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Magnetothermoelectric power in Co/Pt layered structures: Interface versus bulk contributions
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The dependence of the longitudinal thermoelectric power on the orientation of magnetization in Pt/Co/Pt
sandwiches is investigated. In the Co thickness range �6 nm, where interface scattering is relevant, the
thermoelectric power depends on the orientation of magnetization in the plane perpendicular to the temperature
gradient. This behavior reveals the thermoelectric analog to the anisotropic interface magnetoresistance. It is
shown that this interfacial magnetothermoelectric power fulfills Mott’s formula, however, significant deviations
from the bulk anisotropic magnetothermoelectric behavior are reported. The dependence of the Seebeck effect
on magnetization orientation therefore provides experimental evidence of differences in the electronic states of
the bulk and interface. We demonstrate that for the very same system the Seebeck coefficient does not show a
one-to-one correspondence to the conductivity.

DOI: 10.1103/PhysRevB.92.140402 PACS number(s): 75.47.−m, 72.15.Jf, 73.50.Jt, 75.70.−i

The topic of intense research known as spin caloritronics
deals with the generation, detection, and quantification of spin
currents in thin films arising from thermal gradients [1–4]. Spin
currents are electrically detectable via the anomalous Hall (or
Nernst) effect or inverse spin Hall effect due to spin-dependent
scattering processes.

The investigation of galvanomagnetic effects (the interplay
of charge and spin flow) and thermomagnetic phenomena (the
interplay of heat and spin flow) in ferromagnetic metals has
a long history, starting with studies in the 19th century [5].
The anisotropic magnetoresistance (AMR), for instance, was
discovered in ferromagnetic 3d metals by Lord Kelvin in
1856 [6]. The resistivity varies as cos2 ϕ, where ϕ is the angle
between magnetization M and current direction. In general, it
is largest for M oriented along the latter [7]. In the same year,
Kelvin also discovered the magnetothermoelectric analog to
the AMR, i.e., the anisotropic magnetothermoelectric power
(anisotropic MTEP or AMTEP) [8].

The connection between the absolute thermoelectric power
(Seebeck coefficient) S and electrical conductivity σ came to
be known as the Mott formula [9–11],

S(M) = π2k2
BT

3e

1

σ (M)

[
∂σ (E,M)

∂E

]
E=EF

, (1)

where T is the temperature, EF is the Fermi energy, and kB

and e are the Boltzmann constant and elementary charge,
respectively. The Mott formula is derived from the Boltzmann
equation under the assumption of noninteracting electrons
that scatter at randomly distributed defects of the crystal
lattice [12,13]. Several representations of Mott’s formula are
found in the literature. The expression as given in Eq. (1) is
motivated in the Supplemental Material, paragraph II [14].
Its validity has been numerously experimentally demon-
strated [13,15–18]—even in the presence of magnetoresistance
effects and magnetothermoelectric power—yielding a close
relationship between galvanomagnetic and thermomagnetic
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phenomena. In particular, in the case of AMR [19–21], magnon
MR [21–23], giant MR (GMR) [24–27], tunneling MR
(TMR) [28], and their corresponding magnetothermoelectric
equivalents, linear dependences of the Seebeck coefficient S

on the inverse electrical conductivity σ−1(M) are found with
the magnetization M as an implicit variable. Even for the
transverse conductivity/thermoelectric power, which depends
on M due to the anomalous Hall/Nernst effect, a similar
relation was found [29–31].

In this Rapid Communication we report on the longitudinal
magnetothermoelectric power and magnetoresistance of Co/Pt
layered structures. In accordance with the literature, a linear
dependence of S on σ−1(ϕ) is found when the orientation
of magnetization is varied in the film plane (angle ϕ)
with respect to the temperature gradient/direction of current
flow (bulk AMTEP versus AMR). Besides the bulk AMR,
the Co/Pt interfaces provide a further contribution to the
magnetoresistance [32,33]. Due to the so-called anisotropic
interface MR (AIMR), the resistivity varies with cos2 θ , where
θ is the angle between the magnetization M and film normal,
and is largest for M oriented out of plane [32,34]. The
AIMR has been qualitatively modeled in a fully relativistic
description of the magnetotransport [35] where the spin-orbit
interaction is inherently included, and in a semiclassical
Boltzmann approach taking the (interfacial) Bychkov-Rashba
spin-orbit interaction into account [36]. In this study we have
succeeded in identifying the thermoelectric equivalent of the
AIMR. When changing M within the plane perpendicular
to the temperature gradient (in zero applied electric field),
the resulting S(θ ) curve is again proportional to σ−1(θ ), in
accordance with Mott’s formula. The proportionality factor of
S on σ−1, however, is different for anisotropic interface and
bulk scattering contributions.

The Co/Pt samples are grown by sputter techniques under
ultrahigh vacuum conditions [37] on a glass substrate. Wires
of a lateral size of 510 μm × 20 μm are fabricated by
means of optical lithography. Additionally, a 60 nm thick
Pt film is deposited and structured to create the electrical
contacts, resistance thermometers, and heater [see the layout
in Fig. 1(a)]. In order to unambiguously show the general
validity of the results, we vary the volume to interface ratio,
i.e., Pt(5 nm)/Co(tCo)/Pt(3 nm) stacks with different Co layer
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FIG. 1. (Color online) (a) Image of the microcircuit. For the MR measurements, the current along the vertically oriented Co/Pt wire is
measured via contacts (6,7) for a constant voltage applied to the Pt pads (2,11). For the MTEP measurements, a temperature gradient along
the Co/Pt wire is generated by driving a current through the Pt heater via contacts (3,4). The resulting thermovoltage US is measured via
pads (6,7) [or (1,12)]. The upper heater and resistance thermometer including the circuit diagram for the temperature calibration are seen in
the zoom in the lower panel. (b) Sketch of the microcircuit denoting the measuring geometries. US(H) is determined for the field H oriented
along the temperature difference �T (longitudinal), perpendicular to �T in the film plane (transverse), and out of plane (polar geometry),
respectively. The US(M) behavior is obtained by rotating the magnetization M in a saturation field of 6 T, varying M in the film plane
(angle ϕ) and in the plane perpendicular to �T (angle θ ), respectively. (c) US for the three generic orientations of the applied magnetic field
(μ0|H | = 6 T) in dependence on �T /heating power P (solid lines), here shown for tCo = 2 nm. From the curves, the Seebeck coefficient
S = −US/�T is extracted (circles). The dashed lines are linear fits to the curves for P > 7 mW. The differences �Sip = (US

trans − US
long)/�T

and �Sop = (US
trans − US

polar)/�T are indicated.

thicknesses are investigated. The sample with tCo = 0.8 nm
(tCo = 2 and 6 nm) has an easy (hard) axis of magnetization
along the film normal [37]. The structural properties of the
samples are not influenced by the variation of Co thickness in
this range [37]. Hence, the different easy axis only changes
the magnetization reversal but plays no role for the discussion
of the size of the MR and MTEP effects.

The investigations of MR and MTEP are performed at
room temperature using magnetic fields of up to ±6 T. The
longitudinal conductivity σ is determined via a four point
measurement geometry applying a fixed voltage in the range
of 1–2 V [Fig. 1(a); for details, see Supplemental Material,
paragraph I [14]]. The thermovoltage US is measured using
a heating power of maximum P = 20 mW that is applied to
the Pt heater, creating a temperature difference of maximum
�T = (63.7 ± 0.5) K with Tlow ≈ 295.5 K. To calibrate the
temperature difference �T versus power P , the resistance of
the two Pt thermometers is measured in four point geometry
when varying the temperature of the whole device between
290 and 360 K (at P = 0 mW) [38]. It turns out that the
temperature difference is proportional to the heating power
[see both abscissas in Fig. 1(c)] with an error margin of <3%.
The longitudinal thermovoltage US as a function of �T is mea-
sured for the three generic orientations of the external magnetic
field [see the sketch in Fig. 1(b)]. As can be seen in Fig. 1(c),
US apparently depends linearly on �T . When plotting S =
−US/�T versus �T , however, it becomes obvious that there
is a constant contribution as well as a contribution that causes
a linear increase of S with �T . For all three orientations of
the magnetic field, however, the slope is identical within the

error margins of the experiment. This implies that the MTEP
results presented in the following for �T ≈ 49 K are valid
for a wide range of temperature differences, especially for the
limiting case �T → 0 that formally defines the thermoelec-
tric power S(T = 294 K,M,H) = lim�T →0

−US (M,H)
�T

[13,39].
It is worth mentioning that S is the difference in ther-
mopowers of the Pt/Co/Pt wire and Pt contacts [40]. In
the Supplemental Material [14] (paragraph III) it is shown,
however, that S(M,H) ∝ SCo(M,H) is a good approxima-
tion when dealing with MTEP contributions. Contributions
from the Nernst effect [41] (transverse MTEP contributions)
are superimposed on the signal, which makes a detailed
analysis necessary (see paragraph IV of the Supplemental
Material [14]).

In Fig. 2(a) the longitudinal inverse conductivity, i.e., the
longitudinal resistivity (see Supplemental Material, paragraph
I [14]), versus magnetic field is given for the three generic
field orientations for the Pt/Co/Pt wire with Co thickness
tCo = 2 nm [see the sketch in Fig. 1(b)]. For this sample
the magnetic hard axis is the film normal, which causes a
parabolalike behavior of the polar sweep 1/σ (Hpolar) [42].
The latter is due to the angle dependence of the AMR and
AIMR and a coherent rotation of magnetization which is
completed at ≈1 T. The steep resistivity changes at small
fields (<100 mT) observed for the longitudinal and transverse
field sweeps are due to the magnetization reversal via domain
wall movement. At technical saturation all curves merge
into the same linear behavior, i.e., a decrease of inverse
conductivity on an increase of field strength caused by magnon
MR [43,44]. As a consequence of the isotropic high field
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(a)

(b)

FIG. 2. (Color online) Field sweep measurements for the
Pt/Co(2 nm)/Pt sandwich. (a) Inverse conductivity 1/σ and
(b) Seebeck coefficient S as a function of applied field μ0H for
the three principle directions of the field with respect to the electric
field direction/temperature gradient and film normal [see Fig. 1(b)].
The difference in inverse conductivity and Seebeck coefficient
above technical saturation are labeled as �σ−1

ip = σ−1
long − σ−1

trans

(AMR) and �σ−1
op = σ−1

polar − σ−1
trans (AIMR), and �Sip = |Strans| −

|Slong| (AMTEP), �Sop = |Strans| − |Spolar| (interfacial AMTEP),
respectively.

behavior, the differences �σ−1
ip = σ−1

long − σ−1
trans (AMR) and

�σ−1
op = σ−1

polar − σ−1
trans (AIMR) [32,34] are constant above

saturation and are equal to the differences in 1/σ extrapolated
from high field behavior to zero field.

The corresponding magnetothermoelectric measurements
of the very same sample (tCo = 2 nm) are given in Fig. 2(b).
Qualitatively, each individual plot of the Seebeck coeffi-
cient S = −US/�T versus field resembles the corresponding
1/σ (H) curve, which indicates that S(M) is proportional
to 1/σ (M). Above technical saturation, the absolute values
of the three MTEP curves exhibit the following relation of
Seebeck coefficients: |Strans| > |Spolar| > |Slong|. Due to the
isotropic high field behavior, the differences between the
curves are again constant above saturation. The magnetother-
moelectric power due to the AMR of Co is given by �Sip =
|Strans| − |Slong| (AMTEP) while the difference �Sop =
|Strans| − |Spolar| is also distinctly larger than zero, revealing
the existence of the magnetothermoelectric equivalent of the
AIMR.

The isotropic high field behavior of the inverse conductivity
and Seebeck coefficient (Fig. 2) allows for the determination
of 1/σ (M) and S(M) by rotating the samples in a saturation
field of μ0|H | = 6 T. The latter field is high enough to keep
M aligned with any direction of field. The inverse conductivity
as a function of the orientation of M is given in Fig. 3(a) for

(a)

(b)

(c)

(d)

FIG. 3. (Color online) Inverse conductivity 1/σ and Seebeck
coefficient S versus magnetization orientation. (a) and (b) show the
results for Pt/Co(2 nm)/Pt and (c) and (d) for Pt/Co(0.8 nm)/Pt. ϕ

and θ are the in-plane and out-of-plane angles of M with respect to
the electric field and film normal, respectively [see Fig. 1(b)]. The
field strength is 6 T, causing M to be field aligned. The solid lines
represent cos2 fits. The amplitudes are labeled according to Fig. 2.

tCo = 2 nm. The characteristic cos2 ϕ dependence of the AMR
effect is revealed for in-plane rotation, 1/σ (ϕ)θ=90◦ (open
green symbols). The same functional behavior of inverse con-
ductivity is found for a rotation of magnetization in the plane
perpendicular to the direction of electric field, 1/σ (θ )ϕ=90◦

(AIMR), where θ denotes the orientation of magnetization to
the film normal (solid orange symbols). The corresponding
MTEP measurements are plotted in Fig. 3(b). The curves
qualitatively resemble the angle dependence of the MR curves,
namely, a cos2 behavior for both kinds of magnetization
rotations S(ϕ,θ ), which is consistent with the Mott formula
for both rotational geometries. Consequently, S(ϕ)θ=90◦ shows
the conventional bulk anisotropic MTEP described in the
literature [20] with an amplitude of �Sip = |Strans| − |Slong|
(green curve), while the anisotropy in the plane perpendicular
to the temperature gradient S(θ )ϕ=90◦ with �Sop = |Strans| −
|Spolar| > 0 stands for the magnetothermoelectric counterpart
of the AIMR (orange curve),

S(ϕ,θ ) = Strans + �Sip cos2 ϕ sin2 θ + �Sop cos2 θ. (2)
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FIG. 4. (Color online) Seebeck coefficient S versus inverse elec-
trical conductivity 1/σ . The magnetization is rotated in plane
(open symbols) and out of plane (solid symbols). The triangles,
circles, and stars represent the Co thicknesses of 0.8, 2, and 6 nm,
respectively. The dashed/dotted lines are linear fits to the data (0.8 nm,
2 nm/6 nm).

To stress the point, the latter magnetothermoelectric effect
locally probes the Co/Pt interface region and exhibits the same
functional dependence on inverse conductivity as in the case
of bulk properties.

Obviously, the interfacial effect (out-of-plane rotation) with
respect to the bulk effect (in-plane rotation) is larger in the MR
than in the MTEP: �σ−1

op /�σ−1
ip > �Sop/�Sip. For the sake of

better comparison, the Seebeck coefficient S(ϕ,θ ) is mapped
onto the inverse conductivity σ−1(ϕ,θ ) (Fig. 4). Both S(ϕ) and
S(θ ) curves are directly proportional to σ−1(ϕ) and σ−1(θ )
(open/solid circles), respectively, while the linear plots have
different slopes. The interfacial contribution S(σ−1(θ )) has a
smaller slope. Quantitatively, (�Sop/�σ−1

op )/(�Sip/�σ−1
ip ) =

(0.53 ± 0.02).
As a cross check, a sandwich with a very thin Co layer

(tCo = 0.8 nm) has been investigated. The angular depen-
dences of σ−1(ϕ) and σ−1(θ ), and S(ϕ) and S(θ ) on magnetiza-
tion orientation are shown in Figs. 3(c) and 3(d), respectively.
The plots are very similar to the one for tCo = 2 nm. Quantita-
tively, (�Sop/�σ−1

op )/(�Sip/�σ−1
ip ) = (0.52 ± 0.02) is found,

which is the same value within the error margins as found for
tCo = 2 nm (see Fig. 4). Hence, the scaling of the M dependent
contributions to the thermopower on inverse conductivity is
different for the bulk and interface but independent of Co
thickness, revealing the generality of our finding. Note that
this finding is also a consequence of the fact that the system
can be treated as an isolated Co single layer with the bulk
and interfacial MR and MTEP effects when dealing with the
ratios (�σ−1

op /�σ−1
ip ) [32] and (�Sop/�Sip). In the case of

the latter, the impact of the layered structure cancels out in
a first approximation for small tCo, as shown in a detailed
analysis for layered structures (parallel wires) presented in
the Supplemental Material, paragraph III [14]. For higher Co
thicknesses (tCo � 5 nm), however, a correction is essential.
For a sample with tCo = 6 nm, a value of (0.63 ± 0.02) is
found for the ratio (�Sop/�σ−1

op )/(�Sip/�σ−1
ip ) (see the star

symbols in Fig. 4). Utilizing the M dependent correction
factor (see the Supplemental Material, paragraph III [14]),
the value reduces to about 0.5, which is a further indication
for the generality. For even larger Co thicknesses the situation
is more complex as bulk effects in �σ−1

op (and �Sop) such
as the so-called geometrical size effect (GSE) [45] show up
and become dominant for tCo � 20 nm [32]. Hence, the ratio
(�Sop/�σ−1

op )/(�Sip/�σ−1
ip ) will vary with Co thickness. In

addition, for small |�Sop| a proper correction for Nernst effects
becomes challenging.

In conclusion, it is proven that the scattering anisotropy
of polarized electrons at the interfaces has an impact on
the longitudinal magnetothermoelectric power [Eq. (2)]. The
Seebeck coefficient S depends linearly on the inverse elec-
trical conductivity σ−1 (AIMR effect) in accordance with
Mott’s formula [Eq. (1)]. The slope of S versus σ−1 for
the interface contribution is about half the value that is
found for the bulk behavior, whereas the latter is probed
by the AMR and anisotropic magnetothermoelectric power.
As the slope of S(σ−1(M)) is proportional to the derivative
[∂σ (E,M)/∂E]E=EF

[Eq. (1)], the different behavior of bulk
and interface MTEP contributions reveals significant differ-
ences in the band structure of the Co layer at the interfaces
compared to the bulk. In order to support this interpretation,
layer resolved first principles calculations of electronic states
in the Co/Pt system in dependence of magnetization orientation
are needed [46,47]. A further contribution to the different
slopes may arise from different strengths and types of spin-
orbit coupling effects, giving rise to the AMR and AIMR
effect [48]. The existence of differences in the bulk and
interface effects prevents a one-to-one correlation between
the Seebeck coefficient and conductivity for the very same
system, so that for a given electrical conductivity that can be
set either by the AMR or AIMR (Fig. 4), the resulting Seebeck
coefficient can be tuned on purpose. The presented approach to
independently probe the properties of the bulk and interfaces
by means of MR and MTEP is not limited to Co/Pt layered
structures, as the AIMR seems to be a general phenomenon
that is present in a variety of layered structures [32,33,49,50].
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72, 134401 (2005).

[46] B. G. Park, J. Wunderlich, D. A. Williams, S. J. Joo, K. Y. Jung,
K. H. Shin, K. Olejnik, A. B. Shick, and T. Jungwirth, Phys.
Rev. Lett. 100, 087204 (2008).

[47] V. Popescu and P. Kratzer, Phys. Rev. B 88, 104425 (2013).
[48] J. Borge, C. Gorini, and R. Raimondi, Phys. Rev. B 87, 085309

(2013).
[49] Y. M. Lu, J. W. Cai, S. Y. Huang, D. Qu, B. F. Miao, and C. L.

Chien, Phys. Rev. B 87, 220409 (2013).
[50] Y. Kachlon, N. Kurzweil, and A. Sharoni, J. Appl. Phys. 115,

173911 (2014).

140402-5

http://dx.doi.org/10.1098/rspl.1856.0144
http://dx.doi.org/10.1098/rspl.1856.0144
http://dx.doi.org/10.1098/rspl.1856.0144
http://dx.doi.org/10.1098/rspl.1856.0144
http://dx.doi.org/10.1109/TMAG.1975.1058782
http://dx.doi.org/10.1109/TMAG.1975.1058782
http://dx.doi.org/10.1109/TMAG.1975.1058782
http://dx.doi.org/10.1109/TMAG.1975.1058782
http://dx.doi.org/10.1098/rstl.1856.0031
http://dx.doi.org/10.1098/rstl.1856.0031
http://dx.doi.org/10.1098/rstl.1856.0031
http://dx.doi.org/10.1098/rstl.1856.0031
http://dx.doi.org/10.1098/rspa.1936.0154
http://dx.doi.org/10.1098/rspa.1936.0154
http://dx.doi.org/10.1098/rspa.1936.0154
http://dx.doi.org/10.1098/rspa.1936.0154
http://dx.doi.org/10.1103/PhysRev.181.1336
http://dx.doi.org/10.1103/PhysRev.181.1336
http://dx.doi.org/10.1103/PhysRev.181.1336
http://dx.doi.org/10.1103/PhysRev.181.1336
http://dx.doi.org/10.1103/PhysRevB.21.4223
http://dx.doi.org/10.1103/PhysRevB.21.4223
http://dx.doi.org/10.1103/PhysRevB.21.4223
http://dx.doi.org/10.1103/PhysRevB.21.4223
http://link.aps.org/supplemental/10.1103/PhysRevB.92.140402
http://dx.doi.org/10.1080/14786436008241216
http://dx.doi.org/10.1080/14786436008241216
http://dx.doi.org/10.1080/14786436008241216
http://dx.doi.org/10.1080/14786436008241216
http://dx.doi.org/10.1103/PhysRevLett.91.256801
http://dx.doi.org/10.1103/PhysRevLett.91.256801
http://dx.doi.org/10.1103/PhysRevLett.91.256801
http://dx.doi.org/10.1103/PhysRevLett.91.256801
http://dx.doi.org/10.1103/PhysRevLett.102.096807
http://dx.doi.org/10.1103/PhysRevLett.102.096807
http://dx.doi.org/10.1103/PhysRevLett.102.096807
http://dx.doi.org/10.1103/PhysRevLett.102.096807
http://dx.doi.org/10.1103/PhysRevB.83.100401
http://dx.doi.org/10.1103/PhysRevB.83.100401
http://dx.doi.org/10.1103/PhysRevB.83.100401
http://dx.doi.org/10.1103/PhysRevB.83.100401
http://dx.doi.org/10.1103/PhysRevB.73.134422
http://dx.doi.org/10.1103/PhysRevB.73.134422
http://dx.doi.org/10.1103/PhysRevB.73.134422
http://dx.doi.org/10.1103/PhysRevB.73.134422
http://dx.doi.org/10.1103/PhysRevB.86.184408
http://dx.doi.org/10.1103/PhysRevB.86.184408
http://dx.doi.org/10.1103/PhysRevB.86.184408
http://dx.doi.org/10.1103/PhysRevB.86.184408
http://dx.doi.org/10.1063/1.4819949
http://dx.doi.org/10.1063/1.4819949
http://dx.doi.org/10.1063/1.4819949
http://dx.doi.org/10.1063/1.4819949
http://dx.doi.org/10.1103/PhysRevB.13.2072
http://dx.doi.org/10.1103/PhysRevB.13.2072
http://dx.doi.org/10.1103/PhysRevB.13.2072
http://dx.doi.org/10.1103/PhysRevB.13.2072
http://dx.doi.org/10.1038/nmat3201
http://dx.doi.org/10.1038/nmat3201
http://dx.doi.org/10.1038/nmat3201
http://dx.doi.org/10.1038/nmat3201
http://dx.doi.org/10.1103/PhysRevLett.72.740
http://dx.doi.org/10.1103/PhysRevLett.72.740
http://dx.doi.org/10.1103/PhysRevLett.72.740
http://dx.doi.org/10.1103/PhysRevLett.72.740
http://dx.doi.org/10.1063/1.358117
http://dx.doi.org/10.1063/1.358117
http://dx.doi.org/10.1063/1.358117
http://dx.doi.org/10.1063/1.358117
http://dx.doi.org/10.1103/PhysRevB.54.15273
http://dx.doi.org/10.1103/PhysRevB.54.15273
http://dx.doi.org/10.1103/PhysRevB.54.15273
http://dx.doi.org/10.1103/PhysRevB.54.15273
http://dx.doi.org/10.1038/nmat1713
http://dx.doi.org/10.1038/nmat1713
http://dx.doi.org/10.1038/nmat1713
http://dx.doi.org/10.1038/nmat1713
http://dx.doi.org/10.1103/PhysRevLett.107.177201
http://dx.doi.org/10.1103/PhysRevLett.107.177201
http://dx.doi.org/10.1103/PhysRevLett.107.177201
http://dx.doi.org/10.1103/PhysRevLett.107.177201
http://dx.doi.org/10.1103/PhysRevLett.99.086602
http://dx.doi.org/10.1103/PhysRevLett.99.086602
http://dx.doi.org/10.1103/PhysRevLett.99.086602
http://dx.doi.org/10.1103/PhysRevLett.99.086602
http://dx.doi.org/10.1103/PhysRevLett.101.117208
http://dx.doi.org/10.1103/PhysRevLett.101.117208
http://dx.doi.org/10.1103/PhysRevLett.101.117208
http://dx.doi.org/10.1103/PhysRevLett.101.117208
http://dx.doi.org/10.1103/PhysRevB.90.054422
http://dx.doi.org/10.1103/PhysRevB.90.054422
http://dx.doi.org/10.1103/PhysRevB.90.054422
http://dx.doi.org/10.1103/PhysRevB.90.054422
http://dx.doi.org/10.1103/PhysRevLett.106.217207
http://dx.doi.org/10.1103/PhysRevLett.106.217207
http://dx.doi.org/10.1103/PhysRevLett.106.217207
http://dx.doi.org/10.1103/PhysRevLett.106.217207
http://dx.doi.org/10.1103/PhysRevB.90.016401
http://dx.doi.org/10.1103/PhysRevB.90.016401
http://dx.doi.org/10.1103/PhysRevB.90.016401
http://dx.doi.org/10.1103/PhysRevB.90.016401
http://dx.doi.org/10.1080/14786435.2012.676213
http://dx.doi.org/10.1080/14786435.2012.676213
http://dx.doi.org/10.1080/14786435.2012.676213
http://dx.doi.org/10.1080/14786435.2012.676213
http://dx.doi.org/10.1063/1.4855935
http://dx.doi.org/10.1063/1.4855935
http://dx.doi.org/10.1063/1.4855935
http://dx.doi.org/10.1063/1.4855935
http://dx.doi.org/10.1063/1.4914039
http://dx.doi.org/10.1063/1.4914039
http://dx.doi.org/10.1063/1.4914039
http://dx.doi.org/10.1063/1.4914039
http://dx.doi.org/10.1002/andp.18872670815
http://dx.doi.org/10.1002/andp.18872670815
http://dx.doi.org/10.1002/andp.18872670815
http://dx.doi.org/10.1002/andp.18872670815
http://dx.doi.org/10.1103/PhysRevB.66.024433
http://dx.doi.org/10.1103/PhysRevB.66.024433
http://dx.doi.org/10.1103/PhysRevB.66.024433
http://dx.doi.org/10.1103/PhysRevB.66.024433
http://dx.doi.org/10.1103/PhysRevLett.107.136605
http://dx.doi.org/10.1103/PhysRevLett.107.136605
http://dx.doi.org/10.1103/PhysRevLett.107.136605
http://dx.doi.org/10.1103/PhysRevLett.107.136605
http://dx.doi.org/10.1103/PhysRevB.72.134401
http://dx.doi.org/10.1103/PhysRevB.72.134401
http://dx.doi.org/10.1103/PhysRevB.72.134401
http://dx.doi.org/10.1103/PhysRevB.72.134401
http://dx.doi.org/10.1103/PhysRevLett.100.087204
http://dx.doi.org/10.1103/PhysRevLett.100.087204
http://dx.doi.org/10.1103/PhysRevLett.100.087204
http://dx.doi.org/10.1103/PhysRevLett.100.087204
http://dx.doi.org/10.1103/PhysRevB.88.104425
http://dx.doi.org/10.1103/PhysRevB.88.104425
http://dx.doi.org/10.1103/PhysRevB.88.104425
http://dx.doi.org/10.1103/PhysRevB.88.104425
http://dx.doi.org/10.1103/PhysRevB.87.085309
http://dx.doi.org/10.1103/PhysRevB.87.085309
http://dx.doi.org/10.1103/PhysRevB.87.085309
http://dx.doi.org/10.1103/PhysRevB.87.085309
http://dx.doi.org/10.1103/PhysRevB.87.220409
http://dx.doi.org/10.1103/PhysRevB.87.220409
http://dx.doi.org/10.1103/PhysRevB.87.220409
http://dx.doi.org/10.1103/PhysRevB.87.220409
http://dx.doi.org/10.1063/1.4874217
http://dx.doi.org/10.1063/1.4874217
http://dx.doi.org/10.1063/1.4874217
http://dx.doi.org/10.1063/1.4874217



