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Oxide layer dependent orbital torque efficiency in ferromagnet/Cu/oxide heterostructures
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The utilization of orbital transport provides a versatile and efficient spin manipulation mechanism. As interest
in orbital-mediated spin manipulation grows, we face a new issue to identify the underlying physics that
determines the efficiency of orbital torque (OT). In this study, we systematically investigate the variation of
OT governed by orbital Rashba-Edelstein effect at the Cu/oxide interface, as we change the oxide material. We
find that OT varies by a factor of ∼2, depending on the oxide. Our results suggest that the active electronic
interatomic interaction (hopping) between Cu and the oxygen atom is critical in determining OT. This also gives
us an idea of what type of material factors is critical in forming a chiral orbital Rashba texture at the Cu/oxide
interface.

DOI: 10.1103/PhysRevMaterials.7.L111401

Since the early reports on the successful magnetization
switching induced by charge-to-spin conversion [1,2], in-
tensive studies to find new physics and materials for an
efficient switching have been carried out for a decade [3].
Although large charge-to-spin conversion efficiency has been
achieved, the rather narrow range of material selection re-
stricted to heavy elements (e.g., Pt, Bi) is not favorable for
versatile and functional applications. Recently, an alternative
approach of spin manipulation by the orbital angular mo-
mentum (OAM) has opened interesting opportunities [4,5].
Similar to the charge-to-spin conversion, the nonequilib-
rium OAMs (charge-to-OAM conversion) can be generated at
the interface/surface by orbital Rashba effect (ORE)/orbital
Edelstein effect (OEE) or in bulk systems by orbital Hall
effect (OHE) [6–8]. Remarkably, both ORE/OEE and OHE do
not resort to spin-orbit coupling, thus they could be significant
in light element material systems. If the generated nonequi-
librium OAMs are transferred into a ferromagnet (FM), they
exert a torque by the interaction with spins in the FM [orbital
torque (OT)], and subsequently alter the magnetization orien-
tation [8]. The orbital torque is predicted to be considerable
even though the spin-orbit coupling of a FM is restricted
since the charge-to-OAM conversion is immensely efficient
in diverse material systems as theoretically predicted to be
10–100 times larger than the conventional charge-to-spin con-
version [9,10]. Considerable OT was experimentally verified
in various light material systems such as Cu/Al2O3 interface,
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naturally oxidized Cu surface, and bulk light metals (e.g., Cr
and Ti) [11–19]. Notably, the efficiency of the OT is energeti-
cally 10–100 times higher than the spin torque derived by the
conventional charge-to-spin conversion [11]. Recent reports
reveal that injection of nonequilibrium OAMs together with
spins also provides a reliable mechanism for the spin manip-
ulation [14,20–22]. Successful experimental verifications of
magnetization switching and magnetoresistance due to OAM
injection imply that the charge-to-OAM conversion could pro-
vide an analogous impact to the charge-to-spin conversion
[11,15,23].

The emergence of the OAM utilization naturally gives rise
to a question: What kind of material factors determine the
efficiency of spin manipulation? Since theoretical predictions
indicated an extremely large efficiency of the OHE [7,10],
experimental reports have verified the prediction in various
light bulk metals. From these studies, another interesting is-
sue on long-range orbital transport is raised [15–17]. On the
other hand, there are few reports discussing the key factors
for ORE- and OEE-induced nonequilibrium OAM generation
such as theoretical study on the oxygen-incorporation role
at the Cu surface for ORE [9]. In this Letter, we report a
systematic experimental study on the material dependence
of OT in Co25Fe75 (CoFe)/Cu/oxide structures. Observed OT
efficiencies in various CoFe/Cu/oxide structures are generally
considerable regardless of the oxide, revealing the material
generality of ORE/OEE. Despite the generality, we also ob-
serve a large oxide-dependent variation of OT with a factor
of ∼2. Our analysis based on the oxide dissociation indicates
that the oxygen atom release from the oxides affects the OT
more crucially than other physical properties of the oxide do.
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FIG. 1. (a) Scheme of the CoFe/Cu/oxide structures. (b) Scheme
of the ST-FMR device. (c)–(e) ST-FMR spectrum for the MgO
(c), SiO2 (d), and TiO2 (e) sample. All the samples have 15 nm
of Cu thickness. An input signal of 14 dBm power and 11 GHz
frequency was injected. Red dots are the raw data. Blue curves,
green curves, and red curves represent the symmetric Lorentzian,
asymmetric Lorentzian, and addition of both, respectively.

We prepare CoFe (5)/Cu (0–30)/oxide (= MgO, SiO2,
TiO2, 20) (nm) heterostructures using the electron-beam
evaporation technique [Fig. 1(a)]. For comparison, we also
included OT results from CoFe (5)/Cu (0–30)/Al2O3 (20)
(nm) from Ref. [11] for analysis. In this Letter, we call
them MgO, SiO2, TiO2, and Al2O3 samples, respectively,
depending on the oxide in the CoFe/Cu/oxide structures. All
the oxides utilized in this study are not expected to exhibit
large spin-orbit coupling (SOC) [24], owing to their cations
with similar light atomic numbers. Thus, the SOC influence
on the Cu/oxide interfaces is mostly suppressed. The Cu layer
is prepared in a wedged layer by utilizing the linear shutter
during the deposition. We patterned devices for spin torque
ferromagnetic resonance [ST-FMR, Fig. 1(b)] and spin/OAM
pumping measurement using photolithography and a lift-off
process. The dimensions of the devices for ST-FMR and
spin/OAM pumping measurement are 20 µm × 60 µm, and
8 µm × 200 µm, respectively.

We evaluate the efficiency of the OT using the ST-FMR
technique. The amplitude of the rectified resonance signal
under the application of the external field and injection of
the GHz range OAM (spin) current is a measure of the or-
bital (spin) torque [25]. The resonance signal is decomposed
to symmetric S and antisymmetric A component Lorentzian
functions, the amplitudes of which are proportional to anti-
damping torque and addition of fieldlike torque and Oersted
field torque, respectively. The ST-FMR spectrum for the MgO,
SiO2, and TiO2 samples is shown in Figs. 1(c)–1(e), and
a clear peak of the symmetric component of Lorentzian is
observed, indicating considerable exertion of antidamping
torque. The height of the peak is found to differ depending
on the oxide, suggesting that the oxide plays an important
role in determining the ORE. We note that the large sym-
metric Lorentzian peak disappears when we replace CoFe
with Ni80Fe20 (Py) [26]. It is consistent with the previous
reports that the OT disappears when Py is adopted as a FM
[11,12,16]. We suspect that unintended scattering due to the

FIG. 2. (a) OT as a function of Cu thickness for all the samples.
Yellow up-pointing triangles, blue circles, red squares, and green
down-pointing triangles represent OT from the SiO2, TiO2, MgO,
and Al2O3 samples, respectively. Note that OT results for the Al2O3

sample come from Ref. [11]. (b) Maximum OT (θmax) for all the
structures as a function of the number of released oxygen atoms NR.

intermixing between Ni and Cu may critically reduce the
orbital transparency at the Py/Cu interface [8,11]. The no-
ticeable ferromagnetic dependence supports that the torque
in the CoFe/Cu/oxide structures would come from the orbital
transport. We also note that spin/OAM-to-charge conversion
examined by the spin/OAM pumping has extremely low
efficiency [26], contrasting with the considerable torque exer-
tion. Such discordance of the efficiencies was widely reported
in two-dimensional systems, and stems from the competition
between escape from the interface and relaxation within the
interface [11,12,27,28]. As a result, we thus do not need
to consider a problematic charge current generation by the
spin/OAM pumping during the ST-FMR measurement [29].

The Cu thickness dependence of OT is studied. The effi-
ciency of OT (θ ) is evaluated by the following equation:

θ = S

A

4πMSetCFdCu

h̄

[
1 + 4πMeff

Hext

]1/2

, (1)

where 4πMS and 4πMeff are the saturation magnetization and
the effective saturation magnetization of the CoFe layer. e
is the elementary charge, tCF is the CoFe layer thickness, dCu

is the Cu layer thickness, h̄ is the reduced Planck constant, and
Hext is the external magnetic field.

The Cu thickness dependence of the OT for all the struc-
tures is presented in Fig. 2(a). Note that the OT results
for the Al2O3 sample comes from our previous study in
Ref. [11]. We find that the variation of θ by the Cu thick-
ness is similar for all structures. Specifically, θ increases with
increasing Cu thickness in the thin Cu thickness regime and
reaches a maximum at a certain Cu thickness. After that,
θ decreases with an increase in the Cu thickness in thick Cu
thickness regime. This Cu thickness behavior is widely ob-
served in interface/surface-originated orbital (spin) torque and
OAM (spin)-to-spin conversion in various material structures
[11,12,28,30,31]. In these samples, several factors compete
to determine θ . One factor is the crystallinity of the Cu
layer and the Cu/oxide interface, which would improve with
an increase in Cu thickness. Better crystal-ordered Cu/oxide
interface would strengthen the ORE, resulting in increasing θ

with the Cu thickness. On the other hand, the current shunting
to the Cu layer and decay of OAM during transport bring
about a decreasing θ with the Cu thickness. The competi-
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TABLE I. Gibbs free energy for oxides from Ref. [40].

Oxide Al2O3 MgO SiO2 TiO2

Gibbs free energy (kJ/mol) −1582.0 −566.0 −850.7 −889.5

tion among these factors can generate the nonmonotonic Cu
thickness dependence of θ , as depicted in Fig. 2(a). We stress
that the θ dependence shown in Fig. 2(a) is definitely con-
trasting to that originated from the orbital/spin Hall effect in
which θ never decreases with an increase in layer thickness
[16,32]. Together with the nonreciprocity of the efficiencies
mentioned above, the Cu thickness dependence of θ shown
in Fig. 2(a) indicates that the interfacial ORE/OEE is the
dominant mechanism to produce OT for these structures. In
addition to the qualitative similarity among various oxide
samples, the maximum value of θ for each sample is siz-
able regardless of the oxide choice although there is twofold
difference: θmax ∼ 0.26, 0.24, 0.17, and 0.12 for the SiO2,
TiO2, MgO, and Al2O3 samples, respectively. Moreover, the
Cu thickness for θmax is also similar (dCu ∼ 15 nm) for the
SiO2, TiO2, and MgO samples, though the Cu thickness for
θmax is smaller (dCu ∼ 10 nm) for the Al2O3 sample.

To understand the origin of the OT better, we examine
physical factors that may be responsible for the oxide de-
pendence of θmax. We first consider the dielectric constant
of the oxide as a possible candidate, since the ORE relies
on the structural inversion asymmetry (SIA) and nonuniform
electron distribution at the surface/interface [6,33,34]. We
hypothesized that a higher dielectric constant could enhance
the nonuniformity if the electric field by the SIA is consider-
able. However, our experimental results do not show a clear
correlation between θmax and the dielectric constant of the
oxide [26].

Next, we consider the interaction between the Cu and
oxygen atoms. As briefly mentioned earlier, the recent the-
oretical study reported that active electronic hopping between
a p orbital of an oxygen atom and d orbitals of a Cu
atom (orbital hybridization) critically promotes the SIA at an
oxygen-incorporated Cu surface [9]. The promotion of the
SIA eventually strengthens the ORE and assists efficient OAM
polarization. Additionally, the orbital hybridization and the
ORE are strongly enhanced as the distances between con-
stituent atoms shorten [35]. In this line, we propose that a
large number of oxygen atoms released from an oxide might
increase the number of Cu atoms that interact with oxygen
atoms and/or shorten the distance between Cu and oxygen
atoms. These factors should promote the ORE. We thus at-
tempt to roughly estimate the number of released oxygen
atoms (NR) by considering the oxygen binding energy (Eb)
and the possible oxygen supply number (N0) of an oxide.
We adopt Gibbs free energy as a measure of Eb since this
parameter considers all possible physical issues (e.g., change
of the entropy and the volume) during a reaction. Here, small
(large) |Eb| means an unstable (stable) state (Table I). Among
the oxides, Al2O3 (MgO) is the most stable (unstable). And
we define N0 as the number of oxygen atoms per each cation
(i.e., AX OY with a cation A, then N0 = Y/X ). In order to obtain
large NR, smaller |Eb| and larger N0 are preferred, indicating

FIG. 3. (a) STEM images for the Al2O3 samples, representing
the observed area for the EDS analysis. (b) Oxygen atom EDS line
profile near the Cu/oxide interface for the Al2O3 (red line) and SiO2

(blue line) samples. (c),(d) EDS line concentration profiles near the
Cu/oxide interface for the Al2O3 (c), and SiO2 (d) samples. Blue,
green, brown, and yellow lines represent the composition ratio of
oxygen, Al, Cu, and Si atoms, respectively. For all the graphs for the
EDS analysis, the oxide (Cu) layer is located when the value of the
position closes to 0 (8) nm.

more oxygen atoms contained in an unstable oxide. We thus
estimate NR by the relation NR = N0/|Eb|. The NR estimation
above is not rigorous, but it would reveal a certain aspect of
the nature in the oxygen release. The correlation between θ

and NR is evident as shown in Fig. 2(b), where small (large)
θ is obtained when NR is small (large), as demonstrated in
the case of the Al2O3 (SiO2 or TiO2) sample. This correlation
stresses that the interatomic interaction between Cu and the
oxygen atoms is a critical factor in determining the OT. Fur-
thermore, it suggests the main mechanism for the formation
of orbital Rashba texture at the Cu/oxide interface is the
orbital hybridization between Cu and oxygen atoms. It also
provides a possible explanation as to why θmax is achieved at
a larger Cu thickness for the SiO2, TiO2, and MgO samples.
With more release, oxygen atoms could permeate the Cu layer
deeper, resulting in a shorter pristine Cu region and weakening
the decay of the OAM in a thick Cu layer. To some extent,
this analysis supports the idea that the SIA by the electronic
hopping plays a dominant role in the formation of the orbital
Rashba texture at the Cu/oxide interface, rather than the gen-
eration of a uniform surface electric field there [35,36].

In order to verify the analysis above, we carried out the
cross-sectional high-angle annular dark-field scanning trans-
mission electron microscope (HAADF-STEM) observation
with the energy dispersive x-ray spectroscopy (EDS) analysis
for the Al2O3 and SiO2 samples (Fig. 3). All the EDS line
concentration profiles are the averaged value for 35-nm-wide
regions [Fig. 3(a)]. The observed EDS line concentration
profiles near the Cu/oxide interface for the Al2O3 and SiO2

samples are displayed in Figs. 3(c) and 3(d), respectively.
We select the oxygen line profile for these samples for direct
comparison [Fig. 3(b)]. We find that the oxygen line profile
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FIG. 4. (a)–(c) XAS spectrum for the Al2O3 sample (a), SiO2 (b), and TiO2 (c) samples. Guidelines for (b) and (c) represent the position
of peak for CuO (left) and Cu2O (right).

for the Al2O3 sample has a relatively steep slope, while the
SiO2 sample has a relatively gentle slope. This suggests that
more oxygen atoms are released and could permeate the Cu
layer deeper in the SiO2 sample, which is consistent with
our analysis in Fig. 2(c). Hence, we presume that more Cu
atoms could interact with oxygen atoms in the SiO2 sam-
ple. By the way, we do not find a noticeable difference in
the slope of the oxygen accumulation at the CoFe/Cu inter-
face between the Al2O3 and SiO2 samples [26]. Thus the
difference in OT between the Al2O3 and SiO2 samples could
not be explained by an additional influence from the modula-
tion of the orbital Rashba texture at the CoFe/Cu due to the
oxygen accumulation [37].

Additionally, we carried out the x-ray absorption spec-
troscopy (XAS) observation for the Cu/oxide interface
[38,39]. Since the x-ray can penetrate the transparent oxide
layer but not the opaque Cu layer, the XAS results presented
in this Letter mainly reflect material information near the
Cu/oxide interface. Figure 4 displays the XAS spectra for
the Al2O3, SiO2, and TiO2 samples. The XAS spectrum for
the Al2O3 sample confirms the presence of only metallic Cu
at the Cu/Al2O3 interface [Fig. 4(a)]. On the other hand,
we observe the formation of Cu oxide (CuO or Cu2O) at
the Cu/oxide interface in the XAS spectrum for the SiO2

[Fig. 4(b)] and TiO2 samples [Fig. 4(c)]. We speculate that the
released oxygen atoms could form Cu oxides among the larger
pool of released oxygen atoms. Thus, the XAS spectra also

support the above mentioned argument for the interatomic
interaction between Cu and oxygen atoms.

In summary, we carried out the OT measurement for
several CoFe/Cu/oxide samples, and we found that a consider-
ably large OT is observed for all the material systems, which
verifies the material generality of ORE and OT. The magni-
tude of OT has a clear correlation with the oxygen release
of the oxide, supporting the argument that the interatomic
interaction between Cu and the oxygen atom is a critical
factor for the generation and magnitude determination of OT.
This argument is also supported by material characterization
observation studies.

We are grateful to K. Hono and L. Liao for the
fruitful discussion. J.K. and Y.O. appreciate the financial
support from Japan Society for the Promotion of Sci-
ence (JSPS) KAKENHI (Grants No. JP19K05258, No.
JP23K04574, and No. JP19H05629). D.G. was supported by
the Deutsche Forschungsgemeinschaft (DFG, German Re-
search Foundation)—TRR 173—268565370 (project A11),
TRR 288—422213477 (project B06). D.J. and H.-W.L. were
supported by the Samsung Science and Technology Foun-
dation (SSTF) (Grant No. BA-1501-51). The synchrotron
radiation experiments were performed at the BL07LSU of
SPring-8 with the approval of the Japan Synchrotron Radia-
tion Research Institute (JASRI) (Proposals No. 2021B7410,
No. 2022A7411, and No. 2022A7412).

[1] I. M. Miron, K. Garello, G. Gaudin, P.-J. Zermatten, M. V.
Costache, S. Auffret, S. Bandiera, B. Rodmacq, A. Schuhl, and
P. Gambardella, Nature (London) 476, 189 (2011).

[2] L. Liu, C.-F. Pai, Y. Li, H. W. Tseng, D. C. Ralph, and R. A.
Buhrman, Science 336, 555 (2012).

[3] Y. Otani, M. Shiraishi, A. Oiwa, E. Saitoh, and S. Murakami,
Nat. Phys. 13, 829 (2017).

[4] D. Go, D. Jo, H.-W. Lee, M. Kläui, and Y. Mokrousov, Eur.
Phys. Lett. 135, 37001 (2021).

[5] J. Kim and Y. Otani, J. Magn. Magn. Mater. 563, 169974
(2022).

[6] S. R. Park, C. H. Kim, J. Yu, J. H. Han, and C. Kim, Phys. Rev.
Lett. 107, 156803 (2011).

[7] H. Kontani, T. Tanaka, D. S. Hirashima, K. Yamada, and J.
Inoue, Phys. Rev. Lett. 102, 016601 (2009).

[8] D. Go and H.-W. Lee, Phys. Rev. Res. 2, 013177 (2020).
[9] D. Go, D. Jo, T. Gao, K. Ando, S. Blügel, H.-W. Lee, and Y.

Mokrousov, Phys. Rev. B 103, L121113 (2021).

[10] D. Jo, D. Go, and H.-W. Lee, Phys. Rev. B 98, 214405
(2018).

[11] J. Kim, D. Go, H. Tsai, D. Jo, K. Kondou, H.-W. Lee, and Y. C.
Otani, Phys. Rev. B 103, L020407 (2021).

[12] L. Liao, F. Xue, L. Han, J. Kim, R. Zhang, L. Li, J. Liu, X.
Kou, C. Song, F. Pan, and Y. Otani, Phys. Rev. B 105, 104434
(2022).

[13] Y. Tazaki, Y. Kageyama, H. Hayashi, T. Harumoto, T. Gao, J.
Shi, and K. Ando, arXiv:2004.09165 (2020).

[14] T.-Y. Chen, Y.-C. Hsiao, W.-B. Liao, and C.-F. Pai, Phys. Rev.
Appl. 17, 064005 (2022).

[15] S. Lee, M.-G. Kang, D. Go, D. Kim, J.-H. Kang, T. Lee,
G.-H. Lee, J. Kang, N. J. Lee, Y. Morkousov, S. Kim,
K.-J. Kim, K.-J. Lee, and B.-G. Park, Commun. Phys. 4, 234
(2021).

[16] H. Hayashi, D. Jo, D. Go, T. Gao, S. Haku, Y. Mokrousov,
H.-W. Lee, and K. Ando, Commun. Phys. 6, 32
(2023).

L111401-4

https://doi.org/10.1038/nature10309
https://doi.org/10.1126/science.1218197
https://doi.org/10.1038/nphys4192
https://doi.org/10.1209/0295-5075/ac2653
https://doi.org/10.1016/j.jmmm.2022.169974
https://doi.org/10.1103/PhysRevLett.107.156803
https://doi.org/10.1103/PhysRevLett.102.016601
https://doi.org/10.1103/PhysRevResearch.2.013177
https://doi.org/10.1103/PhysRevB.103.L121113
https://doi.org/10.1103/PhysRevB.98.214405
https://doi.org/10.1103/PhysRevB.103.L020407
https://doi.org/10.1103/PhysRevB.105.104434
http://arxiv.org/abs/arXiv:2004.09165
https://doi.org/10.1103/PhysRevApplied.17.064005
https://doi.org/10.1038/s42005-021-00737-7
https://doi.org/10.1038/s42005-023-01139-7


OXIDE LAYER DEPENDENT ORBITAL TORQUE … PHYSICAL REVIEW MATERIALS 7, L111401 (2023)

[17] Y.-G. Choi, D. Jo, K.-H. Ko, D. Go, K.-H. Kim, H. G. Park, C.
Kim, B.-C. Min, G.-M. Choi, and H.-W. Lee, Nature (London)
619, 52 (2023).

[18] G. Sala and P. Gambardella, Phys. Rev. Res. 4, 033037
(2022).

[19] L. Salemi and P. M. Oppeneer, Phys. Rev. B 106, 024410
(2022).

[20] S. Ding, A. Ross, D. Go, L. Baldrati, Z. Ren, F. Freimuth, S.
Becker, F. Kammerbauer, J. Yang, G. Jakob, Y. Mokrousov, and
M. Kläui, Phys. Rev. Lett. 125, 177201 (2020).

[21] D. Go, F. Freimuth, J.-P. Hanke, F. Xue, O. Gomonay, K.-J.
Lee, S. Blügel, P. M. Haney, H.-W. Lee, and Y. Mokrousov,
Phys. Rev. Res. 2, 033401 (2020).

[22] D. Lee, D. Go, H.-J. Park, W. Jeong, H.-W. Ko, D. Yun, D. Jo,
S. Lee, G. Go, and J. H. Oh, K.-J. Kim, B.-G. Park, B.-C. Min,
H. C. Koo, H.-W. Lee, O. Lee, and K.-J. Lee, Nat. Commun.
12, 6710 (2021).

[23] S. Ding, Z. Liang, D. Go, C. Yun, M. Xue, Z. Liu, S. Becker,
W. Yang, H. Du, C. Wang, Y. Yang, G. Jakob, M. Kläui,
Y. Mokrousov, and J. Yang, Phys. Rev. Lett. 128, 067201
(2022).

[24] J. M. Flores-Camacho, J. Puebla, F. Auvray, A.
Lastras-Martínez, Y. Otani, and R. E. Balderas-Navarro,
Phys. Rev. B 100, 235449 (2019).

[25] L. Liu, T. Moriyama, D. C. Ralph, and R. A. Buhrman, Phys.
Rev. Lett. 106, 036601 (2011).

[26] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevMaterials.7.L111401 for details of the the
ST-FMR results for the Py/Cu/oxide heterostructures and the
EDS analysis for the CoFe/Cu interface, which also includes
Ref. [41].

[27] S. Zhang and A. Fert, Phys. Rev. B 94, 184423 (2016).
[28] J. Kim, Y.-T. Chen, S. Karube, S. Takahashi, K. Kondou,

G. Tatara, and Y. C. Otani, Phys. Rev. B 96, 140409(R)
(2017).

[29] K. Kondou, H. Sukegawa, S. Kasai, S. Mitani, Y. Niimi, and Y.
Otani, Appl. Phys. Express 9, 023002 (2016).

[30] S. Karube, K. Kondou, and Y. Otani, Appl. Phys. Express 9,
033001 (2016).

[31] H. Kim, S. Karube, J. Borge, J. Kim, K. Kondou, and Y. Otani,
Appl. Phys. Lett. 116, 122403 (2020).

[32] J. Kim, J. Sinha, S. Mitani, M. Hayashi, S. Takahashi, S.
Maekawa, M. Yamanouchi, and H. Ohno, Phys. Rev. B 89,
174424 (2014).

[33] B. Kim, P. Kim, W. Jung, Y. Kim, Y. Koh, W. Kyung, J. Park,
M. Matsunami, S. Kimura, J. S. Kim, J. H. Han, and C. Kim,
Phys. Rev. B 88, 205408 (2013).

[34] S. R. Park and C. Kim, J. Electron Spectrosc. Relat. Phenom.
201, 6 (2015).

[35] J. Hong, J.-W. Rhim, I. Song, C. Kim, S. R. Park, and J. H.
Shim, J. Phys. Soc. Jpn. 88, 124705 (2019).

[36] V. Sunko, H. Rosner, P. Kushwaha, S. Khim, F. Mazzola,
L. Bawden, O. J. Clark, J. M. Riley, D. Kasinathan, M. W.
Haverkort, T. K. Kim, M. Hoesch, J. Fujii, I. Vobornik, A.
P. Mackenzie, and P. D. C. King, Nature (London) 549, 492
(2017).

[37] J. Kim, J. Uzuhashi, D. Go, D. Jo, T. Ohkubo, S. Mitani,
H.-W. Lee and Y. Otani, Research Square, https://www.
researchsquare.com/article/rs-2451981/v1.

[38] M. Grioni, J. B. Goedkoop, R. Schoorl, F. M. F. de Groot, J. C.
Fuggle, F. Schäfers, E. E. Koch, G. Rossi, J.-M. Esteva, and R.
C. Karnatak, Phys. Rev. B 39, 1541 (1989).

[39] Y. Kudo, Y. Hirata, M. Horio, M. Niibe, and I. Matsuda, Nucl.
Instrum. Methods. Phys. Res. A 1018, 165804 (2021).

[40] J. A. Dean, Lange’s Handbook of Chemistry, 12th ed.
(McGraw-Hill, New York, 1979).

[41] https://prod-edam.honeywell.com/content/dam/honeywell-
edam/pmt/hps/products/pmc/field-instruments/smartline-level-
transmitters/smartline-guided-wave-level-transmitters/pmt-
hps-dielectric-constant-table.pdf?download=false.

L111401-5

https://doi.org/10.1038/s41586-023-06101-9
https://doi.org/10.1103/PhysRevResearch.4.033037
https://doi.org/10.1103/PhysRevB.106.024410
https://doi.org/10.1103/PhysRevLett.125.177201
https://doi.org/10.1103/PhysRevResearch.2.033401
https://doi.org/10.1038/s41467-021-26650-9
https://doi.org/10.1103/PhysRevLett.128.067201
https://doi.org/10.1103/PhysRevB.100.235449
https://doi.org/10.1103/PhysRevLett.106.036601
http://link.aps.org/supplemental/10.1103/PhysRevMaterials.7.L111401
https://doi.org/10.1103/PhysRevB.94.184423
https://doi.org/10.1103/PhysRevB.96.140409
https://doi.org/10.7567/APEX.9.023002
https://doi.org/10.7567/APEX.9.033001
https://doi.org/10.1063/1.5143955
https://doi.org/10.1103/PhysRevB.89.174424
https://doi.org/10.1103/PhysRevB.88.205408
https://doi.org/10.1016/j.elspec.2014.12.009
https://doi.org/10.7566/JPSJ.88.124705
https://doi.org/10.1038/nature23898
https://www.researchsquare.com/article/rs-2451981/v1
https://doi.org/10.1103/PhysRevB.39.1541
https://doi.org/10.1016/j.nima.2021.165804
https://prod-edam.honeywell.com/content/dam/honeywell-edam/pmt/hps/products/pmc/field-instruments/smartline-level-transmitters/smartline-guided-wave-level-transmitters/pmt-hps-dielectric-constant-table.pdf?download=false

