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We report a synchrotron-based setup capable of performing x-ray absorption spectroscopy and x-ray
magnetic circular dichroism with simultaneous electrical control characterizations. The setup can en-
able research concerning electrical transport, element- and orbital-selective magnetization with an
in situ fashion. It is a unique approach to the real-time change of spin-polarized electronic state of
a material/device exhibiting magneto-electric responses. The performance of the setup was tested
by probing the spin-polarized states of cobalt and oxygen of Zn;4CosO dilute magnetic semi-
conductor under applied voltages, both at low (~20 K) and room temperatures, and signal vari-
ations upon the change of applied voltage were clearly detected. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4849635]

I. INTRODUCTION

Spintronics is an emerging technology exploiting the in-
trinsic spin of the electron within solid-state devices. Tak-
ing advantage of the spin degree of freedom of the electron
we are able to store and transfer information in addition to
the electron charge, such as magnetic semiconductors,'™ gi-
ant magnetoresistance (GMR), and tunnel magnetoresistance
(TMR) devices.*® Understanding the interplays between the
electrical and the magnetic responses of the devices is essen-
tial to the spintronic technology. To make control of magne-
tization fully compatible with current semiconductor devices,
using an electric field to control magnetization is desired. Re-
cently, studies of electrically controllable magnetic properties
are a subject of intensive research.”~!! These findings demon-
strate the advances in spintronics because of possible device
operation with reduced power consumption and the compat-
ibility of electrically controlled devices with semiconductor
integrated circuits. In a broader vision, the phenomenon in-
cludes the electrically controlled magnetic ordering,'> ! ex-
change bias,'*!¢ spin transport,!’?' and magneto-crystalline
anisotropy (MCA).?>~24

Although the findings are recognized as a great excite-
ment, the underlying physics is rather elusive, especially from
the viewpoint of electronic interactions. This is because most
of these studies used polar Kerr effect coupled with electri-
cal transport measurements, so the understanding of the elec-
trically controlled properties is limited to a macroscopic vi-
sion. The electronic interactions, the critical ingredient that
governs the macroscopic response, have not been visualized
by any conventional approaches so far. A general explanation
for the phenomena is the change in the occupation of ferro-
magnetic 3d orbital due to the band-filling effect.””!! Such
explanation was first proposed by Kyuno et al.>> who theo-
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retically demonstrated that, the ferromagnetism (FM) order-
ings of transition metals exhibit high sensitivity to 3d electron
filling. Theoretical studies using first principle and density-
functional calculations in recent years’*->’ showed that the
magnetocrystalline anisotropy (MCA) can be controlled by
an electric field through the change of band structure, which
hold a same picture as that of Kyuno et al.®> Despite in-
tensive studies in the field, evidences of the electric-field
induced change in spin-polarized electronic states have not
been experimentally observed. This makes it difficult to vali-
date the hypothesis of the band-filling effects.>>>8 Therefore,
an instrument sensitive to the real-time change of electronic
state with respect to the magnetic and transport response
is very necessary to improve current understanding of the
phenomenon.

In this article, we report on the development of a setup
featuring in situ electrical and x-ray absorption characteriza-
tion (defined as the E-X setup henceforth). For x-ray part,
x-ray absorption spectroscopy (XAS) is a powerful tech-
nique for probing the density of states (DOS) in the vicinity
of the Fermi level. It is capable of studying the chemi-
cal and physical states of selected atomic species associ-
ated with their electronic structures.>® X-ray magnetic circu-
lar dichroism (XMCD)31gained from the difference of XAS
with opposite x-ray helicities is especially suitable for prob-
ing ferromagnetism, or materials with non-zero net mag-
netization such as ferrimagnetism or canted antiferromag-
netism. Therefore, the combination of XAS and XMCD
provides an element-specific, electronic sensitive probe, of
magnetism and associated electronic state of matter. When
these two techniques are coupled with an electrical control
system, the measurements can be performed over electri-
cal, element- and orbital-selective magnetization, by tuning
the x-ray energy to selected atomic resonances. The combi-
nation of these capabilities is critical to realize the intense
interplays among charge, spin and orbital degrees of free-
dom of a spintronic system exhibiting electrically controlled
properties.

© 2013 AIP Publishing LLC
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FIG. 1. The geometric layout of the Dragon beamline, where VFM, HFM,
and RFM refer to vertical-focusing-mirror, horizontal-focusing-mirror, and
toroidal-refocusing-mirror, respectively.

Il. EXPERIMENTAL
A. General setup of the beamline

The E-X setup is incorporated to the Dragon beam-
line at National Synchrotron Radiation Research Center, Tai-
wan. The Dragon beamline was constructed according to the
cylindrical element monochromator (CEM) design®>3? with
a bending magnet source. In addition to the separate horizon-
tal and vertical focusing mirrors, the Dragon beamline has
two reflection mirrors between the gratings and the exit slit
to extend the lowest energy to 10 eV. Six spherical gratings
are used to enable a scanning energy range from 10 eV to
1700 eV, which covers the L,/L3 edges of most transition met-
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als and the K-edge of oxygen. Therefore, the setup is very
suitable for probing oxide-based spintronic systems which
display notable magneto-electric responses. The x-ray helic-
ity can be reversed by changing the magnetic field direction
of an electromagnet inside the x-ray analytical chamber (vac-
uum < 2 x 10~ torr during operation) to achieve a polariza-
tion switching rate of approximately 80%. The electromagnet
can offer the largest field strength up to 1 tesla. A geometric
layout of the Dragon beamline is illustrated in Fig. 1. The in-
corporation of the electrical control circuits with a four-point
contact into a close-cycle helium cryostat is the core of the de-
velopment for the setup (Fig. 2). The electrical control is op-
erated outside the x-ray analytical chamber using a Hall-effect
source-meter to electrically polarize samples mounted on the
sample holder. The close-cycle helium cryostat is connected
to the high resolution x, y, and z translation stages of a mo-
torized cryostat carrier. These are used for sample positioning
in the x-ray beam with um resolution, as well as determin-
ing the incident x-ray angle. The close-cycle helium cryostat
offers an environmental temperature range from 20 to 800 K.
The detection of x-ray absorption spectra can be taken via a
total electron yield (TEY) or a total fluorescence (TFY) mode.
The TEY and TFY collect photocurrents and photons that are
emitted after electrons of lower binding energy fill the created
core hole, respectively. Considering the strong Lorentz force
arising from the given electric and magnetic fields around the
sample locally, TFY mode is used in our case to provide more
accurate electrically controlled information, because the pho-
tons are not affected by the electric/magnetic fields. Figure 2

close-cycle He dewar'i

electrical control and

data collection

X-ray control and

data collection

electromagnet

cold finger

Y detector

&2

Incident c1rc1I1ar1y polarized X-ray

FIG. 2. Tllustration for the E-X setup and related accessories. The sample holder is placed between two electromagnets and be shined by the circularly polarized
x-rays with an incident angle of 30°, inside the x-ray chamber, with a vacuum status lower than 2 x 1072 torr. The TFY detector, the X-ray, electrical and
temperature controllers, and the close-cycle He dewar are accessories outside the x-ray chamber. The cryostat has the translation freedom along x, y, and z

directions.
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FIG. 3. The capacitor structure of the ZnxCoj.xO (CZO) device. CZO is de-
posited at the top of the whole structure to gain better x-ray signals. Four
wires are connected to Au electrodes to enable the Hall effect measurements.
A circuit connecting Si substrate and one of the Au electrodes is used to
apply voltage upon the device. The illustration shows the case of negative
applied voltage (injecting carriers), but the sign of the applied voltage can be
switched to positive (extracting carriers) by reversing the sign at the power
source.

schematically illustrates the details of the setup and acces-
sories inside and outside the x-ray analytical chamber, re-
spectively. The x-ray incident angle is 30° with respect to the
electromagnet as well as the normal direction of the sample,
yet the incident angle can be adjusted by rotating the sample
holder, which determines the x-ray probing direction.

B. Device design

The ZnxCo 4O films (~150 nm) were prepared at room
temperature by a multilayer doping technique with Co con-
centration of about 5%, at Dept. Physics, National Sun
Yat-sen University. Examination of the as-deposited films by
x-ray, transmission electron microscopy, and x-ray absorption
spectrum indicated no detectable precipitation of Co clusters
or Co oxides. The electrical transport of samples, patterned
with van der Pauw geometry,>* was tested using a standard
four-point measurement technique independently from the E-
X measurement to ensure the sample quality. The Zn,Co; 4O
device was prepared into a capacitor structure as shown in
Fig. 3, where SiN (75 nm) serves as the dielectric material
and Zn,Co; 4O and Si serve as the top and bottom electrodes,
respectively. With such geometry the Zn,Co; 4O is fully ex-
posed to the x-ray for the purpose of acquiring clear sig-
nals. We have tested other device structures with materials
buried underneath several capping layers, and signals with fair
good quality were accessed, as well. This means that the de-
vice structure does not necessarily have to follow the princi-
ple of the Zn,Co; xO/SiN/Si case proposed here. Empirically,
we suggest a total thickness of the capping layers less than
80 nm, considering the penetration depth of the TFY.

The insulating SiN adjacent to the Zn,Co; 4O can accu-
mulate injected carriers at the Zn,Co;_O/SiN interface upon
applied voltages. Four Au electrodes were patterned at the
corners of the Zn,Co;_O/SiN interface using e-gun evapora-
tion and photo-lithography. They were individually connected
to four Pt wires to enable the Hall coefficient measurements

Rev. Sci. Instrum. 84, 123904 (2013)

TABLE I. Voltage-dependent carrier concentrations for intrinsic and photo-
induced cases measured by the E-X setup.

Intrinsic carrier concentration — Carrier concentration at Co

Applied bias (number/cm?) Ls-edge (number/cm?3)
—10V 9.047 x 10" 9.096 x 10"
ov 9.031 x10% 9.552 x 10"
+10V 9.069 x 10" 9.120 x 10"

with the magnetic field provided by the electromagnet. At
this situation the Zn,Co,.xO/SiN/Si device needs to be set in
an out-of-plane (with respect to the magnetic field direction)
mode as Fig. 2 shows. By measuring the Hall coefficient we
can estimate the intrinsic (without x-ray shining) and photo-
induced carrier concentration of the Zn,Co; xO, and compar-
ing the two we can acquire the real quantity of the carriers
participating in the mediation of the spin-polarization process.
To assure the accuracy of the transport data all the connecting
wires are of equal length to exclude the possible variations
in sheet resistance, carrier concentration and electron mobil-
ity. Table I lists the voltage-dependent carrier concentrations
of the Zn,Co;.,O at room temperature, for both intrinsic and
photo-induced (photon energy set at Co Lz-edge) cases. It can
be seen that though the photo-induced carrier concentration
is larger than the intrinsic carrier concentration, they are in a
close proximity in the order of magnitude. This is because
that comparing to the x-ray spot size (~0.1 mm (vertical)
x ~0.7 mm (horizontal)), the sample size (§ mm x 8 mm)
is much larger, thus only causing a minor increase in photo-
induced carrier concentration. For the Zn,Co;_4O/SiN/Si de-
vice, one of the Au electrodes is shared by another circuit with
the other end connected to the Si substrate (Fig. 3). By apply-
ing positive/negative voltages through this circuit, charge car-
riers can be injected-into/extracted-from the Zny,Co;O. This
allows us to monitor the band-filling effect with associated
magnetization change from XAS/XMCD spectra.

C. Contact circuits on the sample holder

A sample holder made of oxygen-free copper is used in
this study. The schematic illustration of the sample holder is
presented in Fig. 4(a). The holder is designed to be wide at
top but narrow at bottom to allow the reduction of the electro-
magnet gap, for the purpose of having a larger magnetic field
when the measurement is turned to an in-plane (with respect
to the magnetic field direction) mode. Twenty Pt pins are set
along the holder edges with equal spacing, and these pins tap
through the holder as illustrated in the inset of Fig. 4(a). The
Zn,Co,.xO/SiN/Si device is placed on an Al,O3 substrate to
be insulated from the Cu holder, but it is connected to the
pins with Pt wires for electrical polarization. On the back
side of the holder, the pins are wound by enameled wires
(Fig. 4(b)), with the other ends fixed by 20 metallic screws
located at the top of the holder. These 20 metallic screws are
independently connected to 20 cables going outside the x-ray
chamber to be electrically controlled by a remote Hall mea-
surement system (Fig. 2). For electrical control experiment,
only four channels (cables) at maximum can be operated at
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Cold finger
Top screws

FIG. 4. (a) Illustration of the sample holder particularly designed for the
E-X setup. Inset figure shows the details about the design specifically around
the sample and Al,O3 substrate. (b) Back side of the holder, with the tapped
pins wound by enameled wires. (c) The real configurations of the employed
circuits on the ZnxCo;.xO/SiN/Si device and the sample holder.

one time, so the Hall coefficient and carrier-injection (extrac-
tion) measurements need to be carried out separately. Torr seal
is used in the gray areas shown in Figs. 4(a) and 4(b) to en-
sure that the given current is directed to the wanted path from
source meter towards the device end without following into
the Cu holder. A real picture showing the configurations of
the employed circuits on the Zn,Co;_O/SiN/Si device and the
sample holder is presented in Fig. 4(c).

lll. TEST CASE: XAS/XMCD SPECTRA OF Zn,Co1x0
UNDER APPLIED VOLTAGES

The capability of the E-X setup was tested by the
7Zn,Co,O with the device structure described above. This
material belongs to the Zn;(TM)O (TM as transition met-
als) family,>~° which has recently attracted much attention
as a potential dilute magnetic semiconductor (DMS), be-
cause it persists ferromagnetism (FM) above room temper-
ature (RT). This makes it a more competitive candidate than
the III-VI DMS systems. The classical mechanism explain-
ing the RT-FM of the Zn;4x(TM)4O is the bound-magnetic-
polaron (BMP) model proposed by Coey,*’ with a picture
that the FM exchange is mediated by overlapped magnetic

Rev. Sci. Instrum. 84, 123904 (2013)

polarons to enable a long range FM ordering. However, the
BMP radius estimated by Coey is only about 0.76 nm, which
is too small to enable a long range FM exchange if taking into
account the very localized oxygen vacancies and magnetic
dopant (typically below 5%) within a large sample volume.
A modified-BMP model concerning the carrier-mediated FM
ordering is proposed by Chou et al.,*! where the carriers were
found to hop via a variable-range hopping (VRH) mechanism
to enable the FM exchange in addition to the BMP mecha-
nism. This finding implies that when injecting carriers into
the Zn,Co, 4O, the spin-polarized states of the dopant (Co)
and the host (ZnO) are expected to be modified and be accom-
panied by complex electronic interactions between the two.
This should be reflected by the XAS/XMCD spectra if tuning
the x-ray resonance to the absorption edges of Co and O un-
der applied voltages. In the following we present a serious of
XAS/XMCD data to validate the hypothesis.

Figures 5(a) and 5(b) show the positive- and negative-
voltage dependent Co L,/Ls XAS, respectively at room tem-
perature. These two edges correspond to the 2p,2/2p3» — 3d
photo-excited processes. For positive-voltage case, carriers
are injected into the sample filling the unoccupied states of Co
3d orbital. This can be validated by the decreased XAS signal
from zero to ten volts particularly at the L3-edge shown in
Fig. 5(a), because the XAS intensity is proportional to the
number of unoccupied state. The feature of the decreased
XAS takes place at A, B, C of the Ls;-edge as highlighted
in the inset of Fig. 5(a), which are associated with the
changes of different electronic states. On the contrary,
Fig. 5(b) shows that the XAS intensity increases upon carrier
extraction (negative-voltage), due to electrons withdrawn
from the 3d orbital. The sensitive response of Co with respect
to the applied voltage suggests that there likely exists a shal-
low level in the vicinity of the Fermi level. Figures 5(c) and
5(d) present the Co Ly/L3; XMCD corresponding to Figs. 5(a)
and 5(b), respectively. We observe an opposite dependency
in XMCD as opposed to the XAS. This means that filling the
electrons into Co tends to reduce the difference between the
spin-up and spin-down DOS (a weaker spin-polarized state),
but withdrawing the electrons does the opposite (a stronger
spin-polarized state). We only see minor changes in O
K-edge XAS and XMCD at room temperature (data not
provided). This suggests marginal influence on the host
upon injected carriers at room temperature, indicating very
limited available states of O in the vicinity of the Fermi level
hybridized with Co. A simple band structure based on the
XAS/XMCD results and relevant Refs. 42—45 is illustrated in
Fig. 6, where we find that applying positive (negative) voltage
is in a similar manner to lifting (lowering) the Fermi-level
(Er). By lifting and lowering the Er we are able to verify the
band structure of the materials of interest. More importantly,
we demonstrate the first case of electrically controlled spin-
polarized electronic states of a spintronic material by probing
the voltage-dependent XAS/XMCD. The Co XAS results
unambiguously confirm the band-filling effects speculated
by many relevant studies,” !> and the associated XMCD
results even offer more information about the spin-polarized
states of a spintronic device while being electrically polar-
ized. Finally, we take O K-edge XAS (Fig. 7(a)) and XMCD
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FIG. 5. (a) Positive- and (b) negative-voltage dependent Co Ly/L3 XAS at
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FIG. 6. The simple band structure of the ZnyCo; O at room tempera-
ture. The band structure is illustrated based on the XAS/XMCD results and
Refs. 42-45.

(Fig. 7(b)) at 20 K as an example to demonstrate the capabil-
ity of the E-X setup at low temperature. In Fig. 7(a), the XAS
increases upon a voltage increase from zero to ten volts. The
O XAS increase takes place at the post-edge which corre-
sponds to the O 2p-Zn 4d orbital hybridization. Conversely,
the O XMCD decreases upon voltage increase, as shown in
Fig. 7(b). Obviously, at low temperature the host becomes
more voltage-dependent. This could be attributed to less
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FIG. 7. O K-edge (a) XAS and (b) XMCD collected at 20 K. In (a), pre-
and post-edge features are divided into different orbital hybridizations (O 2p-
Zn 4s, O 2p-Zn 4p, and O 2p-Zn 4d) by dashed lines. XMCD spectra are
presented by dots instead of lines for the purpose of clarity, due to strong
oscillation of the lineshape.
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influence from the thermally excited carriers in the FM medi-
ation process. Though more efforts are needed to unravel the
underlying physics behind the scene, we have successfully
demonstrated the reliable data acquired by the setup at
various conditions, namely, XAS/XMCD spectra collected
with temperature-, field-, and voltage-dependencies.

IV. SUMMARY

By combining a remote electrical control system and
conventional soft x-ray absorption spectroscopy, a close-
cycle helium cryostat and an electromagnet, we have devel-
oped an synchrotron-based setup allowing the collection of
XAS/XMCD spectra with in situ voltage-control and Hall
measurements, at low temperatures (~20 K) and moderate
fields (1 tesla). We have demonstrated the capability of the
setup by showing Co and O XAS/XMCD spectra of the
ZnyCo; 4O under applied voltages. Taking advantage of
the setup we have shown the first case that in situ visual-
ized the interplays between electronic and magnetic degrees
of freedom while the system underwent magneto-electric re-
sponses. This helps identify the roles of all physical vari-
ables affecting the magneto-electric effects, which can fun-
damentally improve the spintronic technology. Research top-
ics related to (i) electrical control electronic structures and
(i1) element-specific study of magneto-electric responses will
be greatly benefited by the use of the setup.
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