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Giant vertical magnetization shift induced by spin canting
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We present a study of exchange bias generated at the interface between a polycrystalline Co film sputtered on
a cleavage plane of single-crystal Ca,Rug 9sFeg 0, FeO,. The exchange bias is accompanied by an extremely large
vertical magnetization shift that is characterized by 60% of the saturation magnetization in a 70-kOe cooling
field. This phenomenon is seldom observed in other heterostructures. The effects of cooling-field amplitude and
temperature on the exchange bias indicate that the magnetization shift results from a ferromagnetic contribution
of canted moments in Ca;RugosFe ¢204. A Type-I training effect is also observed, in which the hysteresis loop
shrinks from both sides with cycling of the applied field.
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I. INTRODUCTION

Exchange bias (EB) refers to an overall shift of the magnetic
hysteresis loop along the magnetic field axis in a system with an
interface between ferromagnetic (FM) and antiferromagnetic
(AFM) materials.! It is energetically favorable for a FM film
to be magnetized in the direction of the external magnetic
field H in which it was cooled; and EB makes it appear as if
an additional magnetic field were present in addition to the
externally applied magnetic field at T < Ty, the Néel temper-
ature of the antiferromagnet. Microscopically, EB is a result of
spin-pinning effects at the FM/AFM interface, which results
in a unidirectional exchange anisotropy Hg that competes
with the applied magnetic field.>* Specifically, uncompensated
AFM spins at the interface generate a net magnetic moment
that is expected to pin the nearest-neighbor FM spins via
an interfacial exchange coupling, giving rise to a preferred
direction for the FM moments. This phenomenological model
qualitatively captures the essential physics of EB, but grossly
exaggerates the EB effect by several orders of magnitude
compared to experimental results;>™* and, more importantly,
it fails to account for a vertical magnetization shift (VMS),
which is the central issue addressed in this study.

A VMS has been observed frequently,’™'¢ and could origi-
nate from any of several proposed mechanisms. Among them,
the Meiklejohn-Bean model predicts that an AFM monolayer
at the interface with the FM layer is uncompensated, but
still remains part of the AFM lattice."*> One could expect a
contribution to the macroscopic or microscopic magnetization
equal to that of the net magnetization of the uncompensated
AFM monolayer so long as the AFM lattice consists of an odd
number of monolayers. In the case of the Mauri mechanism, 17
the AFM interface is compensated, and is unlikely to result
in a VMS of the hysteresis loop. Nevertheless, a small VMS
could be intrinsic to a multidomain state,®’ spin glass,“’”’14
and the Malozemoff'® models for EB. At the interface between
the AFM and FM layer, a number of frozen AFM spins will be
uncompensated due to a proximity coupling with the FM layer,
and they will contribute to the magnetization of the overall
system: In the case of FM coupling, the overall hysteresis
loop should be shifted upwards along the magnetization axis,
whereas in the case of AFM coupling, the magnetization
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curve should be shifted downwards.> Nevertheless, because
of uncompensated or compensated AFM and not-well-ordered
interfacial spins, it is challenging to propose a comprehensive
model to explain all the VMS behaviors.

Unfortunately, the VMS in conventional FM/AFM film
heterostructures is considerably small and cannot be easily
probed by isothermal magnetization measurements. Here we
report a giant VMS in Co/CayRug 9gFe 0,04 heterostructure.
CayRu;_,Fe,O4 was reported to be a spin-canted, G-type
AFM." The effect of a net magnetization generated by
spin canting on EB has not been studied, and a novel type
of EB might be expected in such a system. We therefore
deposited a FM Co film directly on the surface of single-crystal
CayRu;_,Fe,O4 to form an AFM/FM interface. We have
indeed observed an EB with a strikingly large VMS of up
to 60% of the net saturation magnetization, which we attribute
to the unique spin-canted AFM structure of Ca;Ru;_,Fe,Oy.

II. EXPERIMENTAL DETAILS

Single crystals of CayRugggFeg 0,04 were grown using a
floating-zone optical furnace; details of single-crystal growth
are described elsewhere.!”>! Chemical compositions were
determined by energy dispersive x-ray (EDX) analysis, and
structures by single-crystal x-ray diffraction; results of both
measurements confirmed the high homogeneity of the single
crystals. The single crystals were cleaved for use as substrates,
and then precleaned by RF resputtering at 25 W for 5 min
prior to Co film deposition by magnetron sputtering. Because
of the negative thermal expansion for the Ca;Rug ggFeg o2 04"
we chose not to apply substrate heat during the deposition
process. A 25-nm-thick Co film was deposited directly on
the ab plane of a single-crystal Ca;RugogFeg 0,04 substrate
at room temperature with a deposition rate of 0.05 nm/s. The
base pressure in the vacuum sputtering chamber was 10~ Torr,
while the working Ar pressure was 3 mTorr. No magnetic field
was applied during the deposition process. X-ray diffraction
showed that the Co film layers were polycrystalline. Measure-
ments of both zero-field-cooled (ZFC) and field-cooled (FC)
magnetizations M(T,H) were performed using a Quantum
Design Magnetic Property Measurement System (MPMS).

©2013 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.88.024413

S.J.YUAN, L. LI, T. E. QI L. E. DELONG, AND G. CAO

The FC process was performed by applying an external field
within the film plane at 300 K and then cooling the samples
down to the desired low temperatures.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the magnetic susceptibility x(7) for
single-crystal Ca;Rug ggFeg 0204 measured under H = 70 kOe
for both ZFC and FC processes. The x(T) curves exhibit an
AFM phase transition at Ty = 120 K, which is similar to
that observed for CayRu;_,Fe, 0, with x = 0.08 or 0.12.17
The isothermal magnetization data for a few representative
temperatures for a single-crystal CayRug 9gFe( 0204 substrate
are shown in Figs. 1(b) and 1(c). The magnetic hysteresis loops
exhibit linear behavior for 7< 60 K, indicating AFM order,
but also saturation typical of weak FM order, due to the onset
of canted AFM order at 100 K.

Figure 2 shows typical FC hysteresis loops for a
Co/CazRug ggFep 0204 sample for different cooling fields. For
each measurement, the sample was warmed up to 300 K and
then cooled down to 5 K in magnetic fields of 0, 30, and 70 kOe,
respectively. The left panel of Fig. 2 displays the magnetic
hysteresis loops for a Co/Ca;RuggogFep 204 sample. Since
the magnetization of the single-crystal Ca;RugogFen 0204
substrate is linear at 10 K [Fig. 1(b)], the FM hysteresis
behavior seen in Fig. 2 must arise from the Co film deposited
on the substrate. It is remarkable that the FC loops exhibit
large horizontal and vertical shifts, while the ZFC loop lies
symmetric about the origin. In order to adequately define the
exchange bias field (Hg) and the vertical magnetization shift
(Mg) from the tilted loops, we subtract the linear background
from the original data in the left panel. This exercise produces
square hysteresis loops shown in the right panel of Fig. 2, and
yields the relevant parameters Hg, Hc, and Mg, as defined in
Fig. 2(f).
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FIG. 1. (Color online) (a) M(T) curves for single-crystal
CayRugogFepp,O4 measured under 70 kOe after ZFC and FC
procedures. ZFC hysteresis loops for single-crystal Ca;Rug ggFeg 204
at T = 10 K are shown in (b), and for 7" = 100 K in (c).
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FIG. 2. (Color online) Representative hysteresis loops for
Co(25nm)/CazRug 9sFep 02O4 measured at 10 K after field cooling
at various fields: (a) and (d) 0 kOe, (b) and (e) 30 kOe, and (c) and
(f) 70 kOe. The left panel shows raw data. The right panel shows the
hysteresis loops after subtracting the linear AFM contribution of the
single-crystal CayRug ggFeg 0,04 substrate. The green dotted lines in
(f) denote the new center of gravity of the FC loop.

The parameters, Hg, Hc, and Mg, which are obtained
from the loops in the right panels of Fig. 2, are illustrated
in Fig. 3(f). Mg is defined as the shift of the center of
gravity of the hysteresis loop along the magnetization axis,
and it is a measure of the average value of the saturation
magnetizations at the positive and negative measuring fields
(M and M, respectively); i.e., Mg = (M} + M[)/2. The
exchange bias field can be deduced from the expression Hg =
|HcL + Hcr| /2, and the coercivity is He = (Hcr — Her)/2,
where Hcp and Hcg are defined in Fig. 2(f).

‘We use positive and negative cooling fields to determine the
FC hysteresis loops, namely +70 and —70 kOe, as shown in
Fig. 3. Two measurement processes are used to obtain a closed
hysteresis loop after FC: (1) (+Hmax) = 0 = (—Hpax) —
0 — (4 Hmax) for the positive cooling field; (2) (—Hpax) —
0 — (+Hmax) = 0— (—Hpax) for the negative cooling field.
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FIG. 3. (Color online) Hysteresis loops measured at 10 K for
Co/CazRugosFey 204 sample after ZFC (a) and FC in fields of +70
and —70 kOe (b).
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The maximum measuring field Hp,,x is 20 kOe. It is clear
that the direction of the horizontal loop shift is opposite to
the cooling-field direction (Fig. 3). Furthermore, the saturated
magnetization is much larger in the positive-field side when the
sample is cooled in a positive field; similarly, the magnitude of
the saturated magnetization is much larger in the negative-field
side when the sample is cooled in a negative field. These
results clearly illustrate that the directions of the horizontal
shift in the field and the vertical shift in the magnetization
are both determined by the cooling-field direction.” Indeed,
an asymmetry between the two branches of the hysteresis
loop for descending and ascending magnetic fields is generally
characteristic of EB systems.?->*2 However, the asymmetry
displayed in Fig. 3 is unusual in that the descending branch,
which is defined as the branch from (+Hyax) — 0 = (— Hpax)
for positive cooling field and (—Hyax) = 0 — (+Hpax) for
negative cooling field, is more extended compared to the
ascending branch (see the dashed squares in Fig. 3). This
asymmetry is intimately related to irreversible changes of the
AFM domain structure during the magnetization reversal.?

The most striking effect we have observed is the large
VMS, which constitutes up to 60% of the total magnetization
for the cooling field of 70 kOe [Fig. 2(f)]. The large
VMS indicates the presence of a large number of AFM
pinned spins which are anchored in the antiferromagnet;
the AFM pinned spins therefore contribute to the overall
magnetization, leading to VMS. It is noted that large VMS is
observed in other nonheterostructures, such as polycrystalline
ceramics'"'>!4 and nanoparticles,'” in which the VMS is
driven by different mechanisms, such as an incomplete reversal
of the FM spins,'""!3 or frozen, uncompensated spins in the
spin-glass-like phase at the FM/spin-glass-like interface.!>!*
In contrast, the VMS in conventional FM/AFM thin-film
interfaces is associated with uncompensated, pinned AFM
spins.8 In the case of Co/Ca,Rug 9sFe 024, the single-crystal
CayRuy ggFep 0204 substrate is a compensated, G-type AFM in
which there are no uncompensated AFM spins. A new model
is therefore needed to explain the observed results.

To gain more insight into the mechanism of the giant
VMS in Co/CayRugggFey 0204, we examine the effects of
the cooling-field strength on the EB properties. As shown in
Fig. 4, Mg increases markedly with increasing cooling field.
On the other hand, Hc first increases with the increase of the
cooling field and then saturates, whereas Hg is independent
of the cooling-field strength. The observed behavior in the
Co/CazRug ggFe 204 system represents a departure from
the behavior of conventional FM/AFM thin-film interfaces
(where both Mg and Hg are usually independent of the
cooling-field strength, and Mg is almost zero) in hysteresis
loop measurements.>>

We offer a scenario to explain the observed behavior.
The Co/CayRugogFe 0204 system is expected to have an
interfacial spin configuration, as illustrated in Fig. 5. The
Ru(Fe) spins lie in the ab plane, and the canted spin structure
results in net FM moments. The net FM moments of the first
monolayer for the CayRug 9gFey 0204 align parallel to the Co
spins due to the exchange interaction at the interface when
the system is field cooled; and the next monolayer of the
AFM then aligns antiparallel to the first layer, and so forth.
Given the proximity effect and the two-dimensional nature
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FIG. 4. (Color online) Cooling-field dependence of the vertical
shift Mg (a), exchange bias field Hg and coercivity Hc (b) for
CO/CaQRuO_93F60_0204 system.

of CayRuggsFen 204, the interfacial coupling occurs only
between the first monolayer of Ca;Rug 9gFe( 0204 and the Co
spins. When the direction of the field is reversed, there is a
tendency for the Co spins to reverse their direction as well;
however, because of the strong coupling between the Co spin
and the Ru (Fe) spins, it takes more energy, thus a stronger
external field, to overcome the microscopic torque and rotate
the Co spins. As a result, the hysteresis loop shifts toward the
negative field and Hg becomes nonzero. At the same time,
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FIG. 5. (Color  online)  Spin  configuration at the

Co/CasRugosFey 204 interface. The upper (blue) and lower

(red) arrows represent the FM (Co) and AFM (Ru or Fe) spins. The

short and thick (green) arrows represent the net FM moments of the

canted Ru (Fe) spins. 6 is the canting angle between the Ru (Fe)

spins.
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FIG. 6. (Color online) Temperature dependence of the vertical
shift Mg (a), exchange bias field Hg and coercivity Hc (b), for the
CO/Caz RUQ_98F60_0204 system.
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the net FM moments of Ru (Fe) cannot readily be rotated
with a reversed magnetic field, leading to an upward shift of
the hysteresis loop. The cooling-field strength can affect the
canting angle 6 between the Ru (Fe) spins; specifically, the
net FM moments of Ru (Fe) increase with increasing cooling
field. Thus, the VMS increases due to the contribution of the
net FM moments, which explains the observed M.

We confirm the above scenario by investigating the temper-
ature dependence of EB properties or the training effect, which
describes the decrease of the exchange bias field when cycling
the system through several consecutive hysteresis loops. In
these measurements, in order to overcome the influence of the
training effect on the EB, the sample was first cooled down
from 250 K to the measuring temperature under a magnetic
field of 70 kOe. Once the measuring temperature was reached,
the magnetic hysteresis loop was measured between —20
and 20 kOe. This process was repeated for every measuring
temperature. As presented in Fig. 6, Hg and Hc decrease
with increasing temperature and Hg appears to vanish at
110 K (blocking temperature), which is in the vicinity of
Tn of single-crystal CayRugogFeq02O4. Hg and Hc hardly
change above Ty as the temperature is increased further. The
temperature evolution of Hg and Hc is typical of most EB
systems. The vertical shift Mg exhibits a trend similar to that
for Hg and Hc, despite a brief drop in Mg at T< 10 K,
which might be related to changes of the canting angle. Since
the canting angle of Ru (Fe) spins is expected to increase
with increasing temperature for Ca;Rug 9gFe 02Oy, the net FM
moment of Ru (Fe) decreases. Therefore, Mg, which arises
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FIG. 7. (Color online) Training effect of the Co/Ca,RugosFe) 0204 system. (a) Hysteresis loops measured at temperature 7 = 5 K after
field cooling under 70 kOe from 250 down to 5 K. The black, red, and blue solid circles represent the first, second, and tenth hysteresis loops,
respectively. (b) Mk as a function of the field cycle number n. The dashed line is a simple power-law fit. (c) Coercive fields Hcy, and Hcg, and
(d) Hg and Hc as functions of the field cycle number n. The straight lines connecting the squares and circles in (b) and (d) are guides to the eye.
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from the net FM moment as discussed above, decreases with
increasing temperature, as shown in Fig. 6(a).

The EB decreases when the sample undergoes a number
of consecutive measurements of magnetic hysteresis loops, 7.
Figure 7(a) shows the first, second, and tenth hysteresis loops
of the sample after field cooling down to 5 K under 70 kOe.
The first loop exhibits Hg = 1275 Oe, but this value decreases
to 649 Oe when n = 10. In comparison, Mg weakly decreases,
as shown in Fig. 7(b). This is reasonable since the canting
angle between Ru (Fe) spins should remain unchanged during
these consecutive measurements of the hysteresis loops. The
absolute values of Hcp and Hcg are also plotted as a function
of nin Fig. 7(c). It is seen that the training effect is more promi-
nent in the descending curve than in the ascending curve of the
hysteresis, i.e., Hcy decreases drastically while Hcgr changes
only slightly. The loop shrinks from both sides with the cycle
of the applied field [such a training effect is defined as Type I
(Ref. 27)].The decay of Hg and Hc as functions of n are shown
in Fig. 7(d); it is obvious that approximately 80% of the train-
ing dynamics takes place between the first and second loop.
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IV. CONCLUSIONS

In summary, we have deposited a Co film on a compensated,
G-type AFM CayRugggFeg 0,04 single crystal. A central
finding of this work is the giant vertical magnetization shift
observed in the Co/Ca;RugggFep 204 heterostructure that
is seldom seen in other heterostructures. All experimental
evidence indicates that the VMS primarily arises from the
net FM moments resulting from the canted spin configuration
of single-crystal CayRug 9gFep 0204. It is conceivable that the
giant vertical magnetization shift could be observed in other
heterostructures consisting of G-type antiferromagnets.
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