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Analysis of x-ray linear dichroism spectra for NiO thin films grown on vicinal Ag(001)

Y. Z. Wu,"2* Y. Zhao,? E. Arenholz,* A. T. Young,* B. Sinkovic,> C. Won,? and Z. Q. Qiu®
'Department of Physics, Applied Surface Physics State Key Laboratory, and Advanced Materials Laboratory, Fudan University,
Shanghai 200433, People’s Republic of China
2Department of Physics, University of California at Berkeley, Berkeley, California 94720, USA
3Department of Physics, University of Connecticut, Storrs, Connecticut 06269, USA
“Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
SDepartment of Physics, Kyung Hee University, Seoul 130-701, Korea
(Received 10 May 2008; published 15 August 2008)

Antiferromagnetic (AFM) NiO thin films are grown epitaxially on vicinal Ag(118) substrate and investigated
by x-ray linear dichroism (XLD). We find that the NiO AFM spins exhibit an in-plane spin-reorientation
transition from parallel to perpendicular to the step edge direction with increasing the NiO film thickness. In
addition to the conventional L, absorption edge, XLD effect at the Ni L5 absorption edge is also measured and
analyzed. The results identify a small energy shift of the L; peak. Temperature-dependent measurement con-
firms that the observed XLD effect in this system at the normal incidence of the x rays originates entirely from

the NiO magnetic ordering.
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I. INTRODUCTION

Antiferromagnetic (AFM) thin films have been applied to
many spintronics devices because of their characteristic mag-
netic properties, especially because of the so-called exchange
bias effect, which induces a unidirectional magnetic aniso-
tropy in field-cooled antiferromagnet-ferromagnet (AFM-
FM) systems.! Although a complete understanding of the ex-
change bias effect has not been achieved yet, it is believed
that the spin structure of the AFM materials plays an impor-
tant role.>* Compared to the research on ferromagnetic (FM)
materials, it remains an experimental challenge to probe the
spin structure of AFM thin films because of its zero net spin.
In recent years, soft x-ray magnetic linear dichroism
(XMLD) in x-ray absorption (XA) has been developed into a
powerful tool to study AFM materials.>® XMLD measures
the difference in absorption coefficient across a core thresh-
old for different angles of linear polarization relative to the
sample crystallographic axes.>® In addition, XMLD also
provides magnetic contrast with chemical and surface
sensitivities.””'> By measuring the XMLD effect, e.g., at the
transition-metal L;, absorption edges, the local spin direc-
tion of the AFM materials can be determined and under cer-
tain conditions the AFM magnetic domains can also be im-
aged using photoemission electron microscopy.’!? Together
with the x-ray magnetic circular dichroism effect, which de-
termines the FM spin structure, the XMLD effect in NiO
films has become a powerful tool for the study of the mag-
netic exchange interaction in AFM-FM systems.!%'? For ex-
ample, a spin reorientation of NiO interfacial spins'® and a
creation of a planar AFM domain wall'3 have been observed
in NiO/Co system. Zhu et al.'* also showed that the onset of
the exchange bias in NiO/Cog,Fe ¢ bilayers is accompanied
by a preferential repopulation of the NiO AFM domains—a
key component to the exchange bias.

The correct interpretation of XMLD data is not trivial and
relies on the detailed understanding of polarization depen-
dent effects in soft XA of magnetic and nonmagnetic origins.
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Until very recently, the NiO spin axis was assigned by as-
suming that the higher-energy peak of the Ni L, doublet in
an XA spectrum reaches its maximum value when the x-ray
polarization vector E is parallel to the Ni?* spin axis.” How-
ever, this interpretation was recently revised by Arenholz
et al.,'> who showed that this assumption is correct only for
the Ni spins parallel to the [100] crystalline direction and
that the XMLD effect exhibits a strong anisotropy, i.e., an-
gular dependence. In addition to the complexity of the mag-
netic contribution to the x-ray linear dichroism (XLD) effect,
the crystal electric field also affects the XA spectra. For ex-
ample, Haverkort et al.'® reported that there exists a strong
XLD effect even for 1 ML NiO on Ag(001) at room tempera-
ture, which is above its Néel temperature, and that simulta-
neously the Ni L3 absorption peak exhibits a 0.35 eV energy
shift for the spectra with the polarization parallel and perpen-
dicular to the film plane. In general, the existence of the
crystal-field effect makes it difficult to isolate the magnetic
contribution from the overall XLD effect. Therefore, an in-
teresting question is whether it is possible to tailor a system
in which the crystal-field effect is eliminated and the linear
dichroism is of purely magnetic origin. In our previous re-
port, we already demonstrated that the atomic steps can in-
duce the AFM anisotropy for the NiO film grown at room
temperature on vicinal Ag(001) surface.!” In this paper, we
report a study of XLD in NiO films grown on vicinal
Ag(001) with the steps parallel to the [110] direction at
higher-growth temperature. We first confirmed that the XLD
effect at the L, edge in this system is of purely magnetic
origin at the normal incidence of x rays. Then we show that
the atomic steps induce an in-plane uniaxial magnetic aniso-
tropy with an in-plane spin-reorientation transition from par-
allel to perpendicular directions with respect to the step
edges as the NiO thickness increases above the 3.5 nm. The
XLD spectrum near the Ni L3 edge was also carefully mea-
sured and analyzed and a purely magnetic order induced
Ls-edge XLD has been clarified in this system at the normal-
incidence geometry.
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FIG. 1. (Color online) (a) Schematic drawing of the experimen-
tal geometry. (b) XAS intensity of the Ni L; peak at normal inci-

dence of the x ray as a function of the NiO thickness. The solid line
represents the fitting result (see text).

II. EXPERIMENT

A 10-mm-diameter Ag(118) single crystal (10° vicinal
angle with steps parallel to [110] direction) was used as the
substrate. The substrate was mechanically polished down to
a 0.25 wm diamond-paste finish, followed by a chemical
polishing,'® and then further cleaned in an ultrahigh vacuum
(UHV) system by cycles of Ar* sputtering at ~1.0 keV and
annealing at 600 °C. NiO films were prepared by evaporat-
ing Ni in oxygen at a pressure of ~1X 10~ Torr onto the
Ag substrate kept at 200 °C. The film quality is further im-
proved by post-growth annealing the film at 300 °C under
UHV conditions. The NiO thickness is determined by the
Ni-deposition rate (~0.5-1.0 A/min) monitored by a
quartz thickness monitor. It was shown earlier that under
these conditions, NiO forms high-quality single-crystal film
on Ag(001)."%2° In order to systematically study the
thickness-dependent XLD effect, the NiO film was grown
into a wedge shape by moving the substrate behind a mask.
The wedge’s slope is ~1 nm/mm with the layer thickness
increasing along the atomic-step direction. Much thicker
NiO film was grown at the end of the wedge for the purpose
of clearly marking the NiO wedge position on the substrate.

The x-ray absorption spectroscopic (XAS) measurements
were carried out at beamline 4.0.2 of the Advanced Light
Source at the Lawrence Berkeley National Laboratory,’!
which provides x ray with 99 * 1% linear polarization. The
XAS spectra were measured at different angles of incidence
(#) and polarization orientation (¢) as shown in Fig. 1(a),
where the angle of incidence (6) is defined as the angle be-
tween the x-ray beam and the sample surface-normal direc-
tion while ¢ is defined as the angle between the E vector of
the incoming x-ray beam and the atomic-step direction of the
Ag substrate. It should be noted that the ¢ dependence of
XAS was studied by rotating the photon polarization direc-
tion while keeping the sample orientation fixed, which was
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made possible by the elliptically polarized undulator at
beamline 4.0.2. The XA spectra of the Ni** L, ; edges were
recorded at room temperature in total electron yield (TEY)
mode by monitoring the sample current. The high-
temperature spectra were collected by measuring the electron
yield using an electron channeltron. The linear background
has been subtracted for all the XAS spectra shown in this
paper. The thickness-dependent measurements were obtained
by laterally moving the sample along the wedge direction
with a precision of <0.1 mm. The x-ray beam size in the
wedge direction is determined by the x-ray entrance slit
width (20 wm).

III. RESULT AND DISCUSSION

Figure 1(b) shows the thickness dependence of
the Ni** L;-edge absorption edge in normal incidence
(6=0°). Tt clearly shows that the intensity increases
monotonically with the NiO thickness in the form of
Inio=INiol 1 —exp(—dyio/ Mnio)]. where the I is the NiO
absorption intensity for infinite NiO thickness and A\y;g is a
phenomenological parameter that reflects the overall effect
of the secondary-electron escaping distance and the x-ray
penetration depth. The fitted value of Ayjp=5.5*0.5 nm is
much greater than the secondary-electron escape depth of
transition metals (Fe, Co, Ni) (Refs. 22 and 23) and noble
metals (Au, Ag) (Ref. 24) but comparable with the value of
rare-earth materials.>> Since the x-ray penetration depth is
larger than 20 nm,?? the fitted value \y;o should mainly re-
flect the secondary-electron escaping distance. The XAS in
TEY mode measures all the electron escaping from the
sample with energy higher than the work function and the
low-energy secondary electron dominates the signal. In sol-
ids, inelastic lifetimes of excited electrons with energies
larger than 1 eV above the Fermi level can be mainly attrib-
uted to the electron-electron (e-e) inelastic scattering with
other processes such as electron-phonon and -electron-
imperfection interactions playing a minor role.’*#?% There-
fore, it is not surprising to observe a larger inelastic mean-
free path in insulators in which the presence of an energy-
band gap at the Fermi level reduces the inelastic e-e
scattering channels.”’” To have a quantitative understanding
of the inelastic lifetime of the low-energy electrons, the in-
terplay between band structure and many-body effects on
electron relaxation processes should be taken into account
carefully,?® which is out of the scope of this paper.

By measuring the Ni L,-edge XAS at different x-ray inci-
dent angles (6), we confirmed that the NiO spins are oriented
in the plane direction of the film in agreement with previous
studies.”® To determine the spin direction within the film
plane, we analyzed the ¢ dependence of the XAS at the

normal incidence (6=0°) [Fig. 1(a)]. XA spectra for El steps

(¢=0°) and E 1 steps (¢»=90°) were measured and the result
clearly identifies the existence of the XLD effect [Fig. 2(a)].
As mentioned in Sec. I, the XLD effect is generally contrib-
uted from both the AFM ordering and the crystal-field effect.
While the AFM contribution vanishes above the Néel tem-
perature, the crystal-field contribution persists above the
Néel temperature.'® The XAS result from our sample at the
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FIG. 2. (Color online) Ni L,-edge XAS of 4.3 nm NiO film
measured at (a) room temperature and (b) 570 K at 6=0°.

normal incidence of the x rays shows an absence of the XLD
effect at high temperature [Fig. 2(b)], indicating that the
Ni L,-edge XLD in our system is solely of magnetic origin at
the normal incidence of the x rays.

Figures 3(a)-3(c) show the representative pairs of XAS of
the Ni L, edge for different NiO thicknesses. The Ni L, XA
spectrum of a NiO film consists of two absorption peaks and
the relative height of these two peaks is typically assumed to
be determined by the angle between the x-ray polarization
vector E and the Ni spin orientation.”-'3 The intensity differ-
ence of the XAS spectra between ¢=0° and 90° in Figs.
3(a)-3(c) clearly exhibits opposite behaviors below and
above 3.5 nm NiO. For the 2.6 nm NiO film, the higher-
energy peak for Ellsteps (¢=0°) is less intense than that for
E L steps (¢$=90°) and the lower-energy peak for El steps
(¢p=0°) is greater than that for E L steps (¢=90°). Such be-
havior of the relative intensity of the Ni L, doublet is clearly
reversed for the 4.7 nm NiO film. This fact indicates that the
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FIG. 3. (Color online) Ni L,-edge XAS of NiO films grown on
Ag(118) at normal incidence of the x rays (=0°) at NiO thickness
of (a) 2.6, (b) 4.7, and (c) 3.5 nm. (d) Ni L, ratio as a function of
polarization angle ¢ for the NiO films in (a)-(c) and the solid lines
in (d) are fitted results according to Eq. (1) as described in the text.
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FIG. 4. (Color online) (a) Thickness-dependent L, ratio at the
normal incidence of the x rays (6#=0°) or the x-ray polarization
parallel (¢=0°) and perpendicular (=90°) to the atomic steps. (b)
L,-ratio difference between ¢=0° and 90° as a function of the NiO
thickness.

Ni?* spin direction undergoes a directional switch with in-
creasing the NiO thickness above the critical thickness of 3.5
nm, for which the NiO film does not show a difference in the
XAS spectra between two photon polarization orientations

[Ellsteps (¢=0°) vs E L steps (¢p=90°)]. It has been shown
that the L, ratio (R;,) of the XA spectrum, which is defined
as the intensity ratio of the two Ni L, peaks (the lower-
energy peak divided by the higher-energy peak), is related to
the angle (B) between the x-ray polarization vector and the
Ni?*-spin easy axis through simplified relation: R,,=A+B
(3 cos? B—1), with B being dependent on (M?) and A as
representative of short-range nonmagnetic order.”!3 Then if
¢y is the angle between the NiO spin axis and the step edge,
the L, ratio at the normal incidence of the x rays should be
described as

Ry =A+B[3 cos’(¢— ¢) — 1]. (1)

Figure 3(d) shows the experimental values of the L, ratio
as a function of ¢ for the three NiO thicknesses in Figs.
3(a)-3(c). The L, ratios of the NiO films show a clear sinu-
soidal ¢ dependence, which proves the validity of Eq. (1). As
the thickness increases from 2.6 to 4.7 nm, we observe a
change in the sign of the L, ratio with the extrema remaining
at ¢=0° and 90°, showing that the Ni** spins undergo a 90°
easy axis switching at ~3.5 nm NiO thickness.

More detailed thickness dependence of the XLD effect is
shown in Fig. 4. For NiO thickness less than 1 nm, the L,
ratio is independent of the x-ray polarization angle ¢, show-
ing an absence of the XLD effect. This is expected because
the Néel temperature of the NiO film thinner than 1 nm is
below the room temperature at which the experiment was
performed. For NiO film thicker than 1 nm, the L, ratio
exhibits a difference between ¢=0° and 90°, which is con-
sistent with the establishment of an AFM order in the NiO
film. The XLD value, which is defined as the L, ratio differ-
ence between ¢=0° and 90°, increases initially with the NiO
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thickness with the L, ratio at E Isteps (¢p=0°) greater than at

E 1 steps (¢$=90°), then switches the sign at ~3.5 nm NiO
thickness, and reaches its negative maximum above 4 nm
NiO thickness. It is worth to note that the above behavior for
NiO films grown at 200 °C is different from a previous re-
port on NiO films grown at room temperature,!” which may
be due to a different structural relaxation of the NiO films at
different growth temperature.”” Whether a different growth
temperature results in a different structural relaxation which
in turn accounts for the observed difference in the NiO spin
structures of the two samples requires further investigation
and it is not the topic of this paper.

In previous studies of the Ni2* XLD effect, it was as-
sumed that for a magnetic generated XLD effect, the higher-
energy peak of the L, doublet reaches its maximum value (or
a minimum L, ratio) when the x-ray polarization vector is
parallel to the Ni** spin direction. Recently, Arenholz et al.'
showed that the XMLD effect depends not only on relative
orientation of the photon polarization and the spin axis but
also on the crystallographic orientation. Although a detailed
analysis of the XLD spectrum requires a complete
¢-dependent measurement, one important consequence of
Ref. 15 is that for the case of NiO, the XMLD (L, ratio)
behaves in an opposite way for Ni spins along the [110]
crystal axis as compared to Ni spins along the [100] axis, i.e.,
for Ni** spins parallel to [110] axis the higher-energy peak of
the L, doublet should reach its minimum value (or a maxi-
mum L, ratio) when the x-ray polarization vector is parallel
to the Ni spin direction. Assuming that the above result is
held in our system, we can make a clear assignment of the
Ni2* spin axis based on the result of Fig. 3. First, since the
Ni L, ratio reaches its extremum as the x-ray polarization
vector is parallel to the atomic steps ([110] axis), we can
conclude that the Ni spin direction is either parallel or per-
pendicular to the step [110] direction. Second, since the Ni
spin-easy axis is parallel to the [110] crystal axis, we need to
apply the Arenholz’s result' that the higher-energy peak of
the L, doublet should reach its minimum value (or a maxi-
mum L, ratio) when the x-ray polarization vector is parallel
to the Niz* spin direction. Therefore, we conclude from the
result of Fig. 3 and Arenholz’s work'® that the Ni?* spins in
our NiO/Ag(118) system is parallel to the steps below 3.5 nm
NiO and perpendicular to the steps above 3.5 nm NiO.

Next we shift our attention to discuss the XMLD effect at
the Ni L; edge in our NiO/Ag(118) system. As mentioned in
Sec. I, NiO XLD effect should generally consist of both the
magnetic and the crystal-field effects.'® The result of Fig. 2
shows that the XLD effect at the Ni L, edge for NiO films
grown on vicinal Ag surface with the steps parallel to [110]
comes only from the magnetic origin at the normal incidence
of the x rays because the XLD effect vanishes above the NiO
Néel temperature. Therefore, the NiO/Ag(118) system can be
used to examine the magnetic- and crystal-field contributions
to the XLD effect at the Ni L3 edge separately. Figures 5(a)
and 5(b) show the Ni L3-edge XAS measured on NiO films
of 2 (Ni?* spin parallel to the steps) and 6 nm (Ni** spin
perpendicular to the steps) thicknesses, respectively. We first
measured the XA spectra at a 60° incident angle for two
polarization directions and observed a strong XLD effect, in
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FIG. 5. (Color online) L;-edge NiO XAS spectra at different
incident angles and polarization directions for NiO grown on
Ag(118) with the thickness of (a) 2 and (b) 6 nm. The insets are the
zoom-in L; peak at the normal incidence of the x rays. (c) and (d)
are the XLD spectra of 2- and 6-nm-thick NiO films at the normal
incidence of the x rays. The dashed line of XLD spectrum in (d) is
the spectrum of (c) after reversing its sign.

particular for the 2 nm NiO film. Although the XAS line
shape depends on many factors, the XAS peak shift is gen-
erally used as a signature of the crystal-field effect.'® Thus,
we follow the same analysis in order to be consistent with
the literature. Then it is obvious that the L; peak exhibits an
energy shift toward higher energy for ¢ changes from 90° to
0°. Although the amount of this energy shift (AE) decreases
with the NiO thickness (AE~200 meV for 2 nm NiO film
and AE~80 meV for 6 nm NiO film), the L; peak shifts its
energy in the same direction for both 2 and 6 nm NiO films.
Noticing that the NiO film undergoes a spin-reorientation
transition at 3.5 nm, the fact that the L5 peak shifts its energy
in the same direction for both 2 and 6 nm NiO films indicates
that the L;-edge XLD effect in the NiO/Ag(118) at 60° x-ray
incident angle is mainly contributed from the crystal-field
effect, which is in agreement with a previous report.'® Then
it is interesting to examine the L;-edge XLD effect at the
normal incidence of the x rays where the crystal-field effect
is absent at the L, edge. At the normal photon incidence
(6=0°), the L; XAS shows a small but detectable XLD effect
with a small adsorption intensity difference and a tiny energy
shift of AE=18 %2 meV (see the inset of Fig. 5). Since this
tiny energy shift is comparable to the energy reproducibility
of the beamline, to reduce the uncertainty of the energy peak
positions at the two polarizations, the XA spectra reported
here were measured by alternating the polarization at each
energy of the XAS measurement. In this way, the spectra
with two polarizations have exact same energy at each en-
ergy step of the measurement so that the error of the energy
shift between the two polarizations can be minimized. The
NiO L; peak shows a lower energy at ¢»=0° than at ¢=90°
for 2 nm NiO [see inset of Fig. 5(a)] and a higher energy at
¢=0° than at ¢=90° for 6 nm NiO [see inset of Fig. 5(b)].
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Such energy shift of Ni L; peak should not come from the
experimental misalignment, which should result in an energy
shift with the same sign for all the NiO film thicknesses since
the XA spectra shown in Fig. 5 are from the same sample.
Recalling that the NiO exhibits an in-plane spin-reorientation
transition at ~3.5 nm thickness, the above result reflects the
fact that at the normal x-ray incidence, the XLD is mainly
contributed from the magnetic effect. Since the Ni** spins
were determined to be parallel to the steps at 2 nm and per-
pendicular to the steps at 6 nm, we conclude that the NiO L;
peak exhibits a higher adsorption intensity and a lower-
energy peak position for the x-ray polarization parallel to the
spin direction. Figures 5(c) and 5(d) show the detailed XLD
spectra (the difference of the XA spectra at ¢p=0° and at ¢
=90°) at the normal incidence of the x ray for the 2 and 6 nm
NiO films. Indeed these two XLD spectra show a great simi-
larity apart from their opposite signs [for comparison the
spectrum of Fig. 5(c) is plotted with reverted sign in Fig.
5(d)], which indicates the Ni** spin-reorientation transition.
The smaller amplitude of the 2-nm-film spectrum is consis-
tent with the fact that the Néel temperature of the 2 nm NiO
is closer to room temperature than the 6 nm film. It is also
worth noting that the XLD spectra we obtained on NiO film
is similar to the spectra reported for the NiFe,O, and Co/
NiO(001) systems."

To further confirm that the XLD effect of the NiO L, edge
arises solely from the magnetic effect at the normal inci-
dence of the x ray, we performed high-temperature measure-
ment on our samples. As shown in Fig. 6(a), the XLD effect
of the 4.3 nm NiO film observed at room temperature and at
the normal incidence of the x ray disappears at 570 K, which
is above the bulk NiO Néel temperature of 523 K. This ob-
servation fully proves that the XLD effect at the NiO L; edge
at #=0° comes completely from the magnetic effect. In con-
trast, the similarity of the two XLD spectra taken at room
temperature and at 570 K for the #=60° case suggests that
the XLD effect in this case comes mainly from the crystal-
field effect [see Fig. 6(b)].

IV. SUMMARY

We find that there exists an in-plane spin-reorientation
transition in NiO films grown on Ag(118) surface at 200 °C.
The Ni spin direction is parallel to the step direction for NiO
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FIG. 6. (Color online) XLD spectra of 4.3 nm NiO film mea-
sured at room temperature and 570 K at different incident angles of
the x ray: (a) #=0° and (b) 60°. The much smaller XLD signal and
the absence of the XLD at 570 K at #=0° as compared to #=60°
show that the XLD effect at #=0° comes mainly from the NiO
AFM order while the XLD effect at §=60° is mainly contributed
from the crystal-field effect.

films thinner than 3.5 nm and perpendicular to the steps for
the films thicker than 3.5 m. At the normal incidence of the x
ray, we proved that the XLD effect at the Ni L, 5 edges are
solely of the magnetic origin and that the XA spectra at the
L5 edge exhibit a higher adsorption intensity and a tiny en-
ergy shift of AE=18+2 meV toward the lower energy for
x-ray polarization parallel to the spin direction than perpen-
dicular to the spin direction.
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