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Voltage-controlled magnetic anisotropy in an ultrathin nickel film studied by operando x-ray
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Voltage-controlled magnetic anisotropy (VCMA) in an atomically thin Ni film placed at an epitaxial Fe-
MgO interface has been studied. We characterize the VCMA by employing Fe/Ni/MgO-based magnetic tunnel
junction. Moreover, we conduct x-ray magnetic circular dichroism (XMCD) spectroscopy around Ni absorption
edges under an external voltage application to the tunnel junction device. This operando XMCD spectroscopy
demonstrates voltage-induced changes of orbital and effective spin magnetic moments of Ni. As compared with
the previous study, where operando XMCD spectroscopy was performed on an atomically thin Co film, we find
that the magnitude of the VCMA effect in Ni and Co is proportional to the voltage-induced change of the orbital
magnetic moment. This study would lead to a comprehensive understanding of how an electric field affects

interfacial magnetism in ferromagnetic metals.
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I. INTRODUCTION

Perpendicular magnetic anisotropy (PMA) in ferromag-
netic ultrathin metals [1-6] has been intensively studied for
high-density magnetic recording disks and magnetic random-
access memory (MRAM) devices. Moreover, control of the
PMA energy by an external voltage, that is, voltage-controlled
magnetic anisotropy (VCMA), has been studied intensively
due to its potential for the operation technology of the
MRAM [5-10].

For a ferromagnetic metal, there are two mechanisms to
explain the PMA and the VCMA. One is the orbital magnetic-
moment mechanism, also known as the Bruno model, where
the orbital-magnetic-moment anisotropy is proportional to the
PMA energy [2,4]. The other is the quadrupole mechanism,
where the PMA energy originates from an anisotropic spin
distribution of the 3d electrons through the spin-orbit interac-
tion [3,6,11]. These two mechanisms are derived from the per-
turbation theory for the second-order spin-orbit interaction en-
ergy. The orbital magnetic-moment (quadrupole) mechanism
corresponds to the spin-conserved (spin-flip) virtual excitation
process. In general, it is believed that the orbital magnetic-
moment mechanism explains the PMA and the VCMA in
3d transition metals. Actually, it has been theoretically found
that the VCMA originates from the modulation of the 3d
orbitals [12—-16]. Moreover, the voltage-induced change of
the orbital magnetic moment, which is relevant to the PMA
energy, of Co has been recently reported [17].

Fe and Ni are similar ferromagnetic 3d transition metals to
Co. For Fe, the application of the Bruno model is not obvious
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because the majority-spin band of Fe is not completely occu-
pied. However, this is not the case for Ni. Similar to Co, the
majority-spin band of Ni is believed to be fully occupied, and
the minority-spin band should have a dominant contribution to
the PMA and the VCMA. In this regard, studying Ni in terms
of the voltage-induced changes of PMA energy and magnetic
moments would be an important milestone to understand the
VCMA effect. Here we report on the VCMA of an ultrathin
Ni layer placed at an interface between Fe and MgO and
its voltage-induced changes of the orbital magnetic moment.
These are characterized by using spin-torque-induced fer-
romagnetic resonance (FMR) [18-20] and operando x-ray-
absorption spectroscopy in tunnel junctions [6,11,17,21-24],
respectively.

II. EXPERIMENT

First, Fe/Ni/MgO-based magnetic tunnel junctions,
schematically shown in Fig. 1(a), were prepared. This was
used to characterize the VCMA in an ultrathin Ni film.
A multilayer consists of the following structure: MgO(001)
substrate/MgO buffer (5 nm)/V (30 nm)/Fe (0.3 nm)/Ni
(0-0.14 nm)/MgO barrier (1.4 nm)/Fe (10 nm)/Au (5 nm).
All of the layers were epitaxially grown using the molecular—
beam epitaxy method under an ultrahigh vacuum at room
temperature. The MgO substrate and the V layer was annealed
at 800 °C for 10 min and at 500 °C for 30 min, respectively.
Because of the MgO buffer, carbon diffusion from the MgO
substrate surface is reduced [25]. The V layer was employed
to induce PMA energy in the system [26,27]. As shown
in Fig. 1(b), clear streak patterns were observed in the re-
flection high-energy electron-diffraction images guaranteeing
the formation of epitaxial and flat interfaces between each
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FIG. 1. (a),(b) Schematic illustration of the device structure to
characterize voltage-controlled magnetic anisotropy (VCMA) in Ni.
(b) In situ reflection high-energy electron-diffraction images of each
layer surface. (c¢) A typical magnetoresistance. Magnetic field was
applied parallel to the film plane in [100] ([110]) direction of Fe
MgO).

layer [28]. The 0.14-nm Ni corresponds to a monatomic layer
of Ni. Magnetic tunnel junctions having 2 x 5 um? junction
size were fabricated from the multilayer. Figure 1(c) shows a
typical result of tunneling magnetoresistance measurements.
Magnetic field was applied parallel to the film plane in [100]
([110]) direction of Fe (MgO).

Next, similar tunnel junctions with a different design have
been prepared. This was used to characterize the change of
XMCD induced by an external voltage. The XMCD spectra
were measured using a four-element silicon drift detector
(SDD) with the partial fluorescence yield (PFY) method.
Figure 2(a) shows a schematic of the device structure. The
multilayer consists of the following structure: MgO(001)
substrate/MgO buffer (5 nm)/V (30 nm)/Fe (0.3 nm)/Ni
(0.14 nm)/MgO barrier (2 nm). After taking out the multilayer
from the vacuum, 5-nm-Si0O,, 2-nm-Cr, and 5-nm-Au layers
were deposited. An 80-um-diameter tunnel junction was fab-
ricated from the multilayer. Finally a similar multilayer struc-
ture without a top SiO,/Cr/Au: MgO substrate/MgO buffer

SDD
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FIG. 2. (a) Schematic of the experimental design for operando x-
ray magnetic circular dichroism (XMCD) spectroscopy. An external
voltage was applied to the Ni layer via a MgO/SiO, dielectric. The
XMCD spectroscopy were performed using the partial fluorescence
yield (PFY) method with a silicon drift detector (SDD). (b) Mag-
netization hysteresis curve measured by XMCD at the Ni-L; edge
(853.0eV).

(5 nm)/V (30 nm)/Fe (0.3 nm)/Ni (0.14 nm)/MgO (2 nm)
was prepared. This was used to measure XMCD spectra with
the total electron yield (TEY) method.

The soft x-ray beamline (BL25SU, SPring-8) was em-
ployed for conducting the XMCD spectroscopy. The exper-
imental conditions are reported elsewhere [17,29,30]. The
x-ray absorption was recorded with right (u) and left (u_)
helicities at room temperature. Influence of the self-absorption
effects due to the PFY method was calibrated by employ-
ing the spectra measured with the TEY method. The TEY
method should be less affected by the self-absorption [31].
Figure 2(b) shows the magnetization hysteresis curve, which
was collected using the XMCD at the Ni-L3 edge (853.0 eV)
with the PFY method. The magnetization of the Fe/Ni layer
is saturated under a magnetic field of 1.9 T, where XMCD
spectroscopy as mentioned below was conducted.

The magnetic moments in the V/Fe (0.3 nm)/Ni
(0.14 nm)/MgO (2 nm) are characterized by applying the
sum rules [32,33] to the XMCD spectra measured with the
TEY method. Figure 3(a) represents the x-rayabsorption and
XMCD spectra at the L3 and L, edges of Ni. A magnetic
field of £1.9 T was applied to saturate the magnetization of
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FIG. 3. (a) X-ray absorption and XMCD spectra of Ni. (b) X-ray
absorption and XMCD spectra of Fe. These data are obtained using
the TEY method.

the Fe/Ni layer. A linear function was subtracted from each
x-ray-absorption spectrum. The dashed line is a background
consisting of a double step function and a linear function,
which is used for the sum-rule analysis. Nonmagnetic back-
grounds were canceled by averaging the spectra measured
for the reversed magnetic field. Figure 3(b) represents the
x-ray-absorption and XMCD spectra at the L3 and L, edges
of Fe. The orbital magnetic moment () is estimated to be
0.07 up (0.12up) for Ni (Fe). Here ug is the Bohr magne-
ton. The effective spin magnetic moment (ms — 7mrt), where
mg and mr denote respectively spin magnetic moment and
magnetic dipole 7, term, is estimated to be 0.41ug(1.79up)
for Ni (Fe). For the sum-rule analysis, the numbers of 3d
holes of Ni and Fe were assumed to be 1.45 and 3.39,
respectively [34,35].

III. RESULTS AND DISCUSSION

A. Spin-torque FMR to characterize the VCMA effect of Ni

A VCMA coefficient of the Fe/Ni/MgO system was mea-
sured using the voltage-induced resonant field shift. We define
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FIG. 4. (a) Schematic illustration of the measurement setup
for VCMA-induced spin-torque ferromagnetic resonance (FMR).
(b) Typical spectra of an Fe(0.3 nm)/Ni (0.08 nm)/MgO device
under various input frequencies. (c) Typical spectra under DC bias
(Vpe). Input frequency was 12 GHz.

the VCMA coefficient as the PMA energy (mJ/m?) divided
by an electric field (V/m) in the MgO barrier. Figure 4(a)
shows an experimental design. The magnetic tunnel junction
in Fig. 1(a) is employed. The FMR of Fe/Ni is characterized
using the VCMA-induced spin-torque FMR [20]. Figures 4(b)
and 4(c) show typical FMR spectra recorded under various
input current frequency (f) and DC bias voltage (Vpc), re-
spectively.

Figure 5(a) shows the input current frequency as a function
of the resonant field (Hpyg ). From an intercept of each linear
fit in Fig. 5(a), the demagnetization field (Hy) is estimated as
shown in Fig. 5(b). We used the following equation:

f= —&\/(HFMR — Hysin?0)(Hpmg + Hg cos 260)
27

~ —ZJ/_O(HFMR — Hy). (D
T

10(<0) is the gyromagnetic ratio. A VCMA coefficient (§)
can be derived from the changes in the demagnetization field
(6Hy) induced by the DC bias voltage [Fig. 5(c)] as

-1
§= _lMOSHd(MS,FetFe + MS,NitNi)<E> @

2 tMgO
Mg and ¢ are the saturation magnetization and the layer thick-
ness, respectively. The obtained VCMA coefficient is shown
in Fig. 5(d). The VCMA coefficient decreases when the Ni
layer is inserted. For the Fe/Ni(0.14 nm)/MgO system, where

014419-3



RISA MIYAKAZE et al. PHYSICAL REVIEW B 102, 014419 (2020)

(a) 20 =)

Ni: 0 nm (a) =]
0.05nm 08 nm s 1.0+
15 5
~ c
T S
s 07 g 05}
< 3
5 f 3 ]
> (Ws+p-)2
2 00 ]
0 L« : ' ' ' < -
0 02 04 06 038 1
(b)
HoHewr (T)
a
(b) 0 9 Ni-L P
04 | . 0 % 01 2 1
E o2t} . ,
= 0.2} Ni-L
::o o0 | [ ] ‘3 ‘ ‘ ‘ ‘
T o & 840 850 860 870 880 890 900
) ) X-ray energy (eV)

(c) S 80 ¢ FIG. 6. (a) Polarization-averaged x-ray absorption (it + p_)/2
E 60 b and (b) its XMCD (@4 — p—) spectra obtained using the PFY
\E; 40 - o N method around the Ni-absorption edge. An external magnetic field
5 20 | o * of £1.9 T was applied to saturate the magnetization of the Fe/Ni
2 0 ) ) layer in the magnetic field direction.

(d) . . . .
.00 L from the capacitance model [8]. In our definition, the positive
§ ° o voltage induces electrons at the interface between Ni and
=10 t o ° MgO. In Figs. 7(a) and 7(b), the error bars are not the accu-

I racy errors but the errors accounting for the relative changes
0 0 0.05 o1 015 induced by the voltage, i.e., precision errors. Although the

Ni thickness (nm)

FIG. 5. (a) Input current frequency (f) as a function of resonant
field (Hpumgr). (b) Demagnetizing field (Hy) determined from an inter-
cept of each linear fit in panel (a). (c) Changes of the demagnetizing
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Ni thickness corresponds to a monatomic layer, the VCMA
coefficient is —14 fJ/Vm, which is about half as large as that
of Fe(0.3 nm)/MgO (—26 fJ/Vm). The significant difference
of the VCMA coefficients between Fe/MgO and Fe /Ni/MgO
strongly suggests that the Ni/MgO interface dominates the
VCMA in the Fe/Ni/MgO.

B. Operando XMCD spectroscopy of Ni

In the Fe/Ni/MgO system, Fe/Ni ferromagnetic bilayer is
employed. However, because the VCMA effect is dominated
by the monatomic layer at the interface with MgO [11], we fo-
cus on Ni for the operando XMCD spectroscopy. Figures 6(a)
and 6(b) show the results of the x-ray-absorption spectroscopy
around the L3 and L, edges of Ni using the PFY method,
respectively. To direct the magnetization of the Fe/Ni layer
The measurements were conducted under magnetic fields of
+1.9 T [Fig. 2(b)].

Figures 7(a) and 7(b) show the voltage-induced changes of
the XMCD signals. Peak heights of the Ni absorption edges,
namely Ni-L3 (853.0 eV) and -L, (870.6 V), were collected
with the PFY method. External magnetic fields of 1.9 T
was applied during the measurements. Here, +1.5-V voltage
corresponds to £0.1-V/nm electric field in the MgO barrier

changes are relatively small as compared to the previous study
using Co [17], similar changes were also observed at the Ni-L,
and -L3 absorption edges.

Figures 7(c) and 7(d) show the voltage-induced changes of
the magnetic moments in Ni estimating with sum-rule anal-
ysis [32,33]. In the estimation, we assumed that the XMCD
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FIG. 7. (a),(b) Voltage-induced changes in the XMCD intensities
at the Ni-L; (853.0 eV) and Ni-L, (870.6 eV) edges. (c),(d) Voltage-
induced changes in the orbital magnetic moment (m.) and effective
spin magnetic moment (ms — 7mr) of Ni. A negative bias voltage,
which accumulates holes at the interface between Ni and MgO,
increases both the my and mg — 7mr.
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integrals at the L, and L3 edges of Ni, collected with TEY
[Fig. 3(a)], were proportional to their peak heights [Figs. 7(a)
and 7(b)]. An external voltage may change the 3d holes of
Ni, where the hole number is proportional to the white line
intensities of the x-ray absorption, but this does not affect the
results from sum-rule analysis. From Fig. 7(c), we can see that
the orbital magnetic moment under a voltage application of
—1.5 V is slightly larger than that measured with 4+-1.5 V. Our
experiment demonstrates that the orbital-magnetic-moment
change of (0.0015 £ 0.0020)up was induced by an external
voltage +1.5 V/nm. Figure 7(d) shows the voltage-induced
change in the effective spin magnetic moment (ms — 7mr).
As confirmed in Fig. 7(c) for the orbital magnetic moment,
the effective spin magnetic moment in Ni is larger at a
negative voltage. The significant modulation of the effective
spin magnetic moment by voltage might be attributed to the
modulation of the magnetic dipole 7, term (mr) [11,17].

To discuss the PMA energy, the second-order perturbation
of the spin-orbit interaction energy is useful [6,36]:

Iy
AE~ =22 (AL = (AL))

+;%((AT¢/T) + <ATT,¢))' 3)
Here )/ is the effective spin-orbit interaction coefficient. L and
T are the orbital angular momentum and part of the magnetic-
dipole operator, respectively. (AL) and (AT’) express (L,) —
(Lx) and (T) — (T), respectively. (L:)((T))) and (Lo)((T}))
are the orbital angular momentum (magnetic dipole operator)
for perpendicular and in-plane magnetizations, respectively.
Here, 1(]) denotes the contribution from the majority (minor-
ity) spin band. In Eq. (3), the first term is the PMA energy
strongly correlated to the orbital angular momentum. When
the majority spin band is occupied, (AL 44) can be neglected.
Then, the PMA energy can be proportional to anisotropy of
the orbital magnetic moment from XMCD measurements,

!’

AE ~

Amy . 4
e my, 4)

Equation (4) is same as the model proposed by Bruno [2,4].
Here, the majority spin band of Ni is believed to be almost

fully occupied, and therefore, the terms related to majority
spin band (1) can be neglected.

Here we compare the present results on Ni displayed in
Fig. 7(c) with the previous study on Co [17]. The VCMA
coefficient of Ni (—14 fJ/Vm) is ~17% of that of Co (—82
fJ/V m). Moreover, the induced changes of the orbital mag-
netic moment of Ni (0.008ug per 1 V/nm) is ~16% of that of
Co (0.051up per 1 V/nm). Although the changes of the orbital
magnetic moment are comparable to the error bars for the case
of Ni, interestingly, the ratio between the VCMA coefficients
of Ni and Co is almost the same as that of the changes of the
orbital magnetic moment. The results show that the VCMA
in Ni is consistent with the orbital magnetic moment mecha-
nism. More precisely, PMA energy is not proportional to the
orbital magnetic moment under perpendicular magnetization
but to the orbital-magnetic-moment anisotropy. However, the
trend of the voltage-induced changes of the orbital magnetic
moment and its anisotropy are similar [17], and therefore,
we believe that the aforementioned discussion is qualitatively
correct.

IV. CONCLUSION

In this study, the VCMA effect in Ni has been experi-
mentally characterized using spin-torque FMR and operando
XMCD spectroscopy, respectively. Given that the orbital
magnetic-moment mechanism is applicable to the 3d-
transition metals, we find that the voltage-induced changes of
the orbital magnetic moment is consistent with the VCMA
effect in Ni. This paper provides deep insight into the voltage
control of interfacial magnetism.
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