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Unidirectional planar Hall voltages induced by surface acoustic waves in ferromagnetic thin films
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The electromotive forces induced by surface acoustic waves (SAWs) are investigated in ferromagnetic thin
films. CoFeB thin films deposited on LiNbO3 substrates are patterned into Hall bars to study the acoustoelectric
transport properties of the device. The longitudinal and transverse dc voltages that develop in the Hall bars,
which are parallel and orthogonal to the flow of the SAW, respectively, are measured under application of an
in-plane magnetic field. The longitudinal voltage scales linearly with the SAW power and reverses its polarity
upon changing the direction to which the SAW propagates, suggesting generation of a dc acoustic current via
the SAW excitation. The magnetic field has little influence on the acoustic current. In contrast, the SAW induced
transverse voltage shows significant dependence on the relative angle between the magnetic field and the SAW
propagation direction. Such field angle dependent voltage resembles that of the planar Hall voltage induced
by electric current. Interestingly, the angle dependent acoustic transverse voltage does not depend on the SAW
propagation direction. Moreover, the magnitude of the equivalent angle dependent acoustic transverse resistance
is more than one order of magnitude larger than that of the planar Hall resistance. These results show the unique
acoustoelectric transport properties of ferromagnetic thin films.

DOI: 10.1103/PhysRevB.99.184435

Surface acoustic waves (SAWs) are vibrational modes of
solids that propagate near the surface. The Rayleigh-type
SAWs [1] consist of transverse and longitudinal phonons and
are known to generate lattice deformation and rotation. Such
SAWs can be excited at the surface of piezoelectric substrates
with the use of interdigital transducers (IDTs) [2,3]. As the
typical resonant frequency of the Rayleigh-type SAWs is
in the microwave range, the effect has attracted significant
interest for acoustic/microwave sensor applications [4,5].

SAWs have been used to study the coupling between
phonons and other particles. Quantum oscillations of sound
wave velocity and wave attenuation have been observed in
SAW devices patterned on semiconductor heterostructures
with two dimensional electron gas [6,7]. The electronic
and optical properties of graphene and the transition metal
dichalcogenides have been probed and controlled noninva-
sively via acoustoelectric effects [8–10]. In magnetic mate-
rials, acoustic waves can modulate the magnetization direc-
tion and transport properties via the magnetoelastic coupling
[11–16]. SAWs in the GHz range can excite ferromagnetic
resonance of magnetic thin films via strong coupling of
magnons and phonons [17] and can even switch the mag-
netization direction of magnetic elements and nanoparticles
[18–21].

Recently, the coupling between the spin angular momen-
tum of electrons (e.g., spin current) and mechanical rotation
of objects, either rotation of macroscopic objects [22,23] or
microscopically, excitation of particular modes of phonons
[24,25], is being studied in the developing field of spin
mechatronics [26,27]. The elastically driven ferromagnetic
resonance has been exploited to generate spin current via spin
pumping [28] or the spin Seebeck effect [29,30]. Generation
of spin current in nonmagnetic metals excited by SAWs via

the spin rotation coupling [31,32] has been recently observed
experimentally [33]. It is thus of vital importance to under-
stand the acoustoelectric properties of thin films patterned on
SAW devices.

Here we study the acoustoelectric properties of in-plane
magnetized ferromagnetic thin films. The longitudinal and
transverse direct current (dc) voltages that develop parallel
and orthogonal to the SAW propagation, respectively, are
measured as a function of external magnetic field. We find
a field angle dependent SAW induced transverse voltage that
resembles that of the planar Hall effect. Such acoustic trans-
verse voltage does not reverse its sign upon reversing the SAW
propagation direction. The equivalent acoustic transverse re-
sistance is more than one order of magnitude larger than the
planar Hall resistance.

Films are deposited on piezoelectric Y-cut lithium niobate
(LiNbO3) substrates using radio frequency (rf) magnetron
sputtering. The film structure is sub/MgO(2)/CoFeB(1.7)/
Ta(0.5)/MgO(2)/Ta(1) (thickness unit in nanometers). The
film was annealed at ∼250 ◦C for 30 min after deposition
ex situ. The bottom MgO layer is inserted to promote smooth
growth of the CoFeB layer and the Ta(0.5)/MgO(2)/Ta(1)
structure is used as a capping layer. Films are patterned
into Hall bars using optical lithography and Ar ion milling.
Contact pads and electrodes for the IDTs are made from
Ta(5)/Cu(100)/Pt(5) using optical lithography and a lift-off
process.

A schematic illustration of the patterned device and the
definition of the coordinate system are displayed in Fig. 1(a).
The longitudinal and transverse dc voltages of the Hall bars
are measured using standard voltmeters. The distance of the
two IDTs (IDT1 and IDT2) is ∼400 μm and each IDT has 20
pairs of single-type fingers. The width and gap of the fingers
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FIG. 1. (a) Schematic illustration of the SAW device and the
measurement setup. The inset shows the Hall bar dimensions.
(b),(c) The reflection (S11, S22) and transmission (S21, S12) amplitudes
of the SAW device. The excitation power is 10 dBm. Blue and
red lines show Si j when the rf signal is fed from IDT1 and IDT2,
respectively.

are both ∼5 μm, which defines the fundamental wavelength
of SAWs to be ∼20 μm. The length of which the two fingers
overlap is 450 μm, which defines the region where the SAW
is excited. In order to excite and detect SAW, we connect
IDT1 and IDT2 to ports 1 and 2, respectively, of a vector
network analyzer (VNA). The resonant condition to excite
the SAWs can be identified by measuring the S parameters
of the device with the VNA. Figures 1(b) and 1(c) show the
reflection and transmission amplitudes Si j of the device. Si j

represents the S parameter when a rf signal is fed from port
j and the transmitted (i �= j) or reflected (i = j) signal is
measured at port i. We find the reflection and transmission
amplitudes take an extremum at the frequency of ∼171 MHz,
which is identified as the fundamental mode.

We first study the electrical transport properties of the
patterned Hall bars. Current (I = ±100 μA) is applied from
either the S or G terminal of the voltage probes Vxx using
a source meter connected parallel to the voltmeter. In-plane
magnetic field of a fixed magnitude (∼55 mT) is applied
during the voltage measurements. The field is large enough
to force the magnetic moments of the CoFeB layer to point
along the field. The direction of the magnetic field is varied:
the angle of the field θ is defined with respect to +y [see
Fig. 1(a)]. Figures 2(a)–2(d) show the θ dependence of the
longitudinal voltage Vxx and the transverse voltage Vxy with
positive (right panels) and negative currents (left panels). Vxx

FIG. 2. (a)–(d) Magnetic field angle (θ ) dependence of the longi-
tudinal Vxx and transverse Vxy voltages. The applied electric current is
−100 μA for (a),(c) and +100 μA for (b),(d). The solid lines show
the results of fitting with Eq. (1). The y axis of (a) and (b) are shifted
by the value V 0

xx determined by the fitting and noted in the inset.

shows a cos 2θ dependence, consistent with the anisotropic
magnetoresistance (AMR) of the CoFeB layer. Vxy displays
a sin 2θ dependence which is in agreement with the planar
Hall effect (PHE). Vxx and Vxy both change their sign when the
current flow direction is reversed. Vxx and Vxy are fitted with
the following sinusoidal functions [34]:

Vxx = V 0
xx + 1

2�Vxx cos 2θ,

Vxy = V 0
xy + 1

2�Vxy sin 2θ, (1)

where V 0
xx, V 0

xy represent the offset voltage and �Vxx, �Vxy are
the amplitude of the corresponding sinusoidal functions. The
fitted curves are shown by the solid lines in Figs. 2(a)–2(d).
The deviation of the fitting of Vxy is due to the anomalous Hall
effect caused by the misalignment between the film surface
and the external magnetic field. The longitudinal resistance
Rxx is obtained from V 0

xx/I: we find Rxx ∼ 25 k�, which
corresponds to film resistivity of ∼180 μ� cm assuming
the 0.5 nm Ta seed layer resistivity of ∼200 μ� cm [35].
�Vxx and �Vxy are divided by I to obtain the AMR �Rxx

and the planar Hall resistance �Rxy, respectively: we obtain
�Rxx ∼ 33 � and �Rxy ∼ 0.79 �. Note that the geometry
of the Hall bars does not allow us to determine the AMR
accurately: the resistance change (due to AMR) that occurs in
the two arms parallel to the y axis and the arm along the x axis
competes and results in a net reduction of the measured AMR.
The sign and size of the AMR are consistent with previous
reports [35].

Next we discuss the acoustoelectric properties of the de-
vice. A rf signal is fed from the VNA to one of the IDTs, while

184435-2



UNIDIRECTIONAL PLANAR HALL VOLTAGES INDUCED … PHYSICAL REVIEW B 99, 184435 (2019)

FIG. 3. (a)–(f) Magnetic field angle (θ ) dependence of the lon-
gitudinal Vxx voltage when a rf signal is applied to the IDTs. The
excitation rf power is 10 dBm and the frequency is 171 MHz
(a),(b) and 181 MHz (c),(d). The θ dependence of the subtracted
voltage �Vxx at f = 171 MHz is shown in (e) and (f). The error
bars represent standard deviation of repeated measurements. (g),(h)
rf power dependence of the subtracted mean voltage �V̄xx . Symbols
indicate �V̄xx excited with different frequencies. The error bars
represent the standard deviation of �Vxx vs θ . The solid lines
represent linear fitting to the data. The rf signal is fed into IDT1 for
(a),(c),(e),(g) and IDT2 for (b),(d),(f),(h).

the longitudinal Vxx and transverse Vxy voltages are measured.
No electric current is supplied to the Hall bar. The frequency f
and power P of the rf signal are kept constant during the mea-
surements. Similar to the electrical transport measurements
described above, a constant amplitude magnetic field is ap-
plied with variable angle θ . Note that the excitation frequency
of the SAW fundamental mode is an order of magnitude
smaller than the ferromagnetic resonance (FMR) frequency
of the film under the applied magnetic field (∼55 mT). Thus
FMR induced effects (e.g., spin pumping) can be neglected.
Figures 3(a)–3(d) show the field angle (θ ) dependence of
the longitudinal voltage Vxx when a rf signal of 10 dBm is
applied to IDT1 [Figs. 3(a) and 3(c)] and IDT2 [Figs. 3(b)
and 3(d)]. Figures 3(a) and 3(b) show Vxx when the excitation

frequency f is set to the resonant condition of the SAW
fundamental mode (∼171 MHz), whereas Figs. 3(c) and 3(d)
display the results for off-resonant excitation (∼181 MHz).
In contrast to the electrical transport measurements, we find a
rather weak cos θ -like dependence of Vxx for both the resonant
and off-resonant conditions. It is not clear what causes such
change in Vxx with the field angle. However, as the feature
appears for both conditions, we consider it is not related
to the excitation of the SAW but may originate from the
electromagnetic coupling of the IDTs and the film. To find the
longitudinal voltage that originates from the SAW excitation,
we subtract the voltage obtained at the off-resonant condition
[Vxx( foff, θ )] from the voltage measured at f [Vxx( f , θ )] and
define �Vxx( f , θ ) ≡ Vxx( f , θ ) − Vxx( foff, θ ). The off-resonant
voltage Vxx( foff, θ ) is the average of the longitudinal volt-
ages from excitation frequencies of 161, 163.5, 178.5, and
181 MHz. �Vxx at f = 171 MHz is plotted as a function
of θ in Figs. 3(e) and 3(f). The results show that the SAW
induced longitudinal voltage �Vxx is nearly independent on
the magnetic field angle θ . We thus average the θ dependence
of �Vxx to obtain a mean value �V̄xx for a given power P and
frequency f .

Figures 3(g) and 3(h) show �V̄xx as a function of P for
different f . As evident, �V̄xx is proportional to P and the sign
of �V̄xx changes when the direction of the SAW propagation is
reversed, which are in accordance with the Weinreich relation
[36,37]. The sign of �V̄xx suggests that electrons move along
the SAW propagation. These results show that a dc acoustic
current (i.e. the SAW induced longitudinal current) flows
when SAWs are excited and an internal electric field develops
due to the charge accumulation at the edge of the device,
which is probed by the voltmeter (we employ the open circuit
condition here). We fit �V̄xx vs P with a linear function; the
results are presented by the solid lines in Figs. 3(g) and 3(h).
The acoustic current that flows along the arm of Hall bar
parallel to x divided by the excitation power IAE/P is obtained
by dividing the slope of the fitted linear function with the
resistance of the longitudinal arm of the Hall bar (i.e., 1

3 Rxx)
and multiplying −1 to account for the acoustic current flow
direction with respect to the measured open circuit voltage.
IAE/P is plotted against f in Fig. 5(a). Clearly |IAE/P| takes a
maximum at the resonance frequency of ∼171 MHz.

The field angle θ dependence of the transverse voltage
Vxy that develops when a rf signal of 10 dBm is applied
to IDT1 and IDT2 are shown in Figs. 4(a) and 4(c) and
Figs. 4(b) and 4(d), respectively. Figures 4(a), 4(b) and 4(c),
4(d) show Vxy when the excitation frequency is set to the
resonant frequency (171 MHz) and the off-resonant frequency
(181 MHz), respectively. Vxy at the off-resonant frequency
slightly varies with θ , which may originate from the elec-
tromagnetic coupling of the IDTs and the film. In contrast, a
sin 2θ dependence is found for Vxy at the resonant frequency,
similar to the planar Hall voltages shown in Figs. 2(c) and
2(d). We thus fit the data with the following function:

Vxy = A0
xy + 1

2�Axy sin 2θ, (2)

where A0
xy is the offset voltage and �Axy represents the ampli-

tude of the sinusoidal function. The solid lines in Figs. 4(c)
and 4(d) show the fitting results. Although a simple sin 2θ
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FIG. 4. (a)–(d) Magnetic field angle (θ ) dependence of the trans-
verse Vxy voltage when a rf signal is applied to the IDTs. The exci-
tation rf power is 10 dBm and the frequency is 171 MHz (a),(b) and
181 MHz (c),(d). The rf signal is fed into IDT1 for (a),(c) and
into IDT2 for (b),(d). The error bars represent standard deviation of
repeated measurements. The solid lines shown in (a),(b) represent the
results of fitting with Eq. (2).

dependence does not fully capture the experimental Vxy, the
fitting shows that the sin 2θ component is the dominant con-
tribution to Vxy.

The amplitude �Axy is plotted against the excitation fre-
quency in Fig. 5(b). As evident, �Axy takes a maximum at the
resonant frequency of the SAW fundamental mode. Thus the

FIG. 5. (a) Excitation frequency f dependence of the acoustic
current IAE normalized by power P. The error bars represent fit-
ting errors when a linear function is fitted to the results shown
in Figs. 3(g) and 3(h). (b) Variation of the SAW induced angle
dependent transverse voltage �Axy plotted as a function of f . The
error bars represent fitting errors when Eq. (2) is fitted to the data
of Vxy vs θ [see, e.g., Figs. 4(a) and 4(b)]. The excitation rf power
is 10 dBm. (a),(b) The right (blue) and left (red) pointing triangles
represent results when the rf signal is fed from IDT1 and IDT2,
respectively.

angle dependent transverse voltages observed here are due to
the excitation of the SAWs. Although the angular dependence
of the SAW induced Vxy is similar to that of the planar Hall
effect, the sign of �Axy does not change when the direction
of the SAW propagation is reversed. As the acoustic current
changes its direction upon reversal of the SAW propagation
[see Fig. 5(a)], these results show that the angle dependent
transverse voltage is unidirectional.

We may compare the magnitude of the angle dependent
transverse signals induced by electric current and acoustic
current. To this end, �Axy is divided by the total acoustic
current I tot

AE , which is ∼18 times larger than IAE since the
SAW aperture is ∼ 450 μm compared to the Hall bar width
of ∼ 25 μm, to obtain the angle dependent acoustic transverse
resistance �RAE ≡ �Axy/I tot

AE. �RAE can be compared to the
planar Hall resistance �Rxy. At the resonant frequency, the
average �RAE for SAW propagating along +x and −x is
∼100 � (here we have used �Axy with excitation power of
10 dBm). This is ∼120 times larger than the planar Hall
resistance shown in Fig. 2, i.e., �Rxy ∼ 0.79 �. Note that if
the SAW spreads into the y direction as it propagates from
the IDT and the acoustic current flows across entire Hall bar,
which is ∼900 μm long, I tot

AE will be ∼36 times larger than IAE,
which will reduce the estimate of �RAE by a factor of two (i.e.
�RAE is ∼60 times larger than �Rxy.)

Previously, it has been reported that the acoustic current
has even and odd components with respect to the SAW
propagation vector [38,39]. The odd component, referred to
as the ordinary acoustic current, is due to the modulation of
conductivity with the electron density, which is caused by the
piezoelectric field. The even component (the unidirectional
acoustic current), in contrast, originates from the modulation
of conductivity with elastic deformation of the lattice when
the SAW propagates. Here we find that the acoustic current is
odd with the SAW propagation vector but the angle dependent
acoustic transverse voltage is even (it is unidirectional). For a
patterned device with fixed boundary condition, it is possible
that elastic deformation transverse to the SAW propagation
(i.e., along y) takes place at the edge of the device. Such SAW
along y may cause acoustic current that has a unidirectional
component. However, noting that AMR and PHE shares the
same origin (i.e., second order perturbation in spin orbit
coupling), we infer that such elastic deformation transverse
to the SAW propagation cannot account for the experimental
results since the AMR-like acoustic voltage is hardly observed
in the longitudinal direction [see Figs. 3(e) and 3(f)]. Although
the CoFeB layer is amorphous, previous studies have shown
that strain can influence its properties [40,41]. Further inves-
tigation is required to identify the microscopic mechanism of
the giant unidirectional angle dependent acoustic transverse
resistance found here.

In conclusion, we have studied the magnetic field depen-
dence of the surface acoustic wave (SAW) induced voltages in
magnetic thin films placed between two interdigital transduc-
ers on the LiNbO3 substrate. The SAW generates a dc acoustic
current which shows little dependence on the magnetic field.
In contrast, the SAW induced transverse voltage is dependent
on the magnetic field: the field angle dependence of the
transverse voltage is similar to that of the planar Hall voltage
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driven by electric current. Surprisingly, the angle dependent
acoustic transverse voltage does not depend on the direction
to which the acoustic current flows. The magnitude of the
equivalent angle dependent acoustic transverse resistance is
more than one order of magnitude larger than its electric
counterpart, i.e., the planar Hall resistance. These results show
that acoustic current can generate magnetogalvanic effects

similar to the electric and thermoelectric currents but the
effect can be significantly larger.

We thank M. Matsuo for fruitful discussions. This work
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Promoted Research (Grant No. 15H05702), and the Center of
Spintronics Research Network of Japan.

[1] L. Rayleigh, Proc. London Math. Soc. s1-17, 4 (1885).
[2] R. M. White and F. W. Voltmer, Appl. Phys. Lett. 7, 314

(1965).
[3] R. Tucoulou, F. de Bergevin, O. Mathon, and D. Roshchupkin,

Phys. Rev. B 64, 134108 (2001).
[4] B. Drafts, IEEE Trans. Microwave Theory Tech. 49, 795

(2001).
[5] K. Laenge, B. E. Rapp, and M. Rapp, Anal. Bioanal. Chem.

391, 1509 (2008).
[6] A. Wixforth, J. Scriba, M. Wassermeier, J. P. Kotthaus,

G. Weimann, and W. Schlapp, Phys. Rev. B 40, 7874
(1989).

[7] R. L. Willett, R. R. Ruel, M. A. Paalanen, K. W. West, and L. N.
Pfeiffer, Phys. Rev. B 47, 7344 (1993).

[8] V. Miseikis, J. E. Cunningham, K. Saeed, R. O’Rorke, and A. G.
Davies, Appl. Phys. Lett. 100, 133105 (2012).

[9] T. Poole, L. Bandhu, and G. R. Nash, Appl. Phys. Lett. 106,
133107 (2015).

[10] E. Preciado, F. J. R. Schuelein, A. E. Nguyen, D. Barroso, M.
Isarraraz, G. von Son, I. H. Lu, W. Michailow, B. Moeller, V.
Klee, J. Mann, A. Wixforth, L. Bartels, and H. J. Krenner, Nat.
Commun. 6, 8593 (2015).

[11] M. Pomerantz, Phys. Rev. Lett. 7, 312 (1961).
[12] T. Kobayashi, R. C. Barker, and A. Yelon, Phys. Rev. B 7, 3286

(1973).
[13] P. A. Fedders, Phys. Rev. B 9, 3835 (1974).
[14] A. K. Ganguly, K. L. Davis, D. C. Webb, and C. Vittoria, J.

Appl. Phys. 47, 2696 (1976).
[15] I.-A. Feng, M. Tachiki, C. Krischer, and M. Levy, J. Appl. Phys.

53, 177 (1982).
[16] R. F. Wiegert, J. Appl. Phys. 91, 8231 (2002).
[17] M. Weiler, L. Dreher, C. Heeg, H. Huebl, R. Gross, M. S.

Brandt, and S. T. B. Goennenwein, Phys. Rev. Lett. 106, 117601
(2011).

[18] A. A. Kovalev, G. E. W. Bauer, and A. Brataas, Phys. Rev. Lett.
94, 167201 (2005).

[19] S. Davis, A. Baruth, and S. Adenwalla, Appl. Phys. Lett. 97,
232507 (2010).

[20] L. Thevenard, J. Y. Duquesne, E. Peronne, H. J. von Bardeleben,
H. Jaffres, S. Ruttala, J. M. George, A. Lemaitre, and C.
Gourdon, Phys. Rev. B 87, 144402 (2013).

[21] J. Tejada, E. M. Chudnovsky, R. Zarzuela, N. Statuto, J. C. de la
Rosa, P. V. Santos, and A. Hernández-Mínguez, Europhys. Lett.
118, 37005 (2017).

[22] S. J. Barnett, Phys. Rev. 6, 239 (1915).
[23] P. R. Gillette and K. Oshima, J. Appl. Phys. 29, 529 (1958).
[24] L. F. Zhang and Q. Niu, Phys. Rev. Lett. 112, 085503 (2014).
[25] D. A. Garanin and E. M. Chudnovsky, Phys. Rev. B 92, 024421

(2015).
[26] J. E. Losby and M. R. Freeman, Phys. Canada 72, 71 (2016),

arXiv:1601.00674.
[27] M. Matsuo, E. Saitoh, and S. Maekawa, J. Phys. Soc. Jpn. 86,

011011 (2017).
[28] M. Weiler, H. Huebl, F. S. Goerg, F. D. Czeschka, R. Gross, and

S. T. B. Goennenwein, Phys. Rev. Lett. 108, 176601 (2012).
[29] K. Uchida, H. Adachi, T. An, T. Ota, M. Toda, B. Hillebrands,

S. Maekawa, and E. Saitoh, Nat. Mater. 10, 737 (2011).
[30] K. Uchida, H. Adachi, T. An, H. Nakayama, M. Toda, B.

Hillebrands, S. Maekawa, and E. Saitoh, J. Appl. Phys. 111,
053903 (2012).

[31] J. Tejada, R. D. Zysler, E. Molins, and E. M. Chudnovsky, Phys.
Rev. Lett. 104, 027202 (2010).

[32] M. Matsuo, J. Ieda, K. Harii, E. Saitoh, and S. Maekawa, Phys.
Rev. B 87, 180402(R) (2013).

[33] D. Kobayashi, T. Yoshikawa, M. Matsuo, R. Iguchi, S.
Maekawa, E. Saitoh, and Y. Nozaki, Phys. Rev. Lett. 119,
077202 (2017).

[34] T. McGuire and R. Potter, IEEE Trans. Magn. 11, 1018 (1975).
[35] J. Kim, P. Sheng, S. Takahashi, S. Mitani, and M. Hayashi,

Phys. Rev. Lett. 116, 097201 (2016).
[36] G. Weinreich, T. M. Sanders, and H. G. White, Phys. Rev. 114,

33 (1959).
[37] H. N. Spector, J. Appl. Phys. 34, 3628 (1963).
[38] Y. Ilisavskii, A. Goltsev, K. Dyakonov, V. Popov, E. Yakhkind,

V. P. Dyakonov, P. Gierłowski, A. Klimov, S. J. Lewandowski,
and H. Szymczak, Phys. Rev. Lett. 87, 146602 (2001).

[39] F. W. Beil, A. Wixforth, W. Wegscheider, D. Schuh, M. Bichler,
and R. H. Blick, Phys. Rev. Lett. 100, 026801 (2008).

[40] P. G. Gowtham, G. M. Stiehl, D. C. Ralph, and R. A. Buhrman,
Phys. Rev. B 93, 024404 (2016).

[41] Y.-C. Lau, P. Sheng, S. Mitani, D. Chiba, and M. Hayashi, Appl.
Phys. Lett. 110, 022405 (2017).

184435-5

https://doi.org/10.1112/plms/s1-17.1.4
https://doi.org/10.1112/plms/s1-17.1.4
https://doi.org/10.1112/plms/s1-17.1.4
https://doi.org/10.1112/plms/s1-17.1.4
https://doi.org/10.1063/1.1754276
https://doi.org/10.1063/1.1754276
https://doi.org/10.1063/1.1754276
https://doi.org/10.1063/1.1754276
https://doi.org/10.1103/PhysRevB.64.134108
https://doi.org/10.1103/PhysRevB.64.134108
https://doi.org/10.1103/PhysRevB.64.134108
https://doi.org/10.1103/PhysRevB.64.134108
https://doi.org/10.1109/22.915466
https://doi.org/10.1109/22.915466
https://doi.org/10.1109/22.915466
https://doi.org/10.1109/22.915466
https://doi.org/10.1007/s00216-008-1911-5
https://doi.org/10.1007/s00216-008-1911-5
https://doi.org/10.1007/s00216-008-1911-5
https://doi.org/10.1007/s00216-008-1911-5
https://doi.org/10.1103/PhysRevB.40.7874
https://doi.org/10.1103/PhysRevB.40.7874
https://doi.org/10.1103/PhysRevB.40.7874
https://doi.org/10.1103/PhysRevB.40.7874
https://doi.org/10.1103/PhysRevB.47.7344
https://doi.org/10.1103/PhysRevB.47.7344
https://doi.org/10.1103/PhysRevB.47.7344
https://doi.org/10.1103/PhysRevB.47.7344
https://doi.org/10.1063/1.3697403
https://doi.org/10.1063/1.3697403
https://doi.org/10.1063/1.3697403
https://doi.org/10.1063/1.3697403
https://doi.org/10.1063/1.4916940
https://doi.org/10.1063/1.4916940
https://doi.org/10.1063/1.4916940
https://doi.org/10.1063/1.4916940
https://doi.org/10.1038/ncomms9593
https://doi.org/10.1038/ncomms9593
https://doi.org/10.1038/ncomms9593
https://doi.org/10.1038/ncomms9593
https://doi.org/10.1103/PhysRevLett.7.312
https://doi.org/10.1103/PhysRevLett.7.312
https://doi.org/10.1103/PhysRevLett.7.312
https://doi.org/10.1103/PhysRevLett.7.312
https://doi.org/10.1103/PhysRevB.7.3286
https://doi.org/10.1103/PhysRevB.7.3286
https://doi.org/10.1103/PhysRevB.7.3286
https://doi.org/10.1103/PhysRevB.7.3286
https://doi.org/10.1103/PhysRevB.9.3835
https://doi.org/10.1103/PhysRevB.9.3835
https://doi.org/10.1103/PhysRevB.9.3835
https://doi.org/10.1103/PhysRevB.9.3835
https://doi.org/10.1063/1.322991
https://doi.org/10.1063/1.322991
https://doi.org/10.1063/1.322991
https://doi.org/10.1063/1.322991
https://doi.org/10.1063/1.331582
https://doi.org/10.1063/1.331582
https://doi.org/10.1063/1.331582
https://doi.org/10.1063/1.331582
https://doi.org/10.1063/1.1452221
https://doi.org/10.1063/1.1452221
https://doi.org/10.1063/1.1452221
https://doi.org/10.1063/1.1452221
https://doi.org/10.1103/PhysRevLett.106.117601
https://doi.org/10.1103/PhysRevLett.106.117601
https://doi.org/10.1103/PhysRevLett.106.117601
https://doi.org/10.1103/PhysRevLett.106.117601
https://doi.org/10.1103/PhysRevLett.94.167201
https://doi.org/10.1103/PhysRevLett.94.167201
https://doi.org/10.1103/PhysRevLett.94.167201
https://doi.org/10.1103/PhysRevLett.94.167201
https://doi.org/10.1063/1.3521289
https://doi.org/10.1063/1.3521289
https://doi.org/10.1063/1.3521289
https://doi.org/10.1063/1.3521289
https://doi.org/10.1103/PhysRevB.87.144402
https://doi.org/10.1103/PhysRevB.87.144402
https://doi.org/10.1103/PhysRevB.87.144402
https://doi.org/10.1103/PhysRevB.87.144402
https://doi.org/10.1209/0295-5075/118/37005
https://doi.org/10.1209/0295-5075/118/37005
https://doi.org/10.1209/0295-5075/118/37005
https://doi.org/10.1209/0295-5075/118/37005
https://doi.org/10.1103/PhysRev.6.239
https://doi.org/10.1103/PhysRev.6.239
https://doi.org/10.1103/PhysRev.6.239
https://doi.org/10.1103/PhysRev.6.239
https://doi.org/10.1063/1.1723211
https://doi.org/10.1063/1.1723211
https://doi.org/10.1063/1.1723211
https://doi.org/10.1063/1.1723211
https://doi.org/10.1103/PhysRevLett.112.085503
https://doi.org/10.1103/PhysRevLett.112.085503
https://doi.org/10.1103/PhysRevLett.112.085503
https://doi.org/10.1103/PhysRevLett.112.085503
https://doi.org/10.1103/PhysRevB.92.024421
https://doi.org/10.1103/PhysRevB.92.024421
https://doi.org/10.1103/PhysRevB.92.024421
https://doi.org/10.1103/PhysRevB.92.024421
http://arxiv.org/abs/arXiv:1601.00674
https://doi.org/10.7566/JPSJ.86.011011
https://doi.org/10.7566/JPSJ.86.011011
https://doi.org/10.7566/JPSJ.86.011011
https://doi.org/10.7566/JPSJ.86.011011
https://doi.org/10.1103/PhysRevLett.108.176601
https://doi.org/10.1103/PhysRevLett.108.176601
https://doi.org/10.1103/PhysRevLett.108.176601
https://doi.org/10.1103/PhysRevLett.108.176601
https://doi.org/10.1038/nmat3099
https://doi.org/10.1038/nmat3099
https://doi.org/10.1038/nmat3099
https://doi.org/10.1038/nmat3099
https://doi.org/10.1063/1.3688332
https://doi.org/10.1063/1.3688332
https://doi.org/10.1063/1.3688332
https://doi.org/10.1063/1.3688332
https://doi.org/10.1103/PhysRevLett.104.027202
https://doi.org/10.1103/PhysRevLett.104.027202
https://doi.org/10.1103/PhysRevLett.104.027202
https://doi.org/10.1103/PhysRevLett.104.027202
https://doi.org/10.1103/PhysRevB.87.180402
https://doi.org/10.1103/PhysRevB.87.180402
https://doi.org/10.1103/PhysRevB.87.180402
https://doi.org/10.1103/PhysRevB.87.180402
https://doi.org/10.1103/PhysRevLett.119.077202
https://doi.org/10.1103/PhysRevLett.119.077202
https://doi.org/10.1103/PhysRevLett.119.077202
https://doi.org/10.1103/PhysRevLett.119.077202
https://doi.org/10.1109/TMAG.1975.1058782
https://doi.org/10.1109/TMAG.1975.1058782
https://doi.org/10.1109/TMAG.1975.1058782
https://doi.org/10.1109/TMAG.1975.1058782
https://doi.org/10.1103/PhysRevLett.116.097201
https://doi.org/10.1103/PhysRevLett.116.097201
https://doi.org/10.1103/PhysRevLett.116.097201
https://doi.org/10.1103/PhysRevLett.116.097201
https://doi.org/10.1103/PhysRev.114.33
https://doi.org/10.1103/PhysRev.114.33
https://doi.org/10.1103/PhysRev.114.33
https://doi.org/10.1103/PhysRev.114.33
https://doi.org/10.1063/1.1729272
https://doi.org/10.1063/1.1729272
https://doi.org/10.1063/1.1729272
https://doi.org/10.1063/1.1729272
https://doi.org/10.1103/PhysRevLett.87.146602
https://doi.org/10.1103/PhysRevLett.87.146602
https://doi.org/10.1103/PhysRevLett.87.146602
https://doi.org/10.1103/PhysRevLett.87.146602
https://doi.org/10.1103/PhysRevLett.100.026801
https://doi.org/10.1103/PhysRevLett.100.026801
https://doi.org/10.1103/PhysRevLett.100.026801
https://doi.org/10.1103/PhysRevLett.100.026801
https://doi.org/10.1103/PhysRevB.93.024404
https://doi.org/10.1103/PhysRevB.93.024404
https://doi.org/10.1103/PhysRevB.93.024404
https://doi.org/10.1103/PhysRevB.93.024404
https://doi.org/10.1063/1.4973700
https://doi.org/10.1063/1.4973700
https://doi.org/10.1063/1.4973700
https://doi.org/10.1063/1.4973700

