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Vortex lattice states occurring in noncentrosymmetric superconductors with a spin-orbit coupling of Rashba
type under a magnetic field parallel to the symmetry plane are examined by assuming the s-wave pairing case
and in an approach combining the quasiclassical theory with the Landau level expansion of the superconducting
order parameter. The resulting field-temperature phase diagrams include not only a discontinuous transition but
a continuous crossover between different vortex lattice structures, and, further, a critical end point of a structural
transition line is found at an intermediate field and a low temperature in the present approach. It is pointed out
that the strange field dependence of the vortex lattice structure is a consequence of that of its anisotropy stemming
from the Rashba spin-orbit coupling, and that the critical end point is related to the helical phase modulation
peculiar to these materials in the ideal Pauli-limited case. Furthermore, calculation results on the local density of

states detectable in STM experiments are also presented.
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I. INTRODUCTION

Motivated by the recent revival of spatially modulated
superconducting (SC) states induced by paramagnetic pair
breaking (PPB) [1-4], noncentrosymmetric superconductors
[5] in nonzero magnetic fields have been studied in recent
years as a novel type of system with a peculiar modulated
SC state. In noncentrosymmetric superconductors, the lack of
spatial inversion symmetry results in a splitting of the original
Fermi surface into two sheets and makes effects of PPB
anisotropic. Then, this anisotropic PPB effect tends to create
a helical modulation of the phase of the SC order parameter
just in a specific direction [2]. In particular, it is remarkable
that such a modulated state may be realized even in a small
enough magnetic field [2], in contrast to the conventional
Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) states [6], which
do not appear unless the applied magnetic field reaches a high
value of the order of the PPB field Hp at zero temperature.

In any type-II superconductors, however, when the applied
magnetic field is higher than the so-called lower critical field
H,,, the field-induced vortices enter the SC material, and, if the
PPB-induced helical direction is perpendicular to the applied
field, the induced phase modulation may be absorbed in a
nontrivial manner into a change of the vortex lattice pattern
of the SC order parameter. In fact, it has been pointed out
in the Ginzburg-Landau (GL) approach that, in the case of
noncentrosymmetric superconductors with an antisymmetric
spin-orbit coupling of Rashba type [7], any periodic phase
modulation perpendicular to the field is gauged away in the
order parameter solution so that the PPB-induced helical
modulation cannot be seen in bulk Rashba superconductors.
However, it is unclear whether any effect of the helical
modulation in the vortex-free limit does not occur even beyond
the GL theory.

In this paper, vortex lattice states in Rashba superconductors
which occur when the magnetic field is parallel to the basal
plane corresponding to the symmetry plane for the spatial
inversion are examined beyond the GL approach and by
combining the quasiclassical approach [8,9], which is widely
exploited in microscopic analysis of superconductors [10—12]
including that of multiband ones [13,14], with the Landau
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level (LL) expansion of the order parameter [15]. It has been
found in the previous GL approach [16,17] that the structural
symmetry of the vortex lattice in Rashba superconductors in
the in-plane field configuration dramatically changes as the
field increases through first-order transitions or continuous
crossovers. This is a consequence of the enhanced role of
the higher LLs induced by the PPB. It is difficult to describe
such a field-dependent structural change of the vortex lattice
in terms of the conventional method based on comparison
in energy among a couple of assumed lattice structures. On
the other hand, the LL expansion has been regarded as a
convenient tool in the GL approach which is not applicable
to lower temperatures and lower fields. However, the LL
expansion of the order parameter has been applied to the
quasiclassical (Eilenberger-Larkin-Ovchinnnikov) approach
to examine the diamagnetic properties [ 15] by incorporating an
approximation analogous to the so-called Pesch approximation
[18]. We have chosen to use this LL expansion method in the
quasiclassical approach [15] to address the low-temperature
vortex lattice states which cannot be examined in the GL
approach [17].

One of the main results in the present work is the presence
of a critical end point of a first-order structural transition of
the vortex lattice in the low-temperature and intermediate-
field regime which cannot be well described by the previous
GL approach [17]. We argue that the presence of this critical
end point is related to the helical phase modulation in the
vortex-free limit mentioned above and to the field-induced
compression of the vortex lattice structure due to the PPB.
Furthermore, as an electronic measure of the structure of the
vortex lattice at each field and temperature, we calculate the
local density of states (LDOS) in each vortex lattice.

The rest of this paper is organized as follows. In Sec. II,
the electronic model examined in the present work and the
content of our theoretical approach are explained. The obtained
phase diagrams and the vortex lattice structures are shown and
discussed in Sec. III together with the calculation results on the
LDOS. In Sec. IV, our results are summarized, and the details
of the quasiclassical analysis we have used are explained in
Appendices.
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II. MODEL AND THEORETICAL APPROACH

Following the previous work [16], we start from the
Hamiltonian with only an s-wave attractive interaction:

H= 7_(single + Hint» (1)
Hsingle = Z C;Tm,[EkGo +¢8k - 0lupCrp
k,o,B
+ [y dmmnBo e, @
off
gV 1
Hin = === > WiV, (3)

where ¢, is the annihilation operator of an electron with
momentum k and spin a(=1, ), c,(r) is that at position r,
the 0,,’s (u = 0,1,2,3) are the Pauli matrices, g is the coupling
constant, V is the volume of the system,

1 .
v, = v Z Ctotq2.a(—i02)apCliq/2,p 4)
k.o,

is the field operator of a spin-singlet s-wave Cooper pair
with the total momentum ¢q, Hgpnge is the noninteracting
term of the quasiparticle Hamiltonian, and Hj,, is the s-wave
pairing interaction term. Regarding the centrosymmetric term
of the quasiparticle dispersion &, we assume the quasi-two-
dimensional form

= L(/<2+1<2)+J(1 — cosk.d) )
&k = o K Ky cosk.d),
where m is the effective mass of a quasiparticle, and d is
the lattice constant in the c-axis direction. The antisymmetric
spin-orbit coupling (ASOC) of Rashba type is described by

kLXQ

glk) = P

(6)

where k| = k — k,Z is the two-dimensional wave vector, kg =
V/2mEFg, Ep is the bare Fermi energy, Z is the unit vector in
the direction of the broken inversion symmetry, and ¢ is the
strength of the ASOC. Throughout this paper, the xy plane is
the basal plane on the broken inversion symmetry, and J is
the interplane coupling constant. Then, the anisotropy of the
coherent lengths is given by

; )

where &, and &, are the in-plane and the out-of-plane coherent
length, respectively. The angle average over the Fermi surface
is defined as

w/d dk 2 d¢k
h(k = < —h(k 8
(h(k))Fs /_n/dZﬂ/dfo o (k) (®)
for an arbitrary function i (k), where ¢ = tan—! I;— .In addition,

s is the magnetic moment of the spin of a quasiparticle, and B
is the magnetic flux density. Although in model (1) the orbital
effect of a magnetic field is not incorporated, it can be readily
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FIG. 1. Fermi surfaces (FS1 and FS2) under an in-plane magnetic
field. The gray arrows indicate the direction of the spin fixed by the
spin-orbit coupling of Rashba type. Each surface shifts oppositely
from I' by 0. The vector Q, is defined by Eq. (20) and in
Appendix A.

included through the Peierls substitution:
k—k+eA, )

where —e is the electronic charge, and A is the vector potential
associated with B.

As in the previous works [2,16,17], we focus on the case
with such a realistically large ASOC that

Max(Te, us|Bl) < [¢] < EF, (10)

where T, is the transition temperature at zero field. The small-
ness of the ratio Max(T,, s | B|)/|¢| results in simplifying the
mean-field (BCS) Hamiltonian under which the Eilenberger
equations are constructed. Before constructing the mean-field
quasiparticle Hamiltonian, however, the quadratic term Hingle
has to be diagonalized. After diagonalization, we encounter
a quasiparticle Hamiltonian consisting of two independent
bands. In Fig. 1, the resulting Fermi surfaces are sketched.
On the other hand, this diagonalization induces pairing inter-
actions between the split two bands. However, these interband
interaction terms are relatively of O([Max(7.,u|B|)/¢]?) and
hence can be neglected.

Then, as explained in Appendix B, the corresponding
transformation of the Green’s functions leads to the Gor’kov
equations consisting only of intraband terms. As a result, we
obtain the following Eilenberger equations:

2{w, + (=) 8y - BY +ive - M f, = —2iw, Aga,
(11)

R2{w, + i(= 1) w8y - BY +ivp - W f, = —2iwiA*g,,
(12)

8a=—\1+ fufa (Regs <O0). 13)

The indices a (=1,2) specify the two split bands. Furthermore,
8a> fa» and f, are the normal and anomalous quasiclassical
Green'’s functions, v is the Fermi velocity on each FS which
has the same value for both FSs up to the lowest order in
¢/Egp and J/Eg (see Refs. [19,20] and also Appendix E in the
present work),

wa = (=1 expli(—=1)" ]
= (=DilkL | ke + i(=1)k,] (14)
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is a pairing function associated with the two bands occurring
after the diagonalization,

M= —iV + 2eA,
" = iV +2eA, (15)

and w, (> 0) is the fermion Matsubara frequency. This
set of equations is equivalent to that used in previous
works [19,21,22] except for the inclusion of the Zeeman effect.
Note that the two bands split by the ASOC are coupled with
each other only through the shared order parameter A due to
the condition ¢ > T..

Next, to solve Eqgs. (11) and (12), we assume the type-II
limit hereafter so that B = H, where H is the applied field
along the y axis. In addition, following Adachi et al. [15],
the Landau level (LL) expansion of A is used in the
quasiclassical approach. This is because the conventional
treatment based on comparison in the free energy among a
couple of assumed structures is not fruitful in the present issue
where field-dependent and continuous changes of the vortex
lattice structure are expected to occur [16,17]. Nevertheless,
it is difficult to find an exact solution of Egs. (11) and (12)
based on the LL expansion method, and hence, we adopt an
approximation [15] underestimating spatial variations of |A|?
to be included in the normal Green’s function g, corresponding
to an analog of the Pesch approximation [18]. The result
following from this approximation, dubbed the “approximate
solution” in Ref. [15], was argued there to be valid not
only near the H,, line but also in the low-field region as
long as thermodynamic quantities are considered [23]. Since
the central part of our present work is to find the vortex
lattice structure with the lowest free energy at each field
and temperature, this approximated method can be used to
determine the lattice shape to be realized over wide field
and temperature ranges in the phase diagram. Nevertheless,
one should keep in mind that, for the purpose of resolving a
fine spatial structure, e.g., a single vortex core structure, this
approximation gets less precise at lower fields [15].

Then, Egs. (11) and (12) are rewritten as

Ja = 84D, f_azgaci)aa 8a =_1/V1_q)a(i)a, (16)
where

O, = —2iwa[2{w, + (1) 8y - HY +ivp - A,

@, = _Zin[z{O)n + i(—l)a+lusgk -H}+ivg- H*]_IA*,
17
The order parameter A can be expanded in terms of LLs:
N
where
Yn(r) = e‘Qr\/; Z e—iﬂkmzeiz71vy‘/2z/rﬁ
meZ
X \IJN()/*I/Zx/I’H —mv) (19)

is the Nth LL (N > 0) when the Landau gauge A = —HxZ
is chosen. Here, ry = 1/+/2eH is the magnetic length which
characterizes the spacing between two vortices.
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The wave vector of the helical phase @ is nonvanishing as
far as 8 N is finite. Throughout the present work, @ is fixed to
26N Q, where

usH
= £
Ur

Qo

(20)

is the shift of the Fermi surfaces (see Fig. 1 and Appendix A),
and the deviation of the true Q from 25N Q is assumed to
be compensated by incorporating as many LLs as possible.
It is originally known that the identification Q = 26N Q) is
safely valid near H.»(T) at high temperatures [2,16] where
the higher gradients may be neglected. In the GL approach in
Ref. [17], the validity of this identification has been tested in
the simplest s-wave pairing case by comparing with the exact
result obtained by determining the @ value minimizing the
free energy at each magnetic field, and the simplified treatment
based on the identification @ = 256N Q has been shown not
to affect the phase diagram even quantitatively (see Fig. 3 and
its related discussions in Ref. [17]).

The function Wy is expressed by the Nth Hermite polyno-
mial Hy as follows:

21

Parameters v and A, which represent the lattice shape, are
defined as in Fig. 2. Due to this expansion, the function @,
can be described as the linear algebraic expression:

D, = —2iwg Y YuMiyydy. (22)

M,N

and @, can be calculated from the relation
Py (k) = . (—k)*, (23)

which can be proved with the symmetry relations presented in
Appendix D. The matrix M¢, is defined as follows:

oo
Mo =/ dpeConp P12
0

x o/ Q20 kil g (ig* ) (24)

C mmmmmm--

FIG. 2. Definition of the parameters v and A, which represents
the shape of the vortex lattice. Here, a, and a, are principal lattice
vectors of the lattice.
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which is remarkably independent of the lattice shape, where

172

1/2 PR
g YR Ty TURy 25)
,/Zr%,
min(M,N) \/W
_ v M—l,_ _x\N—I
Lun(@= ) G —pn @ 2o

=0

The derivation of Eq. (22) is shown in Appendix G.

Since the shape of the vortex lattice to be realized is
determined through minimization of the free energy per unit
volume, we need an expression of the free energy represented
by the quasiclassical Green’s functions. According to the
theory of Eilenberger [8], the free energy F is calculated
through the variational principle in the form

T 1+ (—1)6N
_ 3 2
F_N[dr N lni—i—erTE: > ——

w,>0a=1,2

y <<|A|2 B iweA f, +iA*w;‘fa>> ’ 27
Wy 8a — 1 FS
where T is the temperature,
Ni + N

N = ﬁ’ (28)

2

N, — N
5N = ;<o<i>, 29)

N+ No\  Er

and N, is the normal DOS on the ath FS. More details on the
derivation of Eq. (27) are given in Appendix F.

To make the optimization feasible, the LLs are transformed
into the linear combinations of the LLs by diagonalizing
the quadratic term, F,, of the free energy with respect to
the order parameter A. Using the parameter integral A~! =
fooo dpexp(—pA), the quadratic term F;, is easily obtained
from Eq. (27) and becomes

Z_NEd Sm,n 1 +/ dpf(p)y9
_— = n_
v M| OM.N T, A PIP)) oM N

M,N

1+ (—=1)4N s o
= Y (PP Ly (i)

w olr Q-2 i Hlpy ”d,v, (30)

which coincides with the expression obtained in the previous
study [17], where

2n T
sinhr Tp)

The matrix to be diagonalized is the expression between the
square brackets in Eq. (30), and the resulting modes are the
linear combinations of the LLs. If the modes resulting from
the diagonalization are separated in energy from one another,
we only have to select just the mode with the lowest energy to
obtain the vortex lattice structure in equilibrium, because an
energy difference between lattice structures is usually much

fp) = 31)
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smaller [24]. Thus, we have three variational parameters: v, A,
and the amplitude of the relevant mode.

After the diagonalization, the H,, line is determined, as
usual, as the line in the H-T phase diagram on which the
eigenvalue of the lowest energy mode changes its sign upon
cooling. As already noted elsewhere [16,17], the transition at
the H.(T) line defined in the mean-field approximation is,
in contrast to that in the centrosymmetric case [1], of second
order irrespective of the temperature and the strength of the
PPB effect. Indeed, we have confirmed that the quartic term in
F with respect to A is positive for the mode with the lowest
eigenvalue even in the high-field and low-temperature region
when § N = 0, where the suppression of the Zeeman effect due
to the ASOC is the weakest.

Furthermore, as a physical quantity testable in STM
experiments and reflecting the vortex lattice structures, we
have considered the LDOS. To obtain this quantity, the analytic
continuation, iw, — E +in is performed, where n is an
infinitesimal and positive. In the present formalism, this is
equivalent to the replacement iw, — E + inin M¢,,,, which
leads instantly to the retarded quasiclassical Green’s function
gR. Then, we have

N(r;E)=—N Z[l + (—1)*SNIRe(gR(r; k. E))g  (32)

as the LDOS (see Appendix H). In this case, note that the
relation between the retarded versions of ®, and ®, is given
not by Eq. (23) but by

&, (k,E) = &, (—k, — E)*. (33)

III. RESULTS

In this section, our calculation results on the phase diagram
are shown and explained. In all of our calculation results
presented in this paper, we have commonly used the parameter
values J/Ep = 0.1, H2®/Hp(cx ps) = 2.0, and d = 7/kp,
which are the same values as those in Fig. 3 in Ref. [17],
where Hozr]g (= 0.56(;50/27155) and Hp (=1.25T./uy) are the
orbital pair breaking field in 2D systems and the paramagnetic
pair breaking field at zero temperature, respectively, ¢g = /e
is the flux quantum, and &y = vr /27 T, is the coherent length

in the directions parallel to the basal plane.

A. N = 0 case

In this subsection, the resulting phase diagram in the
limiting case with §N = 0 is explained. According to the
inequality (10), this case corresponds to the limit of a large
bandwidth.

First, the number of the LLs to be incorporated in our
calculation should be determined. As more LLs are included,
the resulting H,, value at each temperature becomes higher.
In Fig. 3, such an example of the dependence of H,»(T) on the
number of the incorporated LLs is presented, where 7, is the
index of the highest LL incorporated. Ideally, the saturation of
H,, value should be reached by a finite value of n,,. Based
on the ny,,x dependence of the H,,(T') curve obtained in Fig. 3,
we have kept just the lowest eight LLs to determine the vortex
lattice structure, as in Ref. [17].
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FIG. 3. (Color online) Dependence of the H, curve on the
number of LLs incorporated in the calculation in the §N = O case,
where 7, is the index of the highest LL incorporated.

Next, the details of the mode splittings resulting from
the diagonalization in F, are explained. In Fig. 4, the field
dependencies of the eigenvalues of the diagonalized modes are
shown at a low temperature. In this 6N = 0 case, the lowest
two modes are found to be nearly degenerate for H > 0.4 H2D.
Thus, the free energies resulting from the two modes have
been calculated individually and compared with each other to
determine the vortex lattice structure in equilibrium.

The resulting phase diagram is shown in Fig. 5, in which
there are three phases (I-11I) separated by first-order structural
transitions (FOSTs). The structure in phases I and II may be
regarded as a stretched triangular lattice. On the other hand,
a crossover from a one-dimensional-like structure, in which a
vortex layer and a nodal line are alternating, to a honeycomb-
like vortex lattice occurs in phase III. In the former (low-field)
structure of phase III, the alternation occurs along the x axis,
namely, the direction of the shift of the Fermi surfaces.

The most remarkable character seen commonly in these
vortex states is the lattice compression parallel to the x axis
occurring with the field increasing. This is a consequence of
the shift of Fermi surfaces caused by the in-plane applied field
due to the interplay between the ASOC and the PPB effect.
Without PPB, no such field-induced anisotropy arises. To avoid
any confusion, the length scales in the x and z directions
are measured in units of ryzy'/? and ryy /2, respectively,
hereafter. Reflecting the above-mentioned shift of the Fermi
surfaces, the system favors the periodicity proportional to

0.8

eigen value
=
[oe]

2.4 | | |
0 0.4 0.8 1.2
H/HZR

FIG. 4. (Color online) Field dependence of eigenvalues of the
modes obtained by diagonalizing F, at T = 0.17, when 6N = 0.
The modes with the lowest two eigenvalues (the red and blue lines)
are nearly degenerate for H > 0.4HZ2P with each other and cross at
H=048HZ

orb*

F
) 4 1.2
2 0.8
0
2 0.4
-4
42024

FIG. 5. (Color online) Resulting phase diagram and vortex lattice
states appearing when 8 N = 0. The first-order structural transition
(FOST) points are numerically determined, and the line connecting
between them is a guide to the eye. Phases I and II are stretched
triangular lattice phases. Phase III is a modulated triangular lattice
phase. (B) shows that the modulation is along the direction of the shift
of the Fermi surfaces. The figures (C), (E), and (F) indicate that the
lattice is compressed along the x axis with increasing field. In (A),
the spatial modulation in the region surrounded by the broken white
circle does not imply the presence of an additional vortex there. Here,
Ay is the magnitude of the order parameter at each temperature in the
absence of magnetic fields.

1/(Qory) o< 1/H'/? along the x axis inreal space. On the other
hand, since, due to the flux quantization, the area of the unit cell
of the vortex lattice (in the above-mentioned units) is kept con-
stant, the lattice spacing parallel to the z axis is expanded with
the field increasing. In this manner, the field-induced lattice
compression in the x direction is explained (see also Fig. 6).
This field-induced compression parallel to the x axis tends
to induce FOSTs between different vortex lattice symmetries
in different ways. In general, a compression in one direction
merely enhances the anisotropy of the lattice, and a super-
fluous compression accompanied by no change of the lattice
symmetry would lead to some energy cost. Then, a FOST to a
more isotropic lattice state may occur. When a couple of lattice
symmetries are competitive in energy to each other, however, it
is possible for a FOST to occur between the two states without
releasing the anisotropy. In the present s N = 0 case, the FOST
of the latter type seems to be realized between the I and II
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FIG. 6. (Color online) Field dependence of v, which is the lattice
spacing along the x axis (see Fig. 2), of the lattice in phase I of
Fig. 5. Note that v is almost proportional to 1/+/H for H > 0.3H2
at T = 0.3T,.

phases in the low-field regime where the vortex lattice solution
is formed in terms of only the LLs with even indices. On the
other hand, in higher fields, the vortex lattice consisting only
of the LLs with odd indices is favored because of enhanced
roles of the PPB in higher fields. The above-mentioned release
of the anisotropy is realized through the FOST between I and
III phases together with this switching in the description of the
order parameter from the even to odd LLs.

On the other hand, at a glance, one might wonder why no
FOST occurs between the structures (A) and (B) if noting the
appearance in (A) of an additional modulation of the order pa-
rameter amplitude indicated by the broken white circle. How-
ever, this modulation suggesting a node of the order parameter
is not accompanied by any nonvanishing winding number and
thus is not a genuine vortex but just a modulated structure
with a low but nonvanishing amplitude of the order parameter.
Hence, the structure change between (A) and (B) can occur
gradually and continuously to compensate the anisotropy of
the vortex lattice as the field increases, which leads to the
continuous crossover between them rather than a FOST.

As mentioned above, the appearance of the vortex lattice
consisting only of odd LLs in higher fields stems from the
PPB effect, and consequently, the resulting vortex lattices
in higher fields are mostly occupied by the spatial regions
in which the order parameter amplitude |A| nearly vanishes.
To correctly describe such vortex lattices with PPB-induced
additional modulations on the length scales of the magnetic
length ry = +/¢o/(2w H), the nonlocality needs to be taken
into account properly in the terms distinguishing different
lattice structures in the free energy. In the previous works based
on the GL free energy kept up to the quartic order in the order
parameter A, the quartic term has been assumed in a spatially
local form. In describing details of the lattice structure, this
local form is insufficient particularly in higher fields where the
PPB effect is not negligible. In fact, the resulting structures
in the phase III are different from those in the previous GL
approach. On the other hand, the field-induced transition from
a triangular structure to another one, namely, from I to II in
Fig. 5, is qualitatively similar to the previous one [16,17].

B. 6N = 0.1 case

Next, we turn to a more realistic case with a nonvanishing
8N or a finite bandwidth. The choice of the value §N = 0.1
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1.2 =— ‘ ‘
77\ - Nax = -
i U Nax = 9 1
0.8 - nmaXi7 B
) Dinax =5
a8 12 - ‘ |
L 06 - |
= 04 L 112 - ]
0 L \”‘ 7
104 6002 008
0 ‘ | | ‘
0 0.2 0.4 06 " |
T/T,

FIG. 7. (Color online) Dependence of the H, curve on the
number of LLs incorporated in calculation when 6N = 0.1. As in
the § N = 0 case, we have assumed n,,x = 7.

seems to be reasonable if one images the materials including
CePt3Si [25] as the corresponding model systems.

As in the 6 N = 0O case, the phase diagram is examined by
including the lowest eight LLs (see Fig. 7). In this case, the
even and odd LLs are mixed in every mode resulting from
the diagonalization. Furthermore, as seen in Fig. 8, there is no
competition between the modes, and we have a well-defined
mode with the lowest energy eigenvalue. Thus, we only have
to focus on this mode to determine the vortex lattice structure
at each field and temperature based on the free energy (27).

Figure 9 shows the resultant phase diagram and vortex
states. There, the phase I and II are stretched triangular lattice
phases, while a rectangular lattice is stable in the phase III.
The phase IV is characterized by a modulated triangular
lattice structure. The most remarkable difference of this phase
diagram from Fig. 5 in the N = O case is the emergence of a
critical end point of the FOST line between phases I and II.

First, to elucidate the effect of finite § NV, as in the former
6N = 0 case, the relation between the lattice spacing along the
x axis and the applied field has been plotted. It is remarkable
in Fig. 10 that, although the spacing in the x direction,
broadly speaking, shrinks with the field increasing reflecting
the compression induced by the ASOC, an upturn appears in
its field dependence. This seems to result from the appearance
of another periodicity caused by the emergence of the helical
phase in the vortex-free case [2]. The wave vector Q of the
helical phase is known to be proportional to §N (see the

0.8

eigen value
.
IS
oo
\
!

2.4 | | |
0 0.4 0.8 1.2
H/HZR

FIG. 8. (Color online) Field dependence of the eigenvalues of the
modes obtained by diagonalizing F, at T = 0.17, when éN = 0.1.
The mode with the lowest eigenvalue (red line) is dominant at any
field.
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FIG. 9. (Color online) Phase diagram and vortex lattice states
when § N = 0.1. The first-order structural transition (FOST) points
are numerically determined, and the line connecting between them
is a guide to the eye. Phases I and II are stretched triangular lattice
phases, while phase III is a rectangular lattice one. Furthermore,
phase IV is a modulated triangular lattice phase. Figure (A) shows
that the modulation develops along the direction of the shift of the
Fermi surfaces with the field increasing. (D), (E), and (F) can be
continuously transformed to one another circumventing the critical
end point (CEP).

description below Eq. (19) or Refs. [2,17]), and thus, it is
natural to expect that the effect of O becomes larger as § N
increases. In general, the magnitude of Q is not commensurate
with that of Qy, and hence, the role of Q can interfere with
that of Qg, which is thought to lead to the upturn.
Furthermore, the emergence of the critical end point of the
low-field FOST seems to be closely related to the upturn in
Fig. 10. It is found in our calculation that, in the parameter (v,
A) space, where v and X are defined in Fig. 2 as parameters
characterizing the vortex lattice unit cell, phases I and II
correspond to two neighboring valleys to each other. In the
previous SN = 0 case, these two valleys move to the same
direction in the parameter space as the field, and hence Q,,
increases, and consequently, they do not merge with each other.
On the other hand, in the present case, the effect of the nonzero
Qo is weakened by the presence of the finite Q in particular
at lower temperatures, and hence, the structure in phase II,
which is more strongly compressed in the x direction than that
in the phase I, starts to return to a more stretched structure

PHYSICAL REVIEW B 92, 144504 (2015)
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FIG. 10. (Color online) Field dependence of v, the lattice spacing
parallel to the x axis, of the states in phase II of Fig. 9. The upturn of
the width for 0.4H® < H < 0.5H2) means that the field-induced
compression parallel to the x axis is weakened in higher fields. As

for the definition of v, see Fig. 2.

at a § N-dependent value of the applied field. Therefore, the
above-mentioned two valleys tend to merge with each other,
resulting in the disappearance of the low-field FOST between
the I and II phases and thus in the critical end point. In fact,
the change of the lattice structure in Fig. 9 from (E) to (D)
and then to (F) can be naturally understood as being due to the
field-induced compression in the x direction and stretch in the
z direction.

In the higher-field region where the anisotropic triangular
lattice is destabilized, the resulting structure (C) has the
rectangular symmetry. Interestingly, this phase III with the
rectangular symmetry is wide, and, with no transition,
the nodelike region with extremely small |A| becomes wider
as the field grows. This increase of the spatial modulation of
|A| in the phase III is a consequence of the roles of the odd LLs
due to the enhancement of the PPB effect in the higher-field
region. Furthermore, at the high-field end, we have the narrow
phase IV with highly anisotropic and modulating structures.

C. Calculation of LDOS

As available results for comparison with real experiments
to be performed in future, the LDOS of vortex lattices have
been examined, and their examples are shown in Fig. 11. The
smearing factor 7 is fixed at the value where the 1 dependence
of the spectrum of the LDOS is moderate.

In the low-field region, there is a double peak structure
with a narrow splitting around E = 0 in the vortex core, and
as the field increases, the splitting of the peaks grows wider.
This splitting seems to stem from the Zeeman effect [26],
because its width is nearly equal to the double of u;H [=
O.4(H/H02£)271 T, in the present cases].

Although the peaks are split due to the Zeeman effect, the
spatial dependence of the LDOS at E = 0 reflects that of |A|
directly. Thus, observation of these peaks around the vortex
cores in STM experiments would lead to the verification of the
compressing effect due to the finite Qg (i.e., the shift of the
split Fermi surfaces induced by the interplay between the PPB
effect and the ASOC).

We should comment, however, on the smearing factor 1. In
the present approach, the value of /27 T, is of O(10~") and
is much larger than that in the methods used in such papers as
Refs. [10] and [11], where /27 T, = 0(1073). Therefore, the
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FIG. 11. (Color online) Panels (a) and (b) are the images of the
local density of states (LDOS) at the excitation energy E = 0 of the
states (F) and (D), respectively, in Fig. 9. The smearing factor n here
is set at 0.1 and 0.15, respectively, in units of 27 7,.. Panels (c) and
(d) are the graphs of the energy dependence of the LDOS at the
vortex center of the same state as in (a) and (b), respectively, with
different smearing factors 5. In (c), the spectrum is stable around
n/2x T, = 0.1 and has slightly split peaks. In (d), the spectrum is
stable around n/27 T, = 0.15 and has widely split peaks.

results here are highly smeared, and the detailed information on
the electronic structure may be lost. Nevertheless, we believe
that the essential structure is captured because there is a good
correspondence between the vortex core and the peak of the
LDOS.

We may be able to overcome this difficulty within the
present framework, where the Eilenberger equation and the
Landau level expansion are combined, by calculating the “full
solution,” which is introduced in Ref. [15]. As is mentioned in
Sec. I, the validity of the approximate solution is not ensured
in computing quantities related to the fine spatial structure of
the system, which might result in the large . We can get over
this point by examining the full solution, where the Fourier
transform of the normal quasiclassical Green’s function is
employed instead of the approximation analogous to that used
by Pesch [18]. Development of the method to calculate the
LDOS in this direction may be done in future works.

IV. SUMMARY

In this paper, possible vortex lattices in Rashba noncen-
trosymmetric superconductors under magnetic fields parallel
to the basal plane have been studied based on the quasiclassical

PHYSICAL REVIEW B 92, 144504 (2015)

approach, and the obtained results have been compared with
those in the previous GL approach [16,17] neglecting the
nonlocality [1] in the quartic term of the GL free energy.

We have found that the overall field dependence of the
vortex lattice structure in the realistic N # 0 case remains
unchanged even in the quasiclassical approach: The lattice
structure is hexagonal in lower fields, while it is rectangular in
higher fields.

However, we have also noticed that the details of the field
dependence of the lattice structure are significantly changed.
First of all, the lattice structure at the high-field end is
significantly changed compared with the corresponding GL
result because of our proper treatment of the nonlocality
of the quartic term in the free energy with respect to the
superconducting order parameter. The need for such treatment
comes from the strong PPB effect. Due to this effect, higher
LLs, the effect of which is known to make the lattice structure
complicated in the context of centrosymmetric superconduc-
tors [27], play a more important role in the higher-field region.
Meanwhile, their spatial variation is more intense than that of
the lowest LL. Therefore, the nonlocality has to be dealt with
appropriately in such region. Second, we have found a critical
end point of a first-order structural transition line at a low
temperature and an intermediate field, where the previous GL
approach [16,17] did not give any reliable result. Furthermore,
its appearance has been argued to be a reflection of the helical
phase modulation [2] which can be directly seen only in the
vortex free limit.

Moreover, in the present work, we have been able to
clarify that the origin of the complex field-dependent structural
changes of the vortex lattice consists in the anisotropic
compression of the lattice occurring as a consequence of the
relative shift of the two Fermi surfaces due to the interplay
between the PPB and the lack of the inversion symmetry.
In addition, we have also examined the LDOS in such
vortex lattice structures. We hope that, through some STM
experiments, the strange field dependencies of the vortex
lattice structure would be verified by measuring the LDOS
in Rashba superconductors.
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APPENDIX A: DIAGONALIZATION OF Hingie

For convenience, we define here again the noninteracting
part of the Hamiltonian Hgjngle and its concomitant quantities:

Hsingle = Z Clta [8k0() + 88k a]a,ﬁckﬂ
k.o,

4 / &r Y B - oupesr), (A1)
af

where ¢y, is the annihilation operator of an electron with
momentum k and spin o (=1, |), c,(r) is the counterpart
at the position r in the real space, and the 0,,’s (u = 0,1,2,3)
are the Pauli matrices. As to the centrosymmetric part of the
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quasiparticle dispersion &, the quasi-two-dimensional form is
assumed:

1

ek = — (kI +k7) + J(1 — cosk.d), (A2)
2m )

where m is the effective mass of a quasiparticle, and d is the

lattice constant in the c-axis direction;
k 1 X Z
kg

is the (g) vector expressing the antisymmetric spin-orbit
coupling (ASOC) of Rashba type, k; = k — k2 is the two-
dimensional wave vector, kg = +/2m Ef, Er is the bare Fermi
energy, Z is the unit vector in the direction of the broken
inversion symmetry, and ¢ is the strength of the ASOC.
Throughout this paper, the xy plane is the basal plane for the
broken inversion symmetry, and J is the interplane coupling
constant. In addition, w is the magnetic moment of the spin
of a quasiparticle, and B is the magnetic flux density.

In the absence of magnetic fields, Hginge can be diagonal-
ized by using the matrix

g(k) = (A3)

00 + i(cos ¢roy + sin ¢ros)

Uk) = (A4)
V2
(¢ =tan™! ]]z—‘) namely, by introducing the new field operator
Cak = Usa(K)Ca. (AS)
Then, Hingle With B = 0 becomes
Hangle = Y _ (e C1k + kg ok}, (A6)
k
where
gak = ek + (=1 gkl (A7)

In the presence of a homogeneous magnetic field H, the
existence of the Zeeman energy term does not permit the
precise diagonalization by using U (k). Nevertheless, if the
temperature T and the magnitude of the Zeeman energy p, H
are sufficiently small compared to the strength of the ASOC
¢, the interband mixing caused by the Zeeman term can be
quantitatively neglected, so that Hngle Simply becomes

Hsingle = Z{(glk + ,u/xgk ’ H)E]lLkélk
k

+ (e — 1By - H)E ), (A8)

in which the momentum Q) giving the shift between the two
Fermi surfaces is given by

usH
Q==

x (A9)
J

UF
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because

. wusH
ws8y - H ~ —vp - —

x (A10)
%3

is satisfied near the Fermi surface, where vg is the Fermi

velocity.

APPENDIX B: DERIVATION OF
THE EILENBERGER EQUATION

Throughout the present paper, we use the mean-field
approximation

\% N \4
H = Hnge = o Y (8g Vg +WjAg) + . D IA, P B
q q

for the Hamiltonian H, where g (> 0) is the coupling constant,
V is the volume of the system, and

1 .
v, = v Z Cktqr2.a(—102)apChiq)2.p (B2)

k.a,p

is the field operator of a spin-singlet s-wave Cooper pair with

the total momentum ¢ . The component A, with the momentum

q of the order parameter A(r) is given by
8

Aq = __(\Ijq>eqv

5 (B3)

where A(r) = Zq e A4. Here, (X)eq is the grand canonical
ensemble average of an arbitrary operator X under the
Hamiltonian H.

As usual, the Gor’kov Green'’s functions are defined as

Gaﬁ(rl’rZ; T — tZ) = T-,;Ca(rl,fz)éﬂ(rz,l'z) eq»

—( )

Gop(r1,r2;71 — 1) = —(TeCo(r1,11)cp(r2, 7)) eq,

Faﬂ(rl’rZ; T —T) = —(T-,;Ca(rl,Tl)Cﬁ(rz,Tz))eq,
—{ ) (B4)

Fop(ri,r2; 71 — 1) = —(TeCo(r1,71)C8(r2,2)) e

where T denotes the imaginary time ordering operation, and

co(T) = e(H—,uN)rcae—(H—u./\/')r ,

Co(1) = M1\t ch o= (HmptNe, (B3)
Here, u is the chemical Potentigl, a}ndJ\/' =D e c,tacka is the
particle number. By taking derivatives of the Gor’kov Green’s
functions with respect to the imaginary time, the following
left- and right-sided Gor’kov equations are obtained:

05, Gop(r1,r2;71 — ) = 8 (r1 — r2)8(11 — T2)dep + Z[E( —iVi+eA(r1) + us0 - Briley G,p(ri,r2; 11 — )

14

- Z Ay (r)Fpp(rirym — n),
Y

35, Gop(r1,r2; 71 — 1) = 83 (11 — r2)8(T1 — T2)dup — Z[E(ivl + eA(ry)) + pyo - B(rl)]zyéyﬁ(rl,rz; T — 1)

Y

— Z Aly(rl)Fyﬂ(rl,rZ;Tl — ),
¥
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=0 Fop(ri,r2;11 — 1) = Z[S( — iV +eA(ry) + uso - Brlay, Fyp(ri,ra; 11 — 1) — Z Aoy (r)Gop(ri,r; 1 — 1),

¥ ¥
—0r, Fop(rirai i — 1) = — Y _[EGV1 + eA(r1) + 1,0 - By, Fpp(riram — ) — Y AL (r)Gyp(ri.raim — 1)
¥ ¥
(B6)
and
0, Gap(ri.ra: i — 1) = 83(r1 — 1)8(t1 — ©)8ap + Y Gy (r1.r2: 71 — LIE(— iV + eA(r2) + 1,0 - B(ry)lyp
¥
=) Fay(rirgit — Tz)Aj,ﬁ("z),
¥
30, Gop(r1,r2; 11 — 1) = 8°(r1 — r)8(ty — 12)80p — Z Gay(ri,r2; 1 — )EGV2 + eA(r2)) + p,0 - B("z)];g
¥
- Z Foy(ri,r2; 11 — 1)A,4(r2),
¥
O, Fop(rira; i — ) = — 3 Fop (r1,r23 71 — 0)[EG V2 + €A(r2) + 1450 - By — Y Goy (1,125 11 — 1) A (r2),
1 ¥
3, Fyp(ririti—m) =Y F Ty — —iV, +eA B NG 11— )A]
o Fap(r1,r2; 11 — 1) = Z ay (1,725 71 — ©)E(=iV2 + eA(r2)) + us0 - B(ra)lyp Z ay(F1,r23 11 — )A 4(r2),
¥ ¥
B7)
where —e is the electronic charge, A is the vector potential associated with B,
Agp(r) = (—i02)op A1), (B8)
and
§(k) = (ex — oo + 8k - 0. (B9)
Hereafter, we define the operation of V to an arbitrary function A(r) from the right side as
h(r)V = —Vh(r). (B10)
The Wigner representation of the Green’s functions is
e ‘
Xop(rik,w,) = /d3r’e”k" / dte' ™ Xog(r +1'/2,r —1'/2;7) (B11)
0

for X = G,G,F,F. By Fourier-transforming Eqs. (B6) and (B7) and neglecting the higher-order terms with respect to 1/ kg&,
and 1/kgp&, (&, and &, are the coherent lengths in the x and z directions), the left- and right-sided Gor’kov equations in the Wigner
representation become

v

G'¢6=G66""=1 (B12)

in the matrix form, where

TN _ G(r;k’a)n) F(r;kya)n)
Glrikon) = (—F_(r;k,wn) —G(r;k,wn))’ (B13)
‘4 iw,00 — [E(k) + v(k) - TT/2 + uyo - B(r)] ioy A(r)
G '(r;k,w,) =
T —ioy A*(r) —iwy00 — [ET(—k) + vT(—k) - T*/2 + pea ™ - B(r)])’
(B14)
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and 1 isthe 4 x 4 identity matrix. Here,

II=-iV 4 2eA,

(B15)
M* = iV +2¢A,
X X o
X =" N) X =G,G,F,F), B16
<XH Xy ( ) B16)
and
v(k) = Vi&(k). (B17)

The subtraction of the two equations in Eq. (B12) leads to the
following equation

[G~L,Gl=0. (B18)

To obtain Gor’kov equations in a more useful form, the
transformation with the matrix

- U (k) 0

is considered, namely, the Green’s functions and its inverse
operator in the transformed new representation are defined as

G =Umk)GU (k) (B20)
|

(B19)

S=1 . —
Gu (r» kvwn) - ( _w:;A*(r)

Here,

Ea = Eak — M, (B26)

i(—1)" , (B27)

w, = (=1D)%e
and
vy (k)

v U2\ vy (k)
=Uk
(v21 vz) ( )<vw(k) vy (k)
In this representation, we define the quasiclassical Green’s
functions on each FS as follows:

)U'f(k). (B28)

d

gu(rik,w,) = f Efl Gu(r; k,w,), (B29)
i
o dt, -
ga(r;k»a)n) = f ; Ga(r;kswn)v (B3O)
i
7 d‘i:a
fa(r;kya)n) = % - Fa(r;kaa)n)v (B31)
i
. dE, -
fa(r;k»a)n) = ‘¢\ B Fa(r;k,a)n), (B32)
i
and their matrix form as
5 8a Ja
= = ). B33
8a <—fa _ga> (B33)

Here, the complex integration § represents the average of the
two contour integrals along the paths 1 and 2 illustrated in
Fig. 12. The integration of Eq. (B23) with respect to &, leads

iw, — [Ea +va - T2+ (=D w8y - B(r)]

PHYSICAL REVIEW B 92, 144504 (2015)

and
G ' =UmG U k), (B21)
and further, we put
G, Gia F Fip
¢'= —G?l —GF_jz —Fgl —%12 ®22)
- -F -Gy -G

Suppose here that the length scales on any inhomogeneity are
sufficiently longer than kg ! Then, X, and X, are interpreted
as the intraband Green’s functions of the bands 1 and 2 at
r, while X, and X»; are interpreted as the interband ones
(X = G,G,F,F). Here, we neglect the off-diagonal elements
by assuming that 7, the critical temperature at zero field, and
ws H, the magnitude of the Zeeman energy, are much smaller
than ¢, the strength of the ASOC (see the main text). Then,
Eq. (B18) becomes

[G,'.G.] =0, (B23)
where
> G, F,
Gu == (_Fa —Ga> (B24)
and
weA(r)
; N # N . (B25
_lwn_[sa_va'n /2_(_1) +1/-’Lsgk'B(r)]> ( )
[
to the Eilenberger equation:
(G ik, 8a] =0, (B34)

where kg, is the Fermi wave vector of the ath band, and we
also use the fact that every Green’s function has a sharp peak
with the width |A| around &, = 0.

APPENDIX C: CONDITIONS ON g,

Because of the subtraction which leads to Eq. (B18),
some information is lost. Actually, we cannot determine
the quasiclassical Green’s functions uniquely based only on
Eq. (B34). This information, however, can be recovered with
the following two conditions:

sgnRe g, = —sgnw,, (C1)

FIG. 12. Two paths of the complex integration ¢.
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where 1 is the 2 x 2 identity matrix. In this section, we derive
these conditions based on some assumptions.

According to the Eilenberger equation (B34), we have the
relations

Vre - V(g4 — Za) = 0, (C2)
— 2
vFa-V{(g“;g“) —faﬂ} =0, (C3)

where vr, = Vg, -

In the spatially homogeneous case, the solutions of the
Gor’kov equations in Egs. (B6) or in Egs. (B7) lead to the
quasiclassical Green’s functions

Wy
8a =8 = ——F————, (C4)
2 + |wyAl?
A _ A)*
fa = _.L’ fo = _.(w“—)’ (C5)
i+ lw,Al? i+ lw,Al?
which obey
#2=1 (C6)

These are the physical solution of the Eilenberger equation
(B34).

In the cases with spatial inhomogeneity, it is assumed that
the system can be smoothly transformed to the homogeneous
state towards infinity so that the normalization condition (C6)
is still valid according to Eqs. (C2) and (C3). Therefore,

generally,
8a=8 =—y1+ fafa (CT)

is also valid. Strictly speaking, the branch of the root in
Eq. (C7) cannot be determined based only on Eq. (C6).
However, we note that the inequality

|fafal <1 (C8)

is satisfied in the homogeneous case, and that the averaged
magnitude of the superconducting energy gap |A| becomes
smaller due to a spatial inhomogeneity of A. Thus, the
inequality (C8) should remain valid in vortex states so that
the same branch as in the homogeneous case may be chosen.

APPENDIX D: SYMMETRY RELATIONS OF
QUASICLASSICAL GREEN’S FUNCTIONS

In this section, we derive some symmetry relations con-
necting one quasiclassical Green’s function with another.

In the Wigner representation, the Gor’kov Green’s functions
have the symmetry relations

Fop(rik,w,) = —Fgo(r; =k, — w,),
Fop(rik,w,) = —Fpo(r;—k, — o),
Fop(rik,w,) = Fpo(r;k, — o,)",
Gup(rik,w,) = —Gpo(r; —k, — wy),
Gup(r;k,0,) = Gpo(r; k, — w,)",

Gozﬁ(r;k,wn) = Gﬂa(r;ka - wn)* (D1)

PHYSICAL REVIEW B 92, 144504 (2015)

following from their definition. In other words, with the use of
the transformation (B20), we have

Fo(rik,w,) = —Fy(r; —k, — wy),
Fu(rik,w,) = —Fo(r; —k, — wy),
Fu(rik,w,) = Fo(rik, — w,)*,
Ga(rik,w,) = —Ga(r;—k, — wy),
Gu(rik,w,) = Gu(rik, — w,)",
Ga(rik,w,) = Gu(rik, — w,)". (D2)

Integrating these equations with respect to &, and using the
fact that g, = g, lead to

Ja(rsk,wy) = — fo(r; —k, — wy),
Ja(rsk,wy) = — fu(r; =k, — @,),
Ja(rsk,w,) = = fa(rsk, — )",
8a(r k,w,) = —ga(r; —k, — wy),

ga(r;kswn) = _gu(r;k, - wn)*v (D3)
from which useful relations
fa(r;kaa)n) == f_‘a(r; —k,(,()n)*,
ga(r;k,w,) = ga(r; —k,w,)* (D4)

are obtained.

We often use these relations in this paper when summands
in k or w, summations include the quasiclassical Green’s
functions.

APPENDIX E: APPROXIMATION ON FERMI VELOCITY

The velocity in the band a is given, following its definition,
by

b= v+ (<) (E1)
where
vg = Vier (E2)
and
ke =ky/lk.l. (E3)
Here, we put
ke, = kro + Sk, (E4)

where kg, (a = 1, 2) and kgq are the Fermi wave vectors on
the Fermi surfaces split by the ASOC and that on the bare
band, respectively (see Fig. 13). Keeping

Sk,
=0 (i) (ES)
k]: EF
in mind, we get
vp - 8k, = —(—=1)*t'¢ (E6)

from Hsingle, Where vg = volg_y,,. Hereafter, the terms of
O((¢/Ep)?), O((J/Eg)*) and O(J;/Eé) are neglected. In this
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ke FS, FS,

FIG. 13. Relations among the three vectors in Eq. (E4). FSy
denotes the Fermi surface of the bare band, while FS,’s (a =1, 2)
express the two Fermi surfaces split by the ASOC of Rashba type. In
the figure, FS,, is represented by that of band 2.

approximation,
Sk, = —(—1)““m£l€l. (E7)
kg
Substituting this expression to Eq. (E4) and using Eq. (E1)
lead to

Vrqs = VE. (E8)

APPENDIX F: DERIVATION OF FREE ENERGY

The free energy measure from that in the normal phase, i.e.,
F = —TlIntre P + T Intre #a0 (F1)

(B =1/T), is used in the text to determine the vortex lattice
structure at each field and temperature. Since obtaining a
tractable expression of the free energy directly from the above
expression is not easy, it is first rewritten by following the
procedure based on the variational principle [8] used by
Eilenberger.

For this purpose, the gap equation and the expression of the
electric current density are needed. According to the definition
of the order parameter (B3) and the relation (D4), the gap
equation is

1 N,
GATT )L vl =0, (F2)

O<w, <w,a

where N, is the normal DOS on each FS,

w/d dkz /271 dd’k
0

X k) (F3)

(h(k))es = / a

—r/d ZJT/d

is the average over each FS for an arbitrary function A(k), and
w, is the frequency cutoff introduced to prevent the divergence
of the summation. To treat w, implicitly, we transform this
equation to

lwal*A

n

T N,
NIn EA +27T ) 7<iw;;fa +

w,>0,a

> =0 (F4)
FS
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by introducing the mean-field transition temperature 7, at zero
field through the well-known relation

1 1 T
——2rTN Y — =Nl (F5)
8 0<w<w,wn TC

Here, N is the average of the normal DOS on the two FSs. The
current density is obtained from the relation

. [SH\ . .
j= _<ﬁ>eq =Jjs+im, (Fo)
where
Js=—e Z(cl(r)vag(—iV + eA)cp(r))eq, (F7)
o,p
jM = —usV x Z(Cl(r)aaﬂcﬂ(r))eq- (F8)
a.p

The relative current density components measured from their
normal counterparts are expressed in terms of the quasiclassi-
cal Green’s functions as follows:

Ajs=js— Jslazo

T i 0F
__ 1t Z ¢i@n0 evup(K)AG o (r; k,w,)

k,w,,a,p
=—ie2nT Y Na(va(ga + D)rs. (F9)
w,>0,a
Aju=Jjm— Jmlazo
=V x AMparav (FIO)

T .
AMpalra\ = V Z elwn0+ﬂxaaﬁAGﬂa(r;k,a)n)
k,wp,0,p

=—in27T Y Nol(=D'24(a + D)rs.

w,>0,a

(F11)
Here,
AGﬁa(r;kswn) = Gﬁa(r;kvwn) - Gﬂa(r;k’wn)lA:O (F12)

and we have used the fact that g,|,_, = —1 for w, > 0.
Then, we define the expression

QUAAL 1= — / Cr(Ajs- A+ MMy - B)

T N,
Ari{N|A*In — + 27T -
+/ r |A] nTC—i-n 22

w, >0

lwa AJ*

x<|:iA*wau +iw,Af, +

a)ﬂ

+( +1)<2w + 1 ~V1nﬁ>}>
8a n ) F f—, e

a

(F13)

as the functional from which the Eilenberger equations (11)
and (12), the gap equation (F4), and the difference of the

144504-13



YUICHIRO DAN AND RYUSUKE IKEDA

current A j g + A jy follow after variations with respect to f,
and f,, A*, and A, respectively. Next, by replacing f, and £,
with the solutions f,[A,A] and f,[A,A] of the Eilenberger
equation under given A and A, Eq. (F13) is rewritten in the
form

Q = Q[AA, A AL FIA, Al

T N,
= | &r| NIAPIn— + 27T 4
/ r |A| nTC—i-JT Z >

w,>0,a

AP iweAfy +iA wif,
>(<<||_lw foti wf>> (Fl4)
Wy 8a—1 FS
obeying the conditions
5Q 89 §F
— = = —, (F15)
SA  SA|f.=flAAl SA
~ Ja = falA,A]
82 §Q SF
— = = —, (F16)
A  SA|f.=flAAl  SA
Ja = fulA,A]
QIA=0,A=0]=F[A=0,A=0]=0. (F17)
Thus,
F=%, (F18)
which coincides with Eq. (27).
APPENDIX G: CALCULATION OF &,
Here, the relation (22) is derived.
For w, > 0,
(2w, +i(=1)" sy - BY +ivp - 1]
_ /oo dpe- 2ot g Blo-iveTlo (G
0
The operators
'H 1. . 1/2
a=——/y IMg.—iy /'"Ilg.), (G2)
«/E 0.z 0
r .
al ==Ly Mg +iy' Mg, (G3)

V2

which fulfill the relation [a,a’] = 1, are the annihilation and
creation operators of the LLs (19), where y =&,/§,, Q =
26N Qo [6N = (N2 — N1)/(N1 + Na)l, ry = 1/+/2eH, and

Mop=10+ Q. (G4

With the identity eA*8 = el4-B1/2¢4¢8 in the case where
[A,[A,B]] =[B.[A,B]] =0,
e—iveTlgp _ e—\slzpz/Ze—is*paTe—ispa.

(G5)

Thus, with the definition of the Nth LL vy (r) [see Eq. (19) in
the main text],

[Wie P ey luc = e BIP R L N (—is* ),
where [ - Jyc is the average over the unit cell and the relation

Wy ¥nlue = 8un (G

(G6)
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is used. Here,

Y Pue. +iy ! Pups

s = \/ﬁ , (G8)
min(M,N) N ) )
Lov@= 2 G =@
- (G9)

From Egs. (G1) and (G6),
Rfwn + i(=1) " 1,8y - By +ivp - T7'A

o0
:/ dpe=2on i1 ke B ive- Q0 p=ive-Tlgn p
0

= WMML;V]NdN (G10)
with the definition of the matrix
o0
Moy =/ dpe—(anpHSIzpzﬁ)
0
x oo Q20 el 2y (i p),  (G11)

which leads to Eq. (22).

APPENDIX H: DERIVATION OF LDOS

Here, we define the retarded Green’s function as usual:

GRy(riraity — ) = =0t — H){({ca(r1.1).ch(r2.0)})eqg.
(H1)

where { A,E} = AB + BA is the anticommutator of arbitrary
operators A and B,

1 @ >0),
o) = {0 (t < 0) (H2)
is the step function, and
X@) = ot (H=1N) § =it (H—pN) (H3)

is the Heisenberg representation of any operator X. Its Wigner
representation is defined as

400
Goy(rik,E) = f d’r ek f dte'’!

o0

X Gag(r +r'/2,r —r'/2:1). (H4)
As is well known, this can be obtained from G4(r; k,w,) by
the analytic continuation iw, — E 4+ in (n is an infinitesimal
positive number).

The LDOS N(r; E) can be defined by using this function:

11
N3 B)=—— > ImGE,(rik.E). (H5)
k,a

Finally, after performing the unitary transformation Eq. (B20)
in the above expression, Eq. (32) is obtained.
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