulation at interfaces with antiferromagnets may be a
hindrance for the development of antiferromagnetic spin
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valves for practical applications. However, they may provide
crucial information on the interfacial uncompensated spin
configuration. This information is necessary for further de-
velopment of antiferromagnetic spintronics and is difficult to
obtain by other experimental techniques.

Crucial insight into the surface magnetism of antiferro-
magnets can be inferred from symmetry considerations. A
single-domain antiferromagnet, without time-reversal sym-
metry in its magnetic point group, has an uncompensated
magnetization at a generically oriented surface, which is ther-
modynamically stable and protected against surface rough-
ness [13,14]. The lack of macroscopic time-reversal symmetry
in an antiferromagnet is associated with linear or nonlinear
magnetoelectricity [15]. In particular, it was demonstrated that
the boundary magnetization of a linear magnetoelectric can be
switched by a combination of external electric and magnetic
fields [14,16]. The linear magnetoelectric effect is forbid-
den by inversion symmetry in transition-metal fluorides with
the rutile lattice, such as FeF,, but a time-reversal-breaking
single-domain state can still be achieved by direct coupling of
the boundary magnetization to an external magnetic field.

In this paper, we use antiferromagnet-ferromagnet spin
valves (AFSVs) [11] to study the uncompensated magneti-
zation and its pinning at the surface of differently oriented
antiferromagnetic FeF, layers. The valves consist of an epi-
taxially grown FeF, layer and a ferromagnetic Co layer
separated by a thin Cu spacer. The purpose of these spin valves
is to detect giant magnetoresistance (GMR) which depends on
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FIG. 1. (a) Schematics illustrates scattering of electrons polarized by the Co layer on the pinned uncompensated magnetization at
the FeF,-Cu interface. (b) Schematics shows rotation of the FeF,(110)/Cu/Co valve in an external magnetic field; easy axis (e.a.) is
perpendicular to the long edge of the sample; the sample orientation is defined by an angle 6 between the direction of magnetic field and
the easy axis. Angular dependencies of resistance R for the FeF,(110)/Cu/Co AFSV measured at 10 K in a 90-kOe magnetic field after
cooling the valve from 300 K (c) in the 90-kOe magnetic field applied along the easy axis of FeF, (6.0 = 0°), (d) after cooling in zero
magnetic field (ZFC). Circles show experimental data, grey lines are the fits to Eq. (1). Blue and red arrows show the orientation of the
pinned uncompensated magnetization (M,) at the FeF,-Cu interface (assuming the normal GMR) and the Co layer (Mc,), respectively.
The schematics in the boxes at (c) and (d) illustrate the mutual orientation of cooling magnetic field (Hcoo1), Mpin, and the FeF, easy axis for

the particular field-cooling procedures.

the mutual orientation of the magnetizations in the Co layer
and at the FeF,-Cu interface [Fig. 1(a)]. In this context, the
most useful aspect of FeF, is that it is an insulating antifer-
romagnet, therefore only the FeF,-Cu interface is accessible
to free charge carriers in an AFSV. Because of this, certain
features of the magnetoresistance may be directly attributed
to the uncompensated magnetization at this interface.

Antiferromagnetic insulators are of interest due to their
possible applications in low-power magnonic devices [17,18].
FeF, is a well-studied antiferromagnet with a tetragonal rutile
structure and simple Néel spin ordering. Below the Néel tem-
perature (78 K), the strong magnetic anisotropy provides high
stability of this spin structure along the easy, ¢ axis ([001] di-
rection). As discussed below, symmetry considerations show
that the (110) surface of FeF, has a thermodynamically
stable macroscopic uncompensated magnetization, whereas
(001) and (100) surfaces do not. This feature is consis-
tent with the fact that the magnitude of the exchange bias
in FeF,/ferromagnet systems strongly depends on the FeF,
crystallographic orientation [4]. Although the interfacial mag-
netization is much lower than that in the Co layer, the AFSV
technique enabled us to detect and study its behavior in
a wide range of temperatures and magnetic fields. Specifi-
cally, the measurements reveal some peculiar properties of
the interfacial magnetization which are distinctively different
from its ferromagnetic counterpart: the interfacial magne-
tization exhibits unprecedented stability, and magnetization
reversal can only be observed at temperatures close to the Néel
temperature.

II. EXPERIMENTAL DETAILS

FeF,(30 nm)/Cu(10 nm)/Co(5 nm)/Ti(5 nm) AFSVs were
grown using electron-beam gun evaporation on MgF, (110),
MgF, (100), and MgF, (001) single-crystal substrates. The
FeF, layer was grown at 300°C at a rate of 0.3 A/sec.
To avoid interdiffusion, the rest of the layers (Cu, Co, Ti)
were grown at a rate of 0.5 A/sec after the substrates were
cooled down to 50°C. MgF, and FeF, have closely match-
ing crystallographic structures and lattice parameters which
allows for epitaxial growth of FeF,(110), FeF,(100), and
FeF,(001) on the MgF, substrates. The corresponding AFSVs
are denoted as FeF,(110)/Cu/Co, FeF,(100)/Cu/Co, and
FeF,(001)/Cu/Co further in the text.

Four-probe electrical resistivity measurements were per-
formed on 8 mm x 2 mm stripes with the current in-
jected along the long edge. For the FeF,(110)/Cu/Co and
FeF,(100)/Cu/Co AFSVs, the FeF, [001] easy axis is per-
pendicular to the long edge of the stripes. The spin valves
were installed on a horizontal rotator, i.e., with the external
magnetic field in the plane of the film. The angular orientation
of AFSVs is defined by the angle 6 between the FeF, [001]
easy axis and the positive magnetic-field direction [Fig. 1(b)].
Thus, 0° corresponds to the orientation in which the mag-
netic field is perpendicular to the long edge of the stripes
and parallel to the FeF, easy axis [Fig. 1(b)]. Whereas the
results presented in this paper are based on one set of AFSVs,
two additional sets of AFSVs confirmed the reproducibility of
these results.
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III. EXPERIMENTAL RESULTS

To get an insight into pinning processes emerging at the
FeF,-Cu interface, the following measurement protocol was
used. An AFSV was cooled from 300 K to a temperature
T in a magnetic field H.o, while the valve was oriented at
B.001. The resistance R was then measured as a function of the
sample orientation in magnetic field Hp,e,s While 6 was varied
from 0° to 360° and back to 0°. The angular dependencies
of the resistance for a FeF,(110)/Cu/Co AFSV measured
after cooling in a 90-kOe magnetic field applied along the
easy axis (f.o01 = 0°) and after cooling in zero magnetic field
(ZFC) are shown in Figs. 1(c) and 1(d), respectively. The
measurements were conducted at 10 K in the He,s = 90kOe
magnetic field. Both curves exhibit a harmonic behavior as
expected due to anisotropic magnetoresistance (AMR). How-
ever, there is a salient feature that cannot be explained by
AMR. The curve for the field-cooled AFSV [Fig. 1(c)] is
not symmetric under reversal of the magnetic field along the
cooling direction: resistance at § = 0° is about 3 mS2 higher
than at 180°, whereas it is the same at & = 90° and 270°. On
the other hand, the resistance of the ZFC sample is symmetric
under field reversal [Fig. 1(d)]. The overall vertical shift of the
curves in Figs. 1(c) and 1(d) occurs because a lock-in detector
got reconfigured between the corresponding measurements.
If the cooling magnetic field is reversed (f.oo1 = 180°), the
global minimum of the resistance is observed at 0° instead of
180°, and the resistance at 6 = 180° is 3 m2 higher. These
observations clearly indicate that the cooling field yields a
preferred orientation that enhances carrier scattering.

Overall, the angular dependence of the resistance can be
described as

R(0) = Ro + ARaugsin® () + ARGugsin’[(0 — 65in) /2],

ey
where Rj is the resistance of the valve in zero magnetic
field, and the second term describes the contribution from
AMR. The third term describes a GMR contribution caused
by spin-dependent scattering on a magnetization pinned at
Opin after field cooling. The fit of the experimental data to
Eq. (1) with three adjustable parameters ARsyr, ARGur, and
Opin 18 shown by thin grey lines in Figs. 1(c) and 1(d). For
cooling along the easy axis (0.001 = 0° and 180°), fitting yields
Qpin = Oco01 + 180°.

The temperature dependence of the normalized GMR
(ARGur/Ro) for the FeF,(110)/Cu/Co AFSV is shown in
Fig. 2. ARgpur values are obtained by fitting to Eq. (1) an-
gular dependencies of the resistance measured in the 90-kOe
magnetic field at a sequence of increasing temperatures. Prior
to the measurements, the AFSV was cooled to 10 K in the
90-kOe magnetic field applied along the easy axis of FeF,;.
The GMR decreases monotonically with increasing tempera-
ture up to 60 K and then sharply drops to zero.

Figure 3(a) shows the dependencies of ARGy /Ry on Hypeas
at 10 K (squares), 65 K (circles), and 70 K (stars). For these
measurements, the FeF,(110)/Cu/Co valve was first cooled
to the “target temperature” in the 90-kOe magnetic field ap-
plied along the easy axis (6.0o1 = 0°). Then, the magnetic
field was decreased to 5 kOe, and the angular dependence
of the resistance was measured in Hpe,s Which was gradually
increased from 5 to 90 kOe and then decreased back to 5 kOe.

T =78K
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FIG. 2. Temperature dependence of GMR for the
FeF,(110)/Cu/Co AFSV measured in a 90-kOe magnetic
field after cooling the valve in a 90-kOe magnetic field. The dashed
vertical line shows the Néel temperature of bulk FeF,. The black
curve is a guide to the eye.

The Hpeas-up and Hpeas-down branches of the curves are
shown in red and blue colors, respectively. The AFSV was
kept at 6.o0 While Hy,e,s Was varied. Figure 3(a) shows that
the GMR at 10 K remains constant for all Hyeas. At the same
time, GMR signal measured at 65 and 70 K becomes almost
zero in high magnetic fields. Thus, the GMR signal at 65 K is
significantly suppressed if Hy,e,s is above 80 kOe. An increase
in temperature by 5 K causes a significant reduction in the
suppression field: the GMR signal at 70 K disappears if Hpeas
is above 55 kOe.

The angular dependence of the resistance for the
FeF,(110)/Cu/Co AFSV was measured at 70 K in a 10-kOe
magnetic field after three different protocols: (1) cooling in a
90-kOe magnetic field at 6., = 0° and decreasing the field to
10 kOe while the valve is at 0° [Fig. 3(b)]; (2) after completing
the first measurement, rotating the AFSV 180°, applying a
50-kOe magnetic field (which is thus opposite to the cool-
ing field), and measuring at the same 10-kOe magnetic field
[Fig. 3(c)]; and (3) after completing the second measurement,
applying a larger 70-kOe magnetic field (again opposite to the
cooling field) prior to the measurement at 10 kOe [Fig. 3(d)].
Figures 3(b) and 3(c) show that the resistance at 180° is about
1.2 m§2 lower compared to that at 0°, €yin = Ocool + 180° =
180°. At the same time, after applying the 70-kOe magnetic
field in the direction which is opposite to the cooling field, the
resistance becomes about 1 mS2 higher at 180° compared to
that at 0°.

All the data for the FeF,(110)/Cu/Co AFSV presented so
far were obtained after cooling the valve in a magnetic field
applied along the easy axis of FeF; (6.0 = 0°). Figure 4(a)
shows the angular dependence of the resistance measured
at 10 K in a 90-kOe magnetic field after cooling the same
AFSV in a 90-kOe field applied perpendicular to the easy
axis (Bcoo1 = 90°). The angular dependence is similar to the
one at 6. = 0° [Fig. 1(c)]: in both curves, the resistance
at 0 = 180° is lower than at 0°, whereas those at 90° and
270° are the same. The only difference between the curves
obtained at 6.,; = 0° [Fig. 1(c)] and 6.0 = 90° [Fig. 4(a)] is
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FIG. 3. (a) Magnetic-field dependencies of GMR measured at
10 K (rectangles), 65 K (circles), and 70 K (stars). The data were
obtained by cooling the valve to the corresponding temperature in
a 90-kOe magnetic field and sequentially measuring the angular
dependence incrementally ramping up Hpe,s (red curves) and then
down (blue curves). The error bars in (a) are shown only for a 5-kOe
data point. (b) Angular dependencies of resistance measured at 70 K
in a 10-kOe magnetic field after cooling the FeF,(110)/Cu/Co
AFSV in the 90-kOe magnetic field applied along the easy axis of
FeF; (B.000 = 0°); the same dependencies measured in the 10-kOe
magnetic field after applying (c) 50-kOe and (d) 70-kOe magnetic
field (H,p,) in the direction opposite to the cooling field (Hcoo1). In
(b)—(d), circles are experimental data, grey lines are the fits to Eq. (1).

that the GMR (ARgur) is slightly lower for the latter curve
(3 vs 2.6 mS2). For 0.5 = 270° (not shown), the resistance
at 180° becomes higher than the resistance at 0°, and the
resistances at 90° and 270° remain the same. The fits of the
data to Eq. (1) yield 6, is 180° and 0° for 6.oo1 = 90° and
Oco01 = 270°, respectively.

Further measurements reveal that as 0., is increased
slightly above 90°, 6, experiences an abrupt change by
180°. This is inferred from the angular dependencies of the
resistance measured after cooling the valve in 90 kOe at
Bcool = 70° [Fig. 4(b)] and 6.4, = 110° [Fig. 4(c)]. The resis-
tance asymmetry along the easy axis implies that 6p;, = 180°
after the 70° cooling and 6, = 0° after the 110° cooling.
Thus, 6y, switches by 180° when the cooling angle is 90° <
Ocool < 110°.

The same measurement protocols as were used
for the FeF,(110)/Cu/Co valve were applied to the
FeF,(100)/Cu/Co and FeF,(001)/Cu/Co AFSVs. No
GMR signal was detected for these AFSVs. Since the easy
[001] axis is perpendicular to the FeF,(001)/Cu/Co valve’s
plane, this valve was also installed on a vertical rotator, and a
number of R(0) curves were measured in a 90-kOe magnetic
field rotated out of plane. The 90-kOe magnetic field is
sufficiently strong to overcome the shape anisotropy of the
Co layer, ensuring that the Co layer still behaves like a free
layer and its magnetization rotates out of plane in unison with
the external magnetic field. No GMR signal was detected for
these out-of-plane measurements of the FeF,(001)/Cu/Co
AFSV.

IV. DISCUSSION
A. Origin of GMR in the FeF,/Cu/Co valve

The central experimental result is that the resistance of the
FeF,(110)/Cu/Co AFSV acquires a GMR-like contribution
when the valve is field cooled below the Néel temperature of
FeF, [Fig. 1(c)]. We developed a model which explains the
origin of this GMR signal and describes the magnetization
processes occurring in a FeF, antiferromagnet at different
temperatures and magnetic fields. A crucial assumption of
the model is that cooling in a field only influences the
insulating FeF,. Therefore, the change in the magnetoresis-
tance for different cooling procedures can only be related to
the magnetization processes at the FeF,-Cu interface. The
model assumes that the uncompensated magnetization at the
FeF,-Cu interface becomes pinned along a well-defined di-
rection after field cooling, and scattering of the electrons
polarized by the Co layer by this pinned magnetization pro-
duces the GMR [Fig. 1(a)]. When the valve is rotated, the
magnetization in the Co layer [red arrow in Figs. 1(c) and
1(d)] remains aligned along Hyc,s, While the pinned mag-
netization rotates with the valve [blue arrow in Figs. 1(c)
and 1(d)].

The GMR depends on the mutual orientation of the mag-
netization in the Co layer and the pinned magnetization at the
FeF,-Cu interface. The GMR reaches its extrema when these
magnetizations are collinear (i.e., parallel or antiparallel). The
experimental angular dependencies of the resistance are fitted
to Eq. (1), which contains the term describing the normal
GMR. The normal GMR implies that the valve’s resistance
reaches maximum and minimum values when the magne-
tizations in the Co layer and at the FeF,-Cu interface are
antiparallel and parallel, respectively. However, since FeF,
and Co are dissimilar materials, an inverse GMR may be
realized in the FeF,/Cu/Co valves. In this case, the resistance
maximum and minimum occur when the magnetizations are
parallel and antiparallel, respectively. Determining the type of
the GMR effect realized in the AFSVs requires calculations
of a spin-polarized electronic band structure which goes be-
yond the scope of this work. Therefore, we assume that Gy,
obtained from a fit to Eq. (1) determines only the axis along
which the magnetization is pinned but not its sign (direction
along that axis). However, since the sign of the GMR remains
the same for different measurements of the same system, the
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FIG. 4. Angular dependencies of resistance for the FeF,(110)/Cu/Co AFSV measured at 10 K in a 90-kOe magnetic field after cooling
the valve from 300 K in the 90-kOe magnetic field while sample orientations are (a) O.01 = 90°, (b) Oeoo1 = 70°, (€) Oeoor = 110°. Circles are
experimental data, grey lines are the fits to Eq. (1). The schematics at top of each plot illustrate the mutual orientation of the easy axis (e.a.)
and the pinned magnetization (M) (assuming the normal GMR) with respect to the cooling field (H,o1) direction. Schematic at top corner at
(a) explicitly illustrates that the easy axis is not completely perpendicular to the long edge of the sample, consequently, a projection of H,., on

the easy axis defines the direction of the pinned magnetization.

GMR s sensitive to the reversal of the pinned magnetization
by 180°.

B. Field cooling and the anisotropy
of the boundary magnetization

If the valve is cooled in a magnetic field along the easy axis
(Bcool = 0° or 180°), Opin = Ocool + 180° (assuming the nor-
mal GMR) or 6,in = Oco01 (assuming inverse GMR). Hence,
for cooling along the easy axis, the pinned uncompensated
magnetization at the FeF,-Cu interface aligns parallel to the
cooling field axis. The observation of finite ARgyg even in
Hieas = 90kOe [Fig. 1(c)] indicates that pinning is unusu-
ally strong. On the other hand, when the AFSV is cooled
in zero field, the GMR signal is zero, which implies that
the pinned uncompensated magnetization in that case is ran-
domly distributed in both directions along the FeF, easy axis
[schematics in Fig. 1(d)].

The angular dependence of the resistance measured af-
ter cooling the valve in the 90-kOe magnetic field applied
perpendicular to the easy axis [Fig. 4(a)] demonstrates an-
other unusual aspect of this pinning. Although the valve was
cooled in a very strong magnetic field (90 kOe), the interfacial
FeF,-Cu magnetization is pinned perpendicular to the cooling
field and parallel to the easy axis. The reason for this is that
the magnetic field cannot be aligned perfectly perpendicular
to the easy axis, i.e., it always has a finite projection along
this axis, and the pinned magnetization aligns in the direction
of this projection. Since 0y, = 180° (assuming normal GMR)
for the nominal 6.,, = 90° [Fig. 4(a)], the easy axis is slightly
rotated anticlockwise with respect to the long edge of the
AFSYV, as shown in the schematic in Fig. 4(a). Therefore, if
Ocool 18 decreased, Oy should remain at 180°. On the other
hand, at a certain orientation where 6., is greater than 90°,

the cooling field projection along the easy axis should change
sign which would reverse the pinned magnetization, i.e., &yin
should switch from 180° to 0°. These expectations are con-
firmed by the angular dependencies of the resistance shown
in Figs. 4(b) and 4(c), which clearly show that 6, is 180°
and 0° for 6,401 = 70° and 6.4 = 110°, respectively. Thus, we
concluded that, at low temperatures, the magnetization at the
FeF,(110)/Cu interface is always pinned along the easy axis,
and its direction is determined by the projection of the cooling
field on the easy axis. This is similar to the observations made
by Olamit and co-workers [19,20] for an exchange bias bilayer
system FeF, /Co.

The large anisotropy in FeF, is responsible for the di-
rection in which the surface magnetization is pinned upon
field cooling. However, in general, an uncompensated surface
magnetization anisotropy could be different from that in the
bulk of an antiferromagnet. The fact that the two anisotropies
coincide is additional proof of the strong coupling of the
surface uncompensated magnetization with the bulk antifer-
romagnetic order parameter, which, in turn, is an additional
indirect confirmation for the proposed mechanism of the ori-
gin of the uncompensated magnetization at the [110] surface
of FeF,.

C. Origin of the macroscopic boundary magnetization
in FeF, from the symmetry analysis

Symmetry considerations give further insight into the ob-
served behavior. To determine whether a given interface of
FeF, has an equilibrium magnetization, we need to identify
the subgroup of its bulk magnetic point group 4’ /mm’m that
leaves the normal vector of the given surface invariant and
determine whether this subgroup is compatible with ferro-
magnetism, i.e., whether it allows an invariant axial vector
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FIG. 5. Schematics illustrates the crystallographic and spin
structures of the FeF,(110) layer with an atomic step. The green

and red circles depict the Fe spins pointed in and out of the page,
respectively, along the easy axis of FeF,.

[14]. These subgroups are determined by inspection: 4'm’'m
for the (001) surface, mm?2 for (100), and m'm2’ for (110).
Of these groups, only m'm2’ is compatible with ferromag-
netism. Thus, on a macroscopic scale, the (110) surface of
FeF, has a net magnetization, whereas the (001) and (100)
surfaces are fully compensated. This analysis shows that,
for the FeF,(110) layer, the uncompensated surface magne-
tization is preserved even if the surface is not atomically
flat. In contrast, for the (001) and (100) FeF, layers, surface
roughness causes the interface magnetization to be zero [14].
These results are very unusual since they are opposite to the
conclusions which could be made by looking at a perfect FeF;
spin lattice. In that approach, for single domain FeF, crystals
with perfectly smooth surfaces [(110), (100), and (001)] (see
Fig. 1 in Ref. [4], for example), the (100) and (001) surfaces
are magnetically uncompensated, whereas the (110) surface is
nominally compensated.

Furthermore, the m'm2’ subgroup of the (110) surface
contains no elements that interchange the two magnetic
sublattices in FeF,. Therefore, the equivalence of the two
sublattices is broken at the (110) interface; the resulting
boundary magnetization is not a relativistic effect and is gen-
erally expected to be large [14]. Inequivalence of the magnetic
sublattices at the (110) surface can be understood in simple
terms by inspecting the magnetic structure of the crystal in a
single-domain state with a surface that has atomic steps, as
schematically shown in Fig. 5. The two magnetic sublattices
are shown using green (sublattice 1) and orange (sublattice
2) arrows pointing in and out of the page. All Fe atoms
in sublattice 1 are bonded with F atoms above and below,
whereas those in sublattice 2 with F atoms in front and in
the back. While these bonds are equivalent in the bulk, they
are crystallographically distinct near the surface, and thus the
near-surface Fe atoms in sublattices 1 and 2 are in different
chemical environments [21]. Generally speaking, these atoms
may have different magnetic moments [22]. Moreover, their
chemical inequivalence is likely to result in a surface termina-
tion with a preferred exposure of one sublattice to the surface
and to the Cu atoms in the neighboring layer, yielding a net
magnetization at the surface. Thus, macroscopically the (110)
surface of FeF, has a net magnetization, which is responsible
for the observed GMR.

Vanishing of the GMR measured in the 90-kOe magnetic
field above the bulk FeF, Néel temperature (78 K) (Fig. 2)
confirms that the GMR signal is related to the antiferromag-
netic order in FeF,. The uncompensated magnetization at
the FeF,(110)/Cu interface arises from the same magnetic
moments that constitute the antiferromagnetic spin lattice,
and, hence it is linearly exchange coupled [13,14] to the bulk
FeF, antiferromagnetic order parameter. This yields a strong
pinning of the boundary magnetization along the direction of
the bulk easy axis. The magnetic field couples to the bound-
ary magnetization and thereby to the bulk antiferromagnetic
order parameter. Therefore, field cooling creates a preference
for one of the two antiferromagnetic domains in FeF, and
imposes the direction of the pinned magnetization. Once the
AFSV is cooled below the Néel temperature, the boundary
magnetization is “frozen in” and the external field can no
longer reorient it. This explains why, at 10 K, the pinned
magnetization aligns parallel to the FeF, easy axis regardless
of the orientation of the cooling field. In order to permanently
reverse this boundary magnetization after field cooling, an
entire antiferromagnetic domain must be switched, whereas
the Zeeman coupling is only present at the surface. Since FeF,
has a large uniaxial anisotropy, this reversal requires a very
strong magnetic field at low temperatures. If the FeF, layer
is sufficiently thick, Zeeman coupling at the surface becomes
ineffective, and switching may only occur through the bulk
spin-flop transition. This explains why the GMR signal mea-
sured at 10 K remains unchanged as He,s 1S varied from 5 to
90 kOe [Fig. 3(a)].

D. Isothermal reversal of the pinned boundary magnetization

The fact that the GMR measured at 10 K remains the same
in the entire Hy,e,s range confirms the unprecedented stability
of the pinned magnetization at low temperatures. At the same
time, the suppression of the GMR signal by a strong magnetic
field at 65 and 70 K [Fig. 3(a)] indicates that such fields
affect the microscopic spin structure of FeF, in the vicinity
of the paramagnetic transition. In particular, this explains the
abrupt drop near 60 K in the temperature dependence of GMR
(Fig. 2), and vanishing signal above the critical field of 80 kOe
(55 kOe) at 65 K (70 K) in the field dependencies of GMR
[Fig. 3(a)]. Two microscopic mechanisms of the boundary
magnetization reversal can be envisioned. First, due to reduc-
tion of anisotropy, the boundary magnetization may tend to
align parallel to the external magnetic field, thereby remaining
parallel to the Co-layer magnetization, which would result in
the absence of the GMR signal. Second, close to the Néel tem-
perature of FeF,, the external field below 90 kOe may induce
either a spin-flop transition or a transition to a paramagnetic
state [23-25]. As a result, either the boundary magnetization
and the bulk antiferromagnetic order parameter would align
perpendicular to the external field, or the antiferromagnetic
order would disappear, respectively. In both cases, the bound-
ary magnetization would rotate in unison with the external
magnetic field. This, in turn, would yield the absence of the
GMR signal.

According to Fig. 3(a), if the AFSV is oriented at 6o
while Hp,e,s is changed, then pinning is completely restored
in low magnetic fields. Thus, the ramp-up and ramp-down
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branches almost coincide for 65-K and 70-K curves in
Fig. 3(a). This means that pinning can be erased and restored
isothermally, slightly below the Néel temperature, without
repeating the cooling procedure. Moreover, the angular depen-
dence of the resistance is almost unchanged after application
of a 50-kOe magnetic field [Figs. 3(b) and 3(c)]. In contrast,
the minimum of the resistance shifts by 180° after subject-
ing the valve to magnetic field of 70 kOe [Fig. 3(d)]. These
observations can be interpreted as follows. Since 50 kOe is
below the GMR suppression field at 70 K, applying this field
in the direction opposite to the cooling field does not affect
the pinned magnetization at the FeF, interface. In contrast,
the 70-kOe magnetic field applied opposite to the cooling field
reverses the pinned boundary magnetization, which is subse-
quently pinned when the magnetic field is ramped down to
10 kOe [Fig. 3(d)]. Overall, these measurements demonstrate
that, at temperatures slightly below the Néel temperature,
the pinned magnetization at the boundary of FeF, may be
reversed by applying a sufficiently strong magnetic field. Such
reversal of the boundary magnetization in a strong magnetic
field at temperatures close to the Néel temperature may be
employed for isothermal imprinting of pinning.

E. Further considerations

Since the pinned uncompensated magnetization can in-
duce the exchange bias, many phenomena observed in
FeF,/Cu/Co spin valves are directly relevant to the
phenomena observed in bilayers composed of epitaxial
FeF, and ferromagnetic layers. First, strong exchange
bias has been observed in FeF,(110)/ferromagnet bilay-
ers, whereas the exchange bias in FeF,(100)/ferromagnet
and FeF,(001)/ferromagnet bilayers is weak [4]. Second, in
Ref. [26], it was shown that applying a high magnetic field
at temperatures slightly below the Néel temperature strongly
affects the exchange bias field in MnF, /Fe bilayers. Similarly
to the FeF,(110)/Cu/Co valve, the effect emerges due to the
reversal of the antiferromagnetic spin structure in the vicin-
ity of a paramagnetic phase [25]. Third, in FeF,(110)/Co
bilayers, strong pining of the boundary magnetization along
the FeF, easy [001] axis was found to be dependent only on
the projection of the cooling field on the easy axis, and not
on the cooling field direction [20]. Finally, our observations
suggest that, at temperatures close to the Néel temperature
of FeF,, exchange bias may be imprinted isothermally in
a FeF;,(110)/ferromagnet bilayer by applying magnetic field
strong enough to overcome the anisotropy of FeF,.

A series of experiments demonstrated that defects in-
side the FeF, layer and at its interface strongly influences
the exchange bias, and hence magnetization pinning, in the
FeF,/ferromagnet bilayers [27-29]. Such defects may be
pinned after field cooling and contribute to GMR. It is im-
possible to exclude the role of the defects on the GMR in
the FeF,(110)/Cu/Co AFSV, and that these defects might
also be pinned after field cooling. For this case, it is hard to
predict the relative strength their contribution to the observed
GMR. Moreover, it might be difficult to separate it from the
contribution by the mechanism proposed above. However, the
symmetry mechanism proposed in this work is intrinsic and
is not affected by defects. Moreover, the general properties

of the boundary magnetization following from symmetry also
apply to defects located near the surface. It is important that
the symmetry mechanism yields a robust explanation for the
dependence of uncompensated surface magnetization on crys-
talline orientation of the FeF, layer.

We should point out that the AFSV technique was pre-
viously used to detect the strongly pinned uncompensated
magnetization at the FeMn-Cu interface [11]. There are
two important differences between those devices and the
AFSV studied here. First, the FeMn layer in Ref. [11] was
polycrystalline, whereas the FeF, layer is epitaxial, which
allowed us to study FeF,-based valves with different crystallo-
graphic orientations. This analysis leads to a clear conclusion
on the relationship between the crystallographic symmetry
and magnetization of the interface. Second, the fact that
FeF, is an insulator allows us to connect directly the be-
havior of the magnetoresistance to the FeF,-Cu interfacial
magnetization.

V. CONCLUSION

Sensitive magnetotransport measurements of AFSVs con-
taining an epitaxial FeF, layer confirm the presence of pinned
uncompensated magnetization at the FeF,(110)/Cu interface,
as expected from symmetry considerations. Due to strong
coupling of this uncompensated magnetization to the stag-
gered bulk FeF, spin structure, which has high anisotropy, this
magnetization is unusually stable below the Néel temperature
(78 K). Specifically, a magnetic field as high as 90-kOe has no
effect on the pinning at 10 K. Close to the Néel temperature,
the anisotropy of FeF, anisotropy is reduced, and the rever-
sal of the interfacial magnetization becomes possible. This
effect can be used for isothermal imprinting of the boundary
magnetization.

FeF, is the second insulating antiferromagnet, after Cr,O;
[16], in which the surface magnetization was confirmed exper-
imentally. In contrast, the presence of time-reversal symmetry
forbids roughness-insensitive boundary magnetization in NiO
and CoO. The AFSV technique developed here can also be
used to probe the surface magnetization in metallic CuMnAs
and Mn,Au antiferromagnets whose spin structures can be
manipulated electrically [30,31]. The absence of a macro-
scopic time-reversal symmetry in those materials implies that
their (001) surfaces must have a surface magnetization cou-
pled to the bulk antiferromagnetic order parameter, similar to
the FeF,(110) surface considered here. We emphasize that the
GMR technique can be used to detect 180° switching of the
antiferromagnetic order parameter. This aspect may make this
detection method attractive for applications in antiferromag-
netic memory devices.
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