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Abstract

CoO/Ag/Fe/Ag(001) films were grown epitaxially and studied using Magneto-Optic
Kerr Effect and X-ray Magnetic Circular Dichroism (XMCD). Instead of exponential
decay as reported in previous works, we find that both the exchange bias and the coercivity
in the epitaxially grown films exhibit a non-monotonous behavior with the Ag spacer layer
thickness. By purposely increasing the film roughness, the non-monotonous interlayer
coupling evolves into a monotonic decrease with increasing the Ag thickness.
Furthermore, we show that the interlayer coupling peak diminishes or shifts its peak
position by inserting a Cr layer between CoO and Ag.

PACS numbers: 75.70.Ak



1. Introduction

Ferromagnet(FM)/antiferromagnet (AFM) layered structures have attracted great
interest in the last few decades because of the exchange bias [1] effect and its application in
spintronics technology [2].  Early explanations of the exchange bias adapted
over-simplified AFM spin structures [3,4,5,6] and were soon replaced by more
sophisticated models which account for the realistic experimental systems [7,8,9]. While
it is clear that it is the AFM layer that induces the exchange bias [10], the AFM/FM
magnetic coupling mechanism remains obscure because of the complexity of the magnetic
frustration at the interface [2]. In experiment, most of the studies are focused on the direct
AFM/FM interfacial coupling, aiming to understand how the interfacial frustration
generates the FM layer properties such as the pinning effect [11,12,13], training effect
[14,15,16], and the finite size effect [17], etc. One interesting discovery of these studies
are that the effect of the AFM layer to the FM layer is determined not only by the AFM
spins at the interface but also by the AFM spins deeply inside the AFM layer [18,19,20],
suggesting that the exchange bias may have a long-range character. An alternative
approach to address the AFM/FM interaction length scale is to insert a nonmagnetic spacer
layer between the AFM and the FM layers so that the frustration due to the nearest neighbor
AFM spins can be averaged out to certain degree. For metallic AFM layers, Thomas et al.
found that both the exchange bias and the coercivity in Ir,,Mnss/metal/Fe;sCoj¢ decrease
exponentially with a decay length of only a few angstroms in the spacer layer [21]. Using
an ultrahigh vacuum (UHV) system to grow better samples, Mewes et al. found that the
exchange bias in FeyNigy/Cu/FesoMnsy not only has a long-range character but also
oscillates with the Cu spacer thickness with the same mechanism as in FM/metal/FM
trilayers [22]. As it is well known, electrons at the Fermi level of a metallic FM/metal/FM
system form spin-dependent quantum well states in the spacer layer to mediate a magnetic
interlayer coupling between the two metallic FM layers [23]. Then the result of Ref. 22
indicates that a metallic AFM layer should couple to the spacer layer electrons in the same
manner as a metallic FM layer. For an insulating AFM layer (e.g., CoO), however, the
exchange bias shows a peculiar dependence on the spacer layer thickness. Gokemeijer et
al. found that the exchange bias in CoO/metal/Py has an exponential decay with the spacer
layer thickness but with a long-range character of as much as 50A [24]. However, another
experiment on the CoO/Au/Co system shows an abrupt and not a gradual exponential

reduction of the exchange bias with Au thickness [25]. Recognizing that the exchange bias



may not be the best quantity to represent the AFM/FM magnetic coupling across a spacer
layer, Valev et al. performed magnetization-induced optical second harmonic generation
(MSHG) on the CoO/Cu/Fe system and shows that the CoO magnetic order contributes to the
MSHG signal even after the exchange bias vanishes [26], favoring the long-range character
of the CoO/metal/FM coupling reported in Ref. 24. Despite the above progress, the
experimental observation raises a critical question of if there exists an oscillatory coupling in
the CoO/metal/FM system as observed in metallic AFM case? The question is raised
because CoO is a Mott insulator whose antiferromagnetic order comes from virtual hopping
of electrons between nearest neighbors. This insulating AFM character is different from
metallic AFM so that in principle it should exhibit a different CoO/metal/FM magnetic
coupling compared to the metallic AFM/metal/FM case. In FM/metal/FM systems, the
exponential decay of the interlayer magnetic coupling with spacer layer thickness is possible
only if the spacer layer processes local electronic states in the vicinity of the Fermi level [27].
Therefore if the CoO/metal/FM interlayer coupling behaves differently from the metallic
AFM/metal/FM system, does it imply that the insulating AFM CoO layer induces a local
electronic state near the Fermi level of the spacer layer? If this were true, the existing
exchange bias models have to be separated into two groups to deal with insulating and
metallic AFM layers differently. There has been much effort devoted recently to the
CoO/metal/FM system but the evidence of the oscillatory coupling with the spacer layer
thickness is rather weak [28,29,30]. Is this due to the Mott insulating nature of CoO or
something else (e.g., film roughness or morphology)? Obviously, it becomes an important
issue to clarify the existence/absence of the oscillatory CoO/metal/FM interlayer coupling
with the spacer layer thickness. In this paper, we report an experimental study of
epitaxially grown CoO/Ag/Fe/Ag(001) single crystalline thin films. We show strong
evidence of the non-monotonous interlayer coupling between CoO and Fe layers across the
Ag spacer layer. By growing samples with different film roughness, we show that the
non-monotonous behavior exists only on epitaxial smooth films and diminishes rapidly

with increasing film roughness.

2. Experiment

A Ag(001) single crystal substrate was prepared by mechanical polishing down to a
0.25-um diamond-paste finish, followed by chemical polishing [31]. The Ag substrate was
cleaned in an UHV system by cycles of Ar ion sputtering at ~2keV and annealing at 600°C.



An Fe film was grown on top of the Ag(001) substrate, followed by a Ag wedge, and a CoO
layer. All films were grown at room temperature of the substrate, and the CoO film was
grown by evaporating Co under an oxygen pressure of 1x10° Torr. The formation of the
Low Energy Electron Diffraction (LEED) confirms the epitaxial growth of single
crystalline CoO/Ag/Fe films on Ag(001) substrate [Fig. 1(a)]. As reported previously [32],
the Fe film on Ag(001) has the bce structure with the Fe [100] axis parallel to the Ag [110]
axis and CoO film has the rock salt structure with the CoO [100] axis parallel to the Ag
[100] axis. The sample is covered by a 2nm Ag protection layer and then measured using
Magneto-Optic Kerr Effect (MOKE) and X-ray Magnetic Circular Dichroism (XMCD) at
the beamline 6.3.1 of the Advanced Light Source (ALS) of the Lawrence Berkeley National
Laboratory.

3. Result and Discussion

The sample of CoO(5nm)/Ag/Fe(15ML)/Ag(001) (sample 1 in Table 1) was cooled
down to 80K with an external magnetic field applied along the Fe[100] in-plane easy
magnetization axis. Since our MOKE magnet can only reach 1.2 kOe, the field cooling
and hysteresis loop measurement was accomplished using MOKE for magnetic field less
than 1.2 kOe and using XMCD for magnetic field greater than 1.2 kOe. In the XMCD
measurement, the x-ray is circularly polarized and is at 60 degree incident angle to the
sample surface normal direction so that the projection of the x-ray along the in-plane Fe
magnetization direction picks up the Fe XMCD signal. Fig. 2(a) shows the hysteresis
loops of CoO(25ML)/Ag/Fe(15ML)/Ag(001) at different Ag spacer layer thicknesses (da,),
where the loop was obtained using XMCD for dx<3ML and using MOKE for dxz>3ML.
The exchange bias has an obvious long-range character with an exchange bias of Hg=98.5
Oe even at da,=17ML, confirming the long-range character of exchange bias as reported in
Ref. 24. Instead of exponential decay of the exchange bias, we clearly observe a
non-monotonous exchange bias with increasing the Ag spacer thickness [Fig. 2(b)]: the
exchange bias has a value of Hg=380.5 Oe at da,=0ML, decreases rapidly to Hg=97.5 Oe at
dag=3ML, increases to Hg=278.5 Oe at da,=10ML, and then decreases slowly at daz>10ML.
In fact the non-monotonous Hg is so obvious that one can easily identify it even from the
hysteresis loops shown in Fig. 2(a). Note that the exchange bias depends on the cooling
field history thus is not the best quantity to describe the AFM/spacer/FM interlayer

coupling, we then use the FM layer coercivity (Hc) as a better quantity to describe the



AFM/FM coupling [2]. In fact the Fe coercivity of Hc~1800 Oe in CoO/Fe is not only
much greater than the Fe film itself (~100 Oe) but also independent on the cooling history
in our CoO/Ag/Fe/Ag(001) system. Therefore we switched our focus on the He vs dag
measurement with or without field cooling after identifying the non-monotonous exchange
bias shown in Fig. 2. The result of H¢ from CoO(25ML)/Ag/Fe(15ML)/Ag(001) is shown
in Fig. 3(a) which clearly reveals the non-monotonous behavior of the CoO/Ag/Fe
interlayer coupling.

What is the reason for the appearance of the non-monotonous behavior in our
sample? Is it due to the high quality of the epitaxial growth sample or something else? The
chemical composition and impurity level could affect the interlayer coupling thus to modify
the exchange bias and coercivity of the Fe film. If it were this case, the likely cause would
be the growth of CoO that the oxygen ambient pressure oxidizes the films. Indeed it was
shown that CoO growth directly on top of Fe film will lead to a monolayer FeO formation
at the interface [33,34]. In our case, however, the CoO film is grown on top of the Ag
spacer layer. Therefore the Fe film is protected from the oxygen exposure during the CoO
growth except in the monolayer regime of the Ag thickness. Indeed the Fe absorption
spectrum is metallic-like rather than FeO like above ~SML Ag. If there were any possibility
of chemical composition inhomogeneity, it should be the chemical composition variation of
the CoO film at different Ag thicknesses to cause the non-monotonous interlayer coupling.
To be certain of this assertion, we measured the Co X-ray Absorption Spectrum (XAS) at
the 2p level as a function of Ag thickness. As shown in Fig. 4, the Co XAS exhibits the
well-known L,/Ls peaks. In particular, the Co L; peak splits into a doublet at 775.8 eV
and 776.8 eV which is a characteristic feature of the CoO absorption spectrum [35]. Most
importantly, the Co XAS does not change with increasing Ag thickness, indicating that the
CoO chemical composition is rather uniform with increasing the Ag thickness. Therefore
the non-monotonous CoO/Ag/Fe interlayer magnetic coupling is not due to any chemical
composition change of the CoO film with increasing the Ag thickness.

We believe that it is the interfacial roughness that is responsible for the absence of
the non-monotonous CoO/metal/FM interlayer coupling in previous works. CoO usually
does not grow as nicely as metallic films on Ag (e.g., Fe on Ag), leading to a rougher
CoO/Ag interface than Fe/Ag. This is partially reflected by the broader CoO LEED spots
as compared with Ag LEED spots in Fig. 1. To verify this speculation, we synthesized

another 3 samples to gradually increase the film roughness (sample 2-4 in Table 1).



Sample 2 was grown on the same Ag(001) substrate but only with 3-5 cycles of sputtering
and annealing. Therefore the Ag(001) substrate in sample 2 is not as flat as the Ag(001)
substrate in sample 1 which was after many cycles of sputtering and annealing. However,
sample 2 is still a single crystalline epitaxial film of good quality. In fact, we could not
see any difference in LEED pattern of sample 2 as compared to sample 1 (not shown Fig. 1).
Therefore roughness of sample 2 is beyond the resolution of LEED so it could only be
slightly rougher than sample 1. Sample 3 and 4 were grown with a thin Co seed layer on
Ag(001). Tt is known that Co grows on Ag(001) to form a metastable body-centered
tetragonal structure for the first few monolayers and then relax into polycrystalline films at
higher thickness [36]. Therefore the addition of the Co seed layer is expected to increase
the film roughness from sample 2 to sample 3 and to sample 4. Indeed, the LEED pattern
of sample 3 [Fig. 1(b)] shows broader LEED spots for Co, Fe, and Ag films with no LEED
spot for the CoO film, and sample 4 shows a complete absence of the LEED spot because
of polycrystalline formation. Therefore we obtained the CoO/Ag/Fe films with increasing
film roughness from sample 1 to sample 4 although we are lack of a quantitative analysis of
the film roughness. The coercivities of the sample 2-4 were then measured and the result
is shown in Fig. 3. As compared to the Hc of sample 1, all samples 2-4 have a monotonic
decrease of the Hc with increasing the Ag thickness. Moreover, as the film roughness
increases from sample 2 to 4, the Hc value becomes smaller and smaller at thicker Ag
thickness. Therefore the result of Fig. 3 shows that it is the film roughness that diminishes
the non-monotonous CoO/Ag/Fe interlayer coupling and makes the interlayer coupling
more and more short-range like. This also explains why the absence of the second peak in
Hc because the film should become rougher at thicker Ag thickness. It should be
mentioned that the absence of the non-monotonous H¢ in sample 2 shows that the
non-monotonous interlayer coupling in CoO/Ag/Fe is very sensitive to the film roughness.
Non-wedged samples and polycrystalline samples could easily diminish the
non-monotonous interlayer coupling.

After verifying the existence of the non-monotonous CoO/Ag/Fe interlayer
magnetic coupling, we further addressed the coupling nature at the CoO/Ag interface. A
sample of CoO(25ML)/Cr/Ag/Fe(20ML)/ Ag(001) was grown (Sample 5 in Table 1) with
the Cr film growing into a wedge orthogonal to the Ag wedge. In this sample the
AFM/Ag interfacial coupling is gradually changed from CoO/Ag to Co/Cr/Ag across the Cr

wedge. The coercivity of the sample is determined by hysteresis loop measurement at



different thicknesses of Cr. As the Cr thickness (dc;) increases, the Hc peak magnitude at
dag=10ML decreases and eventually disappears at dc.>3ML. This is expected because Cr
does not grow as smoothly as Fe on Ag(001) [37] so that the Ct/Ag interfacial roughness
should increases with Cr thickness to diminishes the Hc peak.

In terms of electronic structure, the spacer layer changes from Ag to Cr/Ag after
adding the Cr layer. Then the interesting question is if the diminishment of the Hc peak at
dag=10ML is due to a reduction of the coupling strength or a shift of the peak position to
thicker Ag thicknesses? At dc=8ML, Fig. 5 shows somewhat a peak-like feature at
dag=18ML. However, this “peak feature” is too weak to be conclusive. Here we would
like to discuss a ferromagnetic metallic system to obtain a possible mechanism. For
ferromagnetic metallic systems, interlayer coupling is mediated by quantum well states
(QMS) in the spacer layer [38,39]. Specifically, QWS in Ag/Fe(001) and Cr/Fe(001) have
been studied by a great extent in momentum space using Angle Resolved Photoemission
Spectroscopy (ARPES) [40,41]. The result shows that the long- and short-period
oscillatory interlayer couplings are associated with QWS at different locations in k-space.
When two spacer layers are joined together as in our case, electrons crossing the interface
have to conserve their momentum parallel to the interface. This constraint eliminates
some QWS in mediating the interlayer coupling. Although no direct measurement has
been performed on Cr/Ag(001) spacer layer, interlayer coupling study on a similar system
of Fe/Cr/Au/Fe(001) shows that the effect of momentum conservation parallel to the Cr/Au
interface is to suppress the long-period interlayer coupling in the Cr layer [42]. That could
explain why the coupling peak in Fig. 5 decreases so rapidly with increasing the Cr
thickness because the 2ML short-period interlayer coupling is not expected to exist in our
systems due to the film roughness. Another mechanism is that the coupling peak position
could shift to another film thickness as the second spacer layer is inserted [43].
Unfortunately the Hc peak diminishes so rapidly in our sample that it is difficult to trace the
peak position shift reliably beyond 3ML Cr thickness. Although Fig. 5 shows somewhat
weak evidence of such shift to ~17-18ML of Ag at SML Cr, the variation of the coercivity
is too small to claim it confidently. Therefore we leave it as a possible explanation rather
than a conclusion. The last possibility is that the coercivity in CoO/Cr/Ag/Fe/Ag(001) is
mainly determined by the coupling between the antiferromagnetic Cr layer and the
ferromagnetic Fe layer across the Ag spacer layer. In this case, we would expect a similar
H¢ behavior in Co/Ag/Fe/Ag(001) and Cr/Ag/Fe/Ag(001). However, the absence of the



oscillatory He in CoO/Cr/Ag/Fe/Ag(001) with Ag thickness indicates that it is unlikely that
the H¢ in CoO/Cr/Ag/Fe/Ag(001) is associated to the coupling between the

antiferromagnetic Cr layer and the ferromagnetic Fe layer.

4. Summary
In summary, we find strong evidence of the non-monotonous magnetic coupling

between CoO and Fe films across a Ag spacer layer in epitaxially grown
CoO/Ag/Fe/Ag(001). We also find that the non-monotonous interlayer coupling
disappears by increasing the film roughness, showing that the absence of the
non-monotonous interlayer coupling in CoO/metal/FM in previous works is due to film
roughness rather than the insulating property of the AFM CoO film. Furthermore we
show that inserting a Cr layer between CoO and Ag suppresses the coupling peak at 10ML
Ag. This could be due to an increased film roughness, reduction of the long-period

coupling in Cr layer, or a phase shift of the coupling to thicker Ag thickness.
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Table 1: Film roughness increases from Sample 1 to Sample 4.

Sample 1

CoO(25ML)/Ag/Fe(15ML)/Ag(001)

Many cycles of sputtering
and annealing of the Ag
substrate

Sample 2

CoO(25ML)/Ag/Fe(20ML)/Ag(001)

Only 3-5 cycles of
sputtering and annealing
of the Ag substrate

Sample 3

CoO(25ML)/Ag/Fe(20ML)/Co(3ML)/Ag(001)

Many cycles of sputtering
and annealing of the Ag
substrate

Sample 4

CoO(25ML)/Ag/Fe(20ML)/Co(15ML)/Ag(001)

Many cycles of sputtering
and annealing of the Ag
substrate

Sample 5

CoO(25ML)/Cr/Ag/Fe(20ML)/ Ag(001)

Many cycles of sputtering
and annealing of the Ag
substrate
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Fig. 1:  (color online) LEED patterns at different stages of (a) Sample 1, (b) Sample 3,(c)
Sample 4, and (d) Sample 5. The LEED patterns are taken at 123eV for Ag,
91eV for Fe, 123eV for Co, and 91¢V for Cr.
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Fig. 2:  (color online) (a) Hysteresis loops and (b) exchange bias of sample 1 as a function

of the Ag spacer layer thickness.
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Fig.3: (color online) Coercivity versus Ag thickness for samples 1-4.  The

non-monotonous behavior disappears as the film roughness increases.
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Fig. 4: (color online) X-ray Absorption Spectrum (XAS) from Co 2p level in sample 1.
No obvious change in the CoO chemical composition is observed with increasing
Ag thickness.
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non-monotonous behavior disappears or shifts peak position with increasing the
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