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Control of perpendicular magnetic anisotropy at the Fe/MgO interface by phthalocyanine insertion

Shoya Sakamoto ®,' Edward Jackson®,> Takeshi Kawabe,® Takuya Tsukahara®,? Yoshinori Kotani®,* Kentaro Toyoki,*

Emi Minamitani®,> Yoshio Miura®,® Tetsuya Nakamura®,* Atsufumi Hirohata®,> and Shinji Miwa

1,3,7,*

'The Institute for Solid State Physics, The University of Tokyo, Chiba 277-8581, Japan
2Department of Electronic Engineering, University of York, York YO10 5DD, United Kingdom
3Graduate School of Engineering Science, Osaka University, Osaka 560-8531, Japan
4Japan Synchrotron Radiation Research Institute (JASRI), Hyogo 679-5198, Japan
3Department of Theoretical and Computational Molecular Science, Institute for Molecular Science, Aichi 444-8585, Japan
SNational Institute for Materials Science (NIMS), Ibaraki 305-0047, Japan
"Trans-scale Quantum Science Institute, The University of Tokyo, Bunkyo, Tokyo 113-0033, Japan

® (Received 7 January 2022; revised 11 April 2022; accepted 19 April 2022; published 13 May 2022)

Perpendicular magnetic anisotropy at an interface between Fe and MgO with Co-phthalocyanine (CoPc)
adsorption has been investigated. We find that the CoPc adsorption at an Fe/MgO interface increases the
perpendicular magnetic anisotropy energy (PMA) while maintaining the voltage-controlled magnetic anisotropy
effect. By performing x-ray magnetic circular dichroism spectroscopy measurements, we reveal that the CoPc
adsorption induces hole accumulation at the Fe surface. The origin of the PMA enhancement is attributed to the
increased orbital magnetic moment anisotropy of the Fe atoms.
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I. INTRODUCTION

Perpendicular magnetic anisotropy (PMA) in ultrathin fer-
romagnetic metals has been intensively studied [1-7]. This
is partially because it is applicable for high-density mag-
netic recording disks and magnetic random-access memory
(MRAM) devices. Moreover, the control of the PMA energy
by an external voltage, or the voltage-controlled magnetic
anisotropy (VCMA) effect, has attracted significant attention
due to its potential for an energy-efficient operation technol-
ogy of MRAM [6-13]. The PMA in such ultrathin films has
often been studied for heterostructures with heavy metals (cf.
Co/Pd, Co/Pt, Co/Au) and oxides [cf. Co/AlO,, Fe/MgO,
Fe(CoB)/MgO] [6]. The interfacial orbital hybridization be-
tween a ferromagnet and a heavy metal (or oxide) often
induces the magnetization direction dependence of the orbital
magnetic moment, which is one of the main origins of PMA
[2-4].

In addition to interfaces with heavy metals or ox-
ides, molecule adsorption on the surface of ferromag-
netic metals may change the PMA energy in a simi-
lar manner. For instance, it has been reported that the
Au(111)/Co(0001)/Cgp multilayer shows larger PMA en-
ergy than that of Au(111)/Co(0001)/vacuum by ~0.25 mJ/ m?
[14]. The PMA enhancement is attributed to hybridization
between Co d,, orbitals and the C atoms of Cg. Despite this
promising finding, PMA in other ferromagnet-molecule inter-
faces remains largely uninvestigated. Moreover, the feasibility
of the VCMA effect at metal-molecule interfaces is an open
question.
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Recently, an epitaxial-like metal-molecule multilayer
was reported using phthalocyanine (Pc) molecules, and
magnetic tunneling junction (MTJ) devices with the
Fe(001)/CoPc/MgO(001) multilayer showed a sizable tunnel-
ing magnetoresistance ratio of ~20% [15]. Such a device is
suitable for investigating PMA and VCMA effect at metal-
molecule interfaces. In this paper, we study PMA and VCMA
effect in Fe(001)/CoPc/MgO(001)-based MTJ devices by
performing spin-torque ferromagnetic resonance (STFMR)
and x-ray magnetic circular dichroism (XMCD) spectroscopy
measurements. From the STFMR measurements, we found
that the PMA is enhanced while maintaining the VCMA.
The origin of the enhancement of PMA is related to the hole
accumulation of the Fe surface, which is supported by the
XMCD measurements and ab initio calculation.

II. METHODS

Figure 1(a) shows a schematic of the film structure. The
film was grown by molecular beam epitaxy under ultrahigh
vacuum. First, an MgO(001) substrate was annealed at 800 °C
for 10 min. Then, MgO(001) (5 nm)/V(001) (30 nm) buffer
layers were deposited at room temperature and subsequently
annealed at 500 °C for 15 min. After that, Fe, CoPc, MgO
barrier, Fe (10 nm), and Au (5 nm) layers were grown at room
temperature. CoPc was deposited using an effusion cell, and
other materials were deposited using an electron-beam gun
[15].

For the transmission electron microscope (TEM)
measurements (Fig. 1), an Fe(0.5 nm)/CoPc(0.32 nm,
3.2 nm)/MgO(1.7 nm) continuous multilayer was employed.
For the STFMR measurements (Fig. 2), a stack with
Fe(0.4 nm)/CoPc/MgO(1.4 nm) was patterned into MTJ

©2022 American Physical Society
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FIG. 1. (a) Schematic of the film stack. (b),(c) Transmission electron microscope (TEM) images of the multilayers with 0.32 nm thick
CoPc layer. (d),(e) TEM images of the multilayer with 3.2 nm thick CoPc layer.

devices with an area of 2 x 5 um? by the combination of
photolithography, Ar-ion milling, and lift-off methods. Here,
a slightly thin Fe layer of 0.4 nm was employed to optimize
the total PMA energy to increase the signal to noise ratio
in the STFMR measurements. For the XMCD spectroscopy
measurements (Figs. 3 and 4), an Fe(0.5 nm)/CoPc(0-0.35
nm)/MgO(2 nm) multilayer without Fe/Au capping layers
was employed. The XMCD spectroscopy measurements were
conducted at the soft x-ray beamline BL25SU of SPring-8
[16,17]. The x-ray absorption signals were recorded with
circularly polarized x rays with right (u4) and left (u_)
helicities at room temperature using the total electron yield
method.

To support the experimental results, ab initio calculations
were carried out using the Vienna ab initio simulation package
[18,19]. We performed spin-polarized calculations using the
generalized gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof functional [20] and projector augmented

(c) Fe(0.4nm)/MgO barrier (1.4 nm)

wave pseudopotentials [21,22]. The cutoff energy of the
plane-wave basis set was 400 eV. The interface between CoPc
and Fe was described by a slab model consisting of five atomic
layers of Fe (100) with 5 x 5 periodicity adsorbed by one
CoPc molecule. In other words, approximately 25 Fe atoms
are directly interfaced with one CoPc molecule. The surface
Brillouin zone was sampled on the Gamma centered mesh of
3 x 3. The convergence criteria for the self-consistent field
calculations and structure optimization were 5.0 x 10°eV
and 0.02 eV/A, respectively. The PMA energy was estimated
by comparing the total energies including the spin-orbit cou-
pling with the different magnetization directions ([100] and
[001]).

III. RESULTS AND DISCUSSION

Figure 1 shows the TEM images captured for the
multilayer stack: MgO substrate/MgO buffer (5 nm)/V
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FIG. 2. (a) Schematic illustration of the measurement setup for the spin-torque ferromagnetic resonance (STFMR) with voltage-driven
torque. (b) Input microwave frequency as a function of the resonant magnetic field. (c¢) STFMR spectra for a magnetic tunnel junction without
CoPc layer [Fe(0.4 nm)/MgO)]. The black squares show resonant field for each spectrum. (d) STFMR spectra for a magnetic tunnel junction
with 0.35 nm CoPc layer [Fe(0.4 nm)/CoPc(0.35 nm)/MgO]. The blue circles show resonant field for each spectrum. (e) Voltage-induced
changes of the resonant magnetic field in an Fe/MgO device. (f) Voltage-induced changes of the resonant magnetic field in an Fe/CoPc(0.35

nm)/MgO device.
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FIG. 3. (a) Schematic illustration of the measurement setup for x-ray magnetic circular dichroism (XMCD) spectroscopy with the total
electron yield method. (b) Magnetization hysteresis curves taken by measuring Fe-L; edge XMCD signals. (d) Fe-L, 3 edge x-ray absorption
spectra and (e¢) XMCD spectra under a magnetic field of 1.9 T with the perpendicular (§ = 0°) configuration.

(30 nm)/Fe(0.5 nm)/CoPc (0.32 nm, 3.2 nm)/MgO barrier
(1.7 nm)/Fe(10 nm)/Au(5 nm). Figures 1(b) and 1(c) show
the results for 0.32 nm thick CoPc. The 0.32 nm thick CoPc
almost corresponds to one molecular layer of CoPc. From
Fig. 1(c), we can see that the MgO and Fe layers were epi-
taxially grown on Fe/CoPc(0.32 nm). Figures 1(d) and 1(e)
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FIG. 4. (a) Hole number, (b) effective spin magnetic moment,
and (c) orbital magnetic moment of the Fe atoms. (d) Orbital mag-
netic moment anisotropy of the Fe atoms.

show the results for 3.2-nm-thick CoPc (ten molecular layers
of CoPc). Contrary to the case of 0.32 nm thick CoPc, the
MgO and Fe layers on Fe/CoPc(3.2 nm) are polycrystalline,
as can be seen in Fig. 1(e). Previous reflection high-energy
electron diffraction experiments revealed that MgO(001) can
be epitaxially grown on Fe/CoPc when the CoPc nomi-
nal thickness is less than two molecular layers (~0.7nm)
[15], and the present TEM results are consistent with
this previous study. Note that epitaxial Fe(001)/CoPc(0.32
nm)/MgO(001) was employed for the STFMR and XMCD
measurements.

Figure 2 shows the results of the STFMR measure-
ments with voltage-driven torque [23,24]. For these mea-
surements, the multilayer stack of MgO substrate/MgO
(5 nm)/V (30 nm)/Fe(0.4 nm)/CoPc (0-0.35 nm)/MgO
(1.4 nm)/Fe(10 nm)/Au(5 nm) was patterned into MTJ de-
vices. Figure 2(a) shows a schematic of the measurement
circuit. A microwave power of 10 uW was applied through
a bias tee to the MTJ device, and the dc output voltage gen-
erated in the MTJ was measured with a lock-in amplifier. The
STFMR spectra were recorded by sweeping a magnetic field
in the direction of # = 80° from the film surface. Figure 2(b)
shows the resonant magnetic field as a function of the input
microwave frequency. With this nearly normal direction of the
magnetic field (6 = 80°), the intercept of the linear fit almost
corresponds to the saturation magnetic field in the perpendicu-
lar direction [7]. We can see that the saturation magnetic field
decreases when the CoPc nominal thickness increases. This
means that the PMA was enhanced by the CoPc adsorption.
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The increase of the PMA energy by the molecular adsorption
is similar to the case of Co(111)/Cgy and opposite to the case
of Fe(110)/Cep [14].

Figures 2(c) and 2(d) show the STFMR spectra under var-
ious dc bias voltages (Vq4) to characterize the VCMA effect.
Here, the VCMA effect should be characterized where the lin-
ear relationship between the input microwave frequency and
the resonant magnetic field is satisfied as shown in Fig. 2(b).
Therefore a relatively large microwave frequency of 12 GHz
was employed for the Fe/MgO to satisfy the condition. For
the Fe/CoPc/MgO, while almost all of the data were in the
linear region, we have employed the relatively low frequency
of 6 GHz to improve the signal to noise ratio. When the dc
bias voltage is not applied (Vg = 0V), the STFMR spectrum
has an anti-Lorentzian shape. This anti-Lorentzian structure
is typical for STFMR spectra driven by the VCMA effect
[23,24]. This is because the Lorentzian (anti-Lorentzian)
structure represents the STFMR signals driven by in-plane
(perpendicular) spin torque, and the voltage-driven torque
originating from the VCMA effect is a perpendicular torque.
As the dc bias voltage magnitude increases, the spectral line
shapes change from an anti-Lorentzian-like to a Lorentzian-
like structure. This change in the spectral line shape originates
from the nonlinear spin-torque diode effect [25,26]. Un-
der the dc bias voltage, the STFMR spectra originating
from the second-order precession angle may dominate. Be-
cause such second-order STFMR is not phase sensitive
to the input microwave, the spectral line shape becomes
Lorentzian.

To characterize the resonant magnetic field, the obtained
spectra were fitted by the equation including both Lorentzian
((AB)?/[(B — Bpmr)* + (AB)*])  and  anti-Lorentzian
((ABY*(B — Brur)/[(B — Brur)* + (AB)’1(AB)?)  func-
tions. Here, B, Brpmr, and AB are the external magnetic field,
resonant magnetic field, and spectral linewidth, respectively.
The black squares in Fig. 2(c) and blue circles in Fig. 2(d)
show the resonant fields for Fe/MgO and Fe/CoPc(0.35
nm)/MgO, respectively. As shown in Figs. 2(c) and 2(d),
the resonant magnetic field increases as the dc bias voltage
increases. The resonant magnetic field as a function of
the dc bias voltage for the Fe/MgO and Fe/CoPc/MgO
MTJs are plotted in Figs. 2(e) and 2(f), respectively. The
voltage-induced changes in the resonant magnetic field,
which directly reflect the VCMA effect, are almost equivalent
to each other (91 + 2 mT/V for Fe/MgO and 86 £ 12
mT/V for Fe/CoPc/MgO). Here, 91 mT/V for Fe/MgO
corresponds to the VCMA coefficient of 36 fJ/Vm. This
STFMR study demonstrates that the CoPc adsorption at
the Fe/MgO interface enlarges the PMA energy while
maintaining the VCMA effect.

To further investigate the PMA enhancement by the CoPc
adsorption, XMCD spectroscopy measurements were con-
ducted on the multilayer stack: MgO substrate/MgO (5 nm)/V
(30 nm)/Fe(0.5 nm)/CoPc (0-0.6 nm)/MgO (2 nm) [Fig. 3(a)].
Figure 3(b) shows the hysteresis curves for the multilayers
with (CoPc: 0.35 nm) and without (CoPc: 0 nm) a CoPc
layer at the Fe/MgO interface. The hysteresis curves were
taken by measuring the Fe-L; edge XMCD signals. From
Fig. 3(b), the saturation magnetic field in the perpendicular
direction is found reduced by the CoPc adsorption. This PMA

enhancement is consistent with the STFMR results shown in
Fig. 2(b). From the magnetization hysteresis curves, PMA
energies for various CoPc thicknesses are quantitatively esti-
mated, as shown in Fig. 3(c). The PMA energy monotonically
increases and saturates around 0.4 nm. Here, the saturation of
the PMA energy seems to coincide with the one molecular
layer coverage.

The x-ray absorption [(uy + p—)/2] and XMCD
(4 — p—) spectra are displayed in Figs. 3(d) and 3(e),
respectively. A magnetic field of +1.9 T was applied to
saturate the magnetization of the Fe layer. The background
consisting of a double step function and a linear function
that bends at the Fe-L3; edge [27] is subtracted from the raw
data. The spectra are normalized by the height of the edge
jump at the Fe-L edge. As can be seen in Fig. 3(d), the CoPc
adsorption broadened the spectra slightly: It reduced a peak
height at the Fe-L; edge (~708¢eV) and slightly increased
the baseline around 715 eV. Note that the change in the x-ray
absorption spectra differs from that observed in Fe oxides,
where a distinct shoulder appears around 709 eV [28].

From the x-ray absorption and XMCD spectra, a hole
number of the Fe 3d orbitals, effective spin magnetic mo-
ment, and orbital magnetic moment are derived, as shown
in Fig. 4. To estimate errors associated with the arbitrariness
in the spectral background subtraction process, we subtracted
about a hundred different background from the spectra. The
plotted data and error bars in Fig. 4 are the average val-
ues and standard deviations resulting from those background
subtraction trials. Figure 4(a) shows 3d hole numbers of Fe.
Here, we assume that the Fe 3d hole number in perpendicular
magnetization is 3.39 [29] in the absence of CoPc and plot
the relative hole number that is determined from the integrals
of the x-ray absorption spectra. From Fig. 4(a), we can see
that the CoPc adsorption increases the Fe 3d hole number by
~0.09. Figure 4(b) shows the effective spin magnetic moment
(ms — 7mt) [30]. The effective spin magnetic moments under
both perpendicular (6 = 0°) and in-plane (8 = 70°) magnetic
fields slightly increase by the CoPc adsorption. This almost
constant spin magnetic moment confirms that the observed
enhanced PMA is not due to the weakened in-plane shape
magnetic anisotropy with reduced magnetization. Figure 4(c)
shows the deduced orbital magnetic moments (m) [31]. The
anisotropy in the orbital magnetic moment (Amy ) is defined
as the out of plane orbital magnetic moment subtracted by
the in-plane one. The orbital magnetic moment anisotropy
increases by the CoPc adsorption and saturates around
0.4-0.6 nm in the CoPc thickness, as shown in Fig. 4(d).

According to the XMCD experiments, the one molecular
layer CoPc adsorption leads to a hole doping (~0.09) and
increases the orbital magnetic moment anisotropy (~0.017)
in the Fe 3d orbitals. As a result, the PMA energy increases by
~0.08 mJ/m?. Given that the Fe atoms interfaced with MgO
predominantly possess the orbital magnetic moment and PMA
energy [5,9], the effective spin-orbit interaction coefficient
(1) in the Bruno model [2] (A’ Amy/4ug) is estimated to
be ~9meV. This value is comparable to the previous study
using Cr/Fe/MgO (A'~7meV [32]). Therefore, the orbital
magnetic moment anisotropy in the Fe 3d orbitals enhanced
by the molecule adsorption seems to explain the enhanced
PMA energy.

184414-4



CONTROL OF PERPENDICULAR MAGNETIC ANISOTROPY ...

PHYSICAL REVIEW B 105, 184414 (2022)

Q 0 0 0 0 O
o o0 0o o o

FIG. 5. Schematic of the computational model with differential
charge distribution [saturated level: +0.06 (red) and —0.02 (blue)
e/bohr3]. The data were visualized by VESTA [34].

The above experimental findings are supported by ab initio
calculations. Figure 5 shows the projection of the differential
charge distribution along the Fe[010] direction overlaid on
the used atomic structure model. The result indicates that the
interaction between Pc ligand and Fe orbitals induces charge
transfer from Fe to CoPc. Indeed, comparison between the
results of the Bader charge analysis [33] for isolated CoPc and
Fe(001)/CoPc reveals that CoPc acquired a charge of 3.25 e~
upon adsorption. This is qualitatively consistent with the hole
accumulation up to eight holes per 25 Fe atoms at the Fe
surface deduced from the XAS measurements. In addition,
the calculations confirmed that the CoPc adsorption enhances
the total PMA energy from 0.92mJ/m? (Fe/vacuum) to
0.96 mJ /m? (Fe/CoPc/vacuum).

Finally, let us discuss the relation between the induced
holes and the PMA energy. As described above, the VCMA
coefficient of Fe/MgO was estimated to be 36 fJ/V m from
Fig. 2(e). This means that a —1 V application to the MgO
barrier increases the PMA energy by 0.025mJ/m?. From
the simple capacitance model [10], the corresponding electric
field induces a hole accumulation of ~0.03 per Fe atom at

the Fe/MgO interface, and we need a hole accumulation of
0.1 to realize the PMA enhancement of 0.08 mJ/m? achieved
by the CoPc adsorption [Fig. 3(c)]. From the x-ray absorption
results shown in Fig. 4(a), one molecular layer CoPc adsorp-
tion increases the thickness-averaged Fe 3d hole number by
~0.09. These discussions indicate that the enhancement of
the PMA energy by molecule adsorption can be qualitatively
explained by the VCMA effect via adsorption-induced hole
doping. In addition to this hole doping effect, hybridization
between Fe 3d orbitals and C sp orbitals may also contribute
to the enhanced PMA, and the effect of orbital hybridization
should be investigated in future studies.

IV. CONCLUSION

In this paper, the PMA of the Fe/CoPc/MgO system has
been studied. The CoPc adsorption at the Fe/MgO interface
increases the PMA energy while the VCMA effect is almost
unchanged. XMCD spectroscopy has revealed that the en-
hancement of the PMA energy is associated with the increase
of orbital magnetic moment anisotropy and hole number in
the Fe 3d orbitals. The magnitude of the orbital magnetic
moment anisotropy has been found consistent with the Bruno
model. Moreover, the PMA enhancement can be qualitatively
explained by the VCMA effect due to the hole doping induced
by the molecule adsorption. This study paves the path toward
further development in the field of molecular spintronics.
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