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Effects of the strong Pauli-paramagnetic pair breaking (PPB) on the vortex lattice in d-wave superconductors
are theoretically studied by putting emphasis on consequences of the PPB-induced antiferromagnetic (AFM)
ordering in the spatial modulation in the vortex lattice. It is shown that the PPB-induced AFM fluctuation
in the superconducting state leads to an enhancement of the vortex lattice form factor which is a measure
of spatial variations of the internal magnetic field and that the enhancement becomes more remarkable as an
AFM instability is approached. It is also demonstrated that the PPB-induced AFM ordering is assisted by the
vortex-lattice modulation, and thus, that the resulting AFM order is spatially modulated, while it is not localized
in the vortex cores but coexistent with the nonvanishing superconducting order parameter. These results are
discussed in connection with two phenomena observed in CeColns, the anomalous field dependence of the vortex
lattice form factor and the AFM order appearing inside the high-field and low-temperature superconducting

phase.
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I. INTRODUCTION

An antiferromagnetic (AFM) instability occurring near a
superconducting (SC) phase with d-wave symmetry has been
repeatedly detected in experiments and discussed theoretically.
In zero field, the AFM and SC orders are competitive with each
other and tend not to coexist with each other.’ Recently, AFM
quantum critical phenomena near the SC pair-breaking field
H»(0) have been observed commonly in the heavy-fermion
superconductors such as CeColns, 2™ pressured CeRhlns,’
NdesAlz,6 and Ce,PdlIng,” which indicates field-tuned prox-
imity of an AFM instability to the onset of the SC order.
However, these materials do not show any magnetic order in
the normal state: An AFM fluctuation is merely enhanced with
decreasing field toward H.»(0) in the nonmagnetic normal
state. Further, it has been also clarified in CeColns that the
AFM fluctuation is enhanced as H.»(0) is approached by
increasing the field in the SC phase. A basic origin of the
strong AFM fluctuation induced in the vicinity of H.,(0) seems
to consist in characteristic features of these superconductors,
i.e., the strong Pauli-paramagnetic pair-breaking (PPB) effect
and a d-wave SC pairing symmetry. In our previous paper,
we have shown that, in a SC phase with a d-wave pairing
symmetry, the PPB effect enhanced by increasing field and
decreasing temperature tends to induce an AFM order and
that the field-induced AFM fluctuation found below H_.,(0)
can be explained as a result of this novel PPB effect. In this
paper, we will extend our previous theory to describe spatial
variations of the AFM order in a SC vortex lattice by bearing
the experimental studies on CeColns in our mind.

CeColns is a spin-singlet superconductor with a layered
crystal structure along the c axis’ and its SC pairing symmetry
is believed to be of dy_y» type.'? In the SC state in a
magnetic field perpendicular to the basal plane (H || ¢), an
anomalous field dependence of the vortex lattice form factor
(VLFF), which is a measure of spatial distribution of the
internal magnetic field in vortex lattice states, has been
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observed in neutron scattering experiments. It has been known
that, although VLFF decreases with increasing field in the
conventional type II superconductors,'""!? it rather increases
with increasing field in CeColns, and that the slope of VLFF
in this material becomes sharp abruptly in higher fields near
H_»(0) at low temperatures.'>!# First, this intriguing behavior
has been explained as a result of strong PPB.!> However, the
origin of the abrupt increase in higher fields has not been
sufficiently explained there. In the preceding theoretical study
on VLFF in Ref. 15, the strong AFM fluctuation induced in
the SC state just below the H,o(T) curve>*!3-20 is not taken
into account. If the AFM order and fluctuation occurring in
CeColns just below H.(0) are of a SC origin, it is rather
necessary to incorporate effects of the PPB-induced AFM
fluctuation in explaining VLFF data. In addition, a possible
relation between such a field-induced increase of VLFF and
the proposed FFLO state'®!” at the high-field end of the SC
phase should be considered.

On the other hand, in a magnetic field parallel to the
basal plane (H || ab), the existence of a high-field and
low-temperature (HFLT) SC phase has been clarified pre-
viously and has been identified with a spatially modulated
Fulde-Ferrell-Larkin-Ovchinnikov (FFLO)?"?? vortex lattice
state.>>>* However, recent neutron scattering experiments have
shown that an AFM order with its staggered moment vector
oriented along the c axis exists only inside the HFLT phase.>>>
On the other hand, the doping experiment®’ indicating that
the HFLT phase is quite sensitive to both the magnetic and
nonmagnetic impurities and is destroyed by quite a small
amount of nonmagnetic impurities supports the FFLO picture
on this HFLT phase.? Further, arecent NMR measurement has
clarified the presence in the HFLT phase of normal state re-
gions possibly corresponding to the FFLO nodal planes of the
SC order parameter, while the AFM order in the HFLT phase is,
at least in the higher field region of the HFLT phase, apparently
homogeneous in real space.?” Although several microscopic
pictures on an AFM order in the d-wave superconductors in
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high fields have been proposed so far,*~3? these experimental
results are comprehensively explained by the scenario that
the HFLT phase is a realization of the longitudinal FFLO
vortex lattice state®® and that the AFM order observed inside
the HFLT phase is induced by PPB and favors coexistence
with the SC order.’® In Ref. 30, the spatial distribution of
the PPB-induced AFM order in the presence of the FFLO
modulation parallel to the applied magnetic field has been
theoretically investigated in the Pauli limit where the effect of
the in-plane vortex-lattice modulation is neglected. Although
the result obtained in the Pauli limit seems to give a correct
picture on spatial orderings over larger scales, the vortex
lattice modulation must be inevitably included to describe local
properties such as the internal magnetic field and the spatial
distribution of the AFM order. In this paper, we will investigate
the spatial distributions of the internal magnetic field brought
by the AFM fluctuation and a possible AFM order in the
presence of the vortex lattice, taking account of both the orbital
and Pauli-paramagnetic pair-breaking effects in the Ginzburg-
Landau (GL) approach where the perturbative expansion with
respect to the SC and AFM order parameters is used. It will
be shown that VLFF is enhanced by an additional magnetic
screening brought by the PPB-induced AFM fluctuation and
that the enhancement becomes more remarkable as an AFM
instability is approached, which suggests that the anomalous
field dependence of VLFF observed in CeColns in H || ¢ is due
to the PPB-induced AFM critical fluctuation. It will also be
discussed that the spatial modulation of the SC vortex lattice
enhances the AFM fluctuation, and thus that an AFM order
with a spatial modulation synchronized with the vortex lattice
appears. The modulated AFM is not localized in the vortex core
but prefers to coexist with a nonvanishing SC order, which is
the same tendency as that of the AFM order modulated by the
longitudinal FFLO structure of the SC order parameter.®-3°

The outline of this paper is as follows: In Sec. II, we
introduce the theoretical model and derive a Ginzburg-Landau
(GL) free-energy functional and a Maxwell equation for the
internal magnetic field. The effect of the PPB-induced AFM
fluctuation on VLFF in the case with H || ¢ is discussed in
Sec. III. This is followed by Sec. IV in which we argue the
PPB-induced AFM order in the SC vortex lattice state in the
case with H || ab. Summary is provided in Sec. VI.

II. FORMULATION

A. Electronic Hamiltonian

We start from the electronic Hamiltonian involving a kinetic
energy for noninteracting quasiparticles with the Zeeman
energy Ho and two interaction terms leading to d-wave
superconductivity Hgc and antiferromagnetism Hapy. It can
be written as H = Ho + Hsc + Harm, Where

Ho=) f PL(O[e(=i V + |e]Ar)

—opup gBI)]ps(r),
Hse = —lg1 Y ¥i(@) ¥(g), ¢))
q

Harma = —U Y _8(q)- S(q)
q
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with

i(pL-ri+ip:d j)
9

1 .
(pa(r) = \/_V ; Cp,o €

N 1 . A N
V(g = 2 Z(—l Oy)a.p Wp Cpt8.aCptd ps @)
p.o.p

S@ =" &0 @)ap Cprauas-
p.o.p

Here, the layered crystal structure with an interlayer distance d
in the z direction is assumed, and a position of a quasiparticle r
is defined by (r,dj) with an integer j specifying the location
of the layer. The unit 2 = ¢ = kg = 1 is used throughout this
paper. In the Hamiltonian, ¢p 4 is the annihilation operator
for a quasiparticle with momentum p and spin projection «,
e(p) is a kinetic energy measured from the Fermi level Ef,
and the Zeeman energy is expressed as up gB(r) with the
magnetic flux B(r), a g factor, and the Bohr magneton 1.
The vector potential A(r) is expressed as A(r) = Ay(r) + a(r)
and is related to the magnetic flux by the equation

Br)=V xA(r)=HZ+V xa(r), 3)

where V x Ay(r) = H, and spatially varying internal magnetic
fields are given in terms of a(r). The direction of the uniform
external magnetic field H is denoted by Z and will be fixed
along the z axis (Z = 2)in H || ¢ case and the y axis (Z =39)
in H || ab case. Concerning the interaction terms, |g| and U
are coupling constants with positive values, o; (i = x,y,z) are
the Pauli matrices, w, denotes a SC pairing symmetry, and
Qo = (ir/a,m/a,m/d) with a lattice constant a in the ab plane
is the commensurate nesting vector. In our model Hamiltonian,
antiferromagnetism is induced by the nesting property of the
dispersion &(p) which, in the case with the perfect nesting,
satisfies the relation e(p + Qo) = —&(p).

In order to discuss AFM order and fluctuation in the SC
state, we introduce the SC pair field A(q) and the AFM
staggered field m(q) which are defined by

Alg) = 1gl(¥(@), m(g) = US(@), )

where () represents the statistical average. Here, A(q) [m(q)]
plays the role of the SC [AFM] order parameter. In the mean-
field approximation, the interaction terms in the Hamiltonian
are expressed as

1 .
Hse = 15 2 18@F = D _(A@ ¥'(@ +He),
q q

(5)
1 N
Hamn = 77 Eq Im(q)* — §q (n(q) - S'(q) + H.c).

The structural properties of the SC gap, the Fermi surface,
and the antiferromagnetism in CeColns of our interest are
reflected in our theoretical model in the following manner:
Since the SC pairing symmetry wy, of this material is of d,2_»
type, the identity satisfied in the d,>_,> pairing state

Wp+Qy = —Wp (6)

will be used. In addition, since the electron 14th band,” which
has the heaviest effective mass and thus is more effective for the
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antiferromagnetism as well as the d-wave superconductivity,
can be described by the tight-binding model with higher order
hopping terms included,* a relation satisfied by the realistic
dispersion could be expressed as

e(p + Qo) = —&(p) + T.o1c, @)

where the deviation from the perfect nesting condition is scaled
by the SC transition temperature 7, and is measured by the
dimensionless parameter 8ic.3 Although éic is p dependent in
general, 8ic is assumed to be a constant value since the details
of the dispersion do not change our result qualitatively.° Then,
the Fermi velocity vector v, defined by d e(p)/d p satisfies
the relation vp4q, = —Vp. Further, although in principle the
AFM moment vector m(q) can be oriented in any direction,
the two typical configurations, m || H and m L H, will be
considered since, in CeColns, the configuration m || ¢ L H
has been confirmed in the AFM order observed inside the
HFLT phase in the H || ab case and m || H would be realized
in the H || ¢ case if m were locked in the ¢ axis.

B. Ginzburg-Landau free-energy functional

The free energy of this system is given by F =
—T InTr ot o, am(expl—(Ho + Hsc + Ham)/T)) + [ d°r
B2(r)/(8). In this paper, we derive the Ginzburg-Landau
(GL) free energy of a form expanded in powers of both |A(q)|
and |m(q)|, taking both the orbital and Pauli-paramagnetic
pair-breaking effects into account. Formally, the mean-field
GL free-energy density in the present system can be written
as

Fou(d,m)=FQ + FP + FQ + F2 + FE2 + Fb,
(8)

where F\ (F1) is the Ith-order term dependent only on |A|
(Jm]), and the leading-order SC-AFM coupling term F(Az”,i),
which is proportional to |A|?|m|?, is incorporated. We note
that, although the correction to the [m|* term ffy‘,i), which
is proportional to |A|*|m|*, should be also incorporated in
examining the character of the AFM transition, }'(Az,’;) is
omitted here since we have already checked that it tends
to make the AFM transition a continuous one.’° First, we
determine the H.»(T) curve and the amplitude of the spatially
averaged gap function A% = (|A(r)|?)s, from the SC part of the
GL free energy ]—"(Az) + ]-"(A4) + ]-"(A@. This procedure in which
A and m are separately considered is justified at least near the
second-order AFM transition. Since Fg.(A,m = 0) takes the
form

V. Vi
FoL(A,0) = vz|A|2+7“|A|“+§|A|6 ©)

with the coefficients V; whose expressions reflect the
microscopic details, the discontinuous H,(T) curve is
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determined by

3 V2

Vy = — 4
2716 Ve

10)

and the A which minimizes Fgp(A,m = 0) is determined by

an

Next, AFM fluctuation inside the SC phase determined by
FoL(A,0) will be discussed based on the usual GL theory
for the AFM part of the free energy F2) + Fiu o + FP. The
AFM instability is determined by

12)

2 m Ag,m

1
m_(f(z) +f(2a2)) — 07

where m? = (|m(r)|2)Sp is the spatially averaged value of
the AFM order parameter. The m minimizing Fg(Ag,m) —
FaL(Ap,0) is determined by

L(FD + F22) [

2 Ag,m
|mgl” = —= .

2 D m

13)

To derive the GL free-energy functional Fgp, we will
carry out the Feynman-diagrammatic calculation. Regarding
the field dependence of the quasiparticle Green’s func-
tion —(T;0s(r, 1) @l (r,00) =T Y., G, o(r.r)e ™" with a
fermion Matsubara frequency ¢, = 7T(2n + 1), we will use
the quasiclassical approximation for the Green’s function
defined in the normal state G, ,(r,r;), namely,

Gy o (F.11) = Gy o (6 — 1) /11 A5A®), (14)

where G, ,(r — r;) is defined in the uniform normal state and
its Fourier transformation is given by

Gero(P) = (g, — [e(p) — 0 IT.)! (15)

with T = ju3 gH/T,. The orbital pair-breaking effect, which
is brought by exp[i|e| fds - A(s)] in Eq. (14), can be fully
incorporated in the diagrammatic calculation by using the
relation®*

r .
exp (i2|e| f ds - A(s)) A(ry) = e 'TTTTIOAE)  (16)
r
with

I(r) = —i V + 2[e|A). (17)
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The quadratic, quartic, and sixth-order terms with respect to |A| have been already derived elsewhere’>*> and are

written as

(2)_1/ * <L_A(2) )
Fa=g | AW~ kadD) AW,

\ T
R = 2303 1wpl Gey o (0) Gty o (=P + D),

5
FP = % r KW (T)A*(51) A(52) A" (83) AS4) ], -
RYm;) = g Y3 wpl* Gey o () Gmey—o (=P + T G, o (—p + ) e, o (p + I}
=5
=5 / RO (T A% (51)A(52) A" (55)A(5:) A (55) A5 s
RO = 2 303 10yl Goy o9 G-y o+ TP Gy o (—p+ )

&n,0 P

X Ger o — T+ T2) Gy, o(—p+ I} — M, + M) G, ,(p — Mg + ML)

— II), (18)

The concrete expressions of the coefficients V; in Eq. (9) are given in the Appendix. The AFM contributions in the GL free

energy are formally written as

1 N
=2 (5 + Kf?(q)) Im(@?,

q
Fam = 2 K50 @.d)m@m*@),
a.q
1 .
FP = 3 Z K (q;) m(q))m*(q)m(q3)m*(qa).
q; (i=1-4)

19)

The |m|? terms are described by Feynman diagrams shown in Fig. 1. Figure 1(a) corresponds to F?, and .7-'22”5[) consists of the

contributions described by the two types of diagrams (b) and (c) in Fig. 1. Then, K ?(q) and K (Az’z)(q,q’)

m ,m

1 5 1 1
;K@= (5 + 52T 22D Gero®Ge, 7P + Qo + q))

En P
T 1 1 i s,
=NO| In—+2rT — = " 7
( Ty g) |:|8n| 2 ;sg;[l <d<(‘r_; >Fs:|>

R$2(q.q)

are given by

1 1
52 T2 )% f [21wpl* Gey.o(P) Ge, o (@ — Q0 — D G, o (p — (@ — AN Ge, o (—p + T +(q — @)
o & P r

— WpWpt Qo Gero P Ge,. 5@ — Qo — D) G, 5(—Pp+ Qo+ q+ )G, o (—p+ T+ (q—q))]

x e A OA (1) A(sp)ls,

1 . ir(q—q * !
_ _EZZNTN(())Z(l sgn)/e r@—-a) o (r)<2|wp|2|:d(—) 47 y t

d<
&n r o,ITy “o,Il1+q—q' “+.q

1
1O 4D ) g } A(Sl)>
+q—q' “+.9 “+.q' o, I “+.q9 “+.q¢' FS

— WpWp+Qq |: - 4
o, S| =T
with
4% =i 7 :
o, = 20 &n +201T, £v,-11;,

d) = 2ie, + (0 +OIT. £ (T.oic +Vp - Q).

1 i|
=) 4= 4
dyn, dy gdy o

(20)

2y

where s, represents sgn(e, ), the summation for the momentum p has been carried out by using the usual replacement Zp —

N(0) f de(p) ()rs, N(0) is the density of state per spin at the Fermi level, ()gs represents the angle average on the Fermi surface,
and the approximation e(p + IT) = e(p) + v, - IT (|IT|/|p| < 1) is used. Ty is the AFM transition temperature in the normal
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state. It should be noted that o changes its sign depending on the orientation of m relative to the external magnetic field H, i.e.,

o =cform|Hando = —o form L H.
By using the transformation

1
D

Eq. (20) can be rewritten as

1 N T > 2t
—+ K2 (@) = N(©0) {ln— +/ dp[ 7
Ty 0

— = /oodp exp[—D p] (ReD > 0), (22)
0

— Feos(.0){c0s (31 + TV, - ) p)M} @3

U sinh(2rt p)
and
NO) £ [ 1 1 >
2= BT [Tan, [errono) © e (L)
c =] 0 r bsnfil j=1 =1
’
X < |wp|2exp|:is£n (81c(Bj +Cj+ Ve qB + qu Cj> ] exp [ingC’lvp IO Aj]A(S])> , (24)
¢ c FSls;—r
where the relation wp1q, = —wp is used, the functions
2t - oc+o
Jeos(x,y) = ——————cos| I |2y + x=»1)
sinh[27¢ x] 25)

Fanoy) 2t in(712y+ o+
sin(X,Y) = ———~————SIi
Y sinh[27t x] Y

o
o
(x — y)D

are introduced for convenience, and the coefficients P;, A;, B;, and C; are shown in Table I. In the same manner, K f,f)(qi) in

Eq. (19) is calculated as

RP@) =T Goo(P) Ge,o(P + Qo + 2) Ge,.o (P + G2 — 43) Ge, (P + Qo + q1) 8,

Ens0 P

N
% ( ) l_[/ dpi feos <Z Pis ) <3IC (Zp:)) cos (7, '[vp - qi(p1 + p2) + Vp - Ga(—p2 + p3)

+Vp- Q3,02]) + cos (T,

where 8z, denotes 8y, 4, —g,+¢-

Next, we calculate [ o™~ A*(r) explis, AT, v, -
IT; JA(si)ls,—r in Eq. (24). In the presence of a magnetic field,
the SC gap function A(r) has a spatial modulation due to
vortices induced by the orbital pair-breaking effect. In this
paper, the SC gap function is assumed to take the form of a
familiar Abrikosov vortex lattice

A(r) = Apy(X.Y) 27

(a) (b) A A*

FIG. 1. Feynman diagrams describing the second-order terms
with respect to the AFM order parameter |m| in the GL free energy.
The |m|* term in the normal state 2 is described by (a) and
the correction term brought by the SC order }'(A%’,i) consists of the
contributions coming from the two types of diagrams (b) and (c). A
solid line denotes the quasiparticle Green’s function defined in the
normal state.

"Vp - i1 + Vp - qa(—p1 + p2) + Vp - q3(01 + ,03)]))FS, (26)

with

po(X,Y) =

1 ( : )2]
—=| — +sk]) |, (28)
2\r H
where ry is the magnetic length defined by ry = (2|e|H)™!/?
and a structure of the vortex lattice is specified by k. The coor-
dinate (X,Y) denotes the plane perpendicular to the magnetic
field and is defined by (x,y) for Z || 2 and (y'/%z,y ~1/%x) for
7 || 9, where y denotes the ratio of the SC coherence length
in the basal (ab) plane to that in the direction along the ¢

TABLE I. Coefficients P;, A;, B;, and C; in Egs. (24) and (30).

J P; Aj B; C;

1 2 p1+ P2 P2+ p3 —p

2 2 P1 03 P2

3 -1 P1 o1+ 03 —P1— P2
4 —1 P —p3 p2
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axis and is expressed as

calculation, k = v/7+/3 describing the triangular lattice is
used since, in the high-field SC phase of CeColns in H || c,

<Ug’x>]:‘s / (Ugyz)ps. In our numerical

vp - II

exp |:i A

c

PHYSICAL REVIEW B 84, 184516 (2011)

the square lattice characteristic of d-wave superconductors is
deformed into nearly triangular ones due to the strong PPB
effect.!®!3 By using the identity??

1
}oo(x,m = exp[ -3 A*(In* - U*Z)}PO(X + An*V2ry,Y) (29)

with n = (vp. +ivp,)/(V2ry T.) for Z || 2and n = (y'?v, . +iy~v,,)/(N2ry T.) for Z || $, we obtain

3 4 3
s , NE © ] I K
Kin@a)=NO—T] | dniy DTN T K XN P feos | D 10 Aj | cos(Bic (B; + C)))
¢ =1 r K. j=1 i=1

2 K . .q K
X<|wp|26Xp|:—mA§i| cos(" J_rHAj+VP qBj+VquCj)COSh (MAJ>> ,  (30)
c FS

2 72

where 5 = (Ren,Imn) and K, = (K,,K,) is a reciprocal
lattice vector of the SC vortex lattice in the plane perpendicular
to the magnetic field. The details of the calculation in
incorporating the orbital pair-breaking effect and the useful
identities which will be used below are shown in the Appendix.

According to Eq. (30), the SC-AFM coupling term is
nonvanishing only when (¢x — q;, gy — ¢y, q: — q.) is equal
to —(K,,K,,0)in Z || 2 and —(y~V2K,,0,y'?K,)in Z | $.

C. Vortex lattice form factor and the internal magnetic field

In the vortex lattice state, the SC gap function is ex-
pressed as IAX,Y)]? = ZKL Tl((zj expli K - (X,Y)]. Then,
the longitudinal flux distribution B(X,Y) 7 is also expressed
with K,

B(X,Y)ZZ Fx, expli K - (X,Y)]. 31
K.

The Fourier component |Fg,| with the smallest |[K | # 0
corresponds to VLFF which is, in the neutron scattering exper-
iment, obtained from the integrated intensity of a diffraction
peak.!® Since VLFF measures the inhomogeneous part of the
magnetic flux, the problem results in obtaining the spatially
varying internal magnetic field.

T,

/2

with

We derive a Maxwell equation relating the internal mag-
netic field b(r) =V x a(r) in Eq. (3) to screening currents
from the saddle point equation of the total free energy with
respect to A §F/6A = 0; i.e., (§Ho/0A)|a=a, + V X [V x
A(r)]/(4m) = 0. Then, the Maxwell equation is given by

1
— 5V XBO =T Y ) (—lelvp)Ge, o (p3) =V

&ns0 P

x (T YD hsgo cs,,,(,(p;r))z, (32)

En,0 P

where higher order terms in A have been dropped in
Eq. (32) because their contributions are negligibly small
within the quasiclassical approximation, and G,, »(p;T) is a
Fourier transformation of the quasiparticle Green’s function
G;, -(r,r') and will be given later. On the right-hand side of
Eq. (32), the first term is the usual term expressing the current
density, while the second term arises from the Zeeman term.3°
In this paper, we will use the perturbative expansion for the
quasiparticle Green’s function with respect to both |A| and
|m|. Then, G, -(p; ) can be written as

Ge,o(@i1) = GO o (pi1) + G, (pi 1)
+GO2pin) + GE(pir)  (33)

GP (p;1) = —Gepo (=P + 1) Gty —o (D) Gy (—P + TI) [wp 2 AGSDA*(52)]s;
GO (pi1) = Gop o (—p+ T — TG, o+ T Ge o (—P) G, o (P + 3) Gs, o (—p — I3 + I}

x |wp|* A1) A*(s2) A(s3)A*(s4) |

si—r’

G (i) = 3 m@m (@) e TG, o (—p — ) o, (=P — Qo) Geo(—P — @),

q.9'

G22(pir) = =Y m(@m*(q) &G, o (—p + T — ) G, o (—p + T — @[ |wpl?{Ge, 5(—p — Qo + M)

q.q9

X Gero(—p+ T — @) G, —o(p+ @ + I < I, q < q)} + [wp{G—s, —o (P + 4)G—, —5(P + Qo)
X Gy —a(P+ @+ Ge, (=P + Qo + G-, —o(p — Qo) Ge, o (—p + Qo + T})}
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—wpwpQy{Ge, a(—p + Qo+ M) G, &(p
X A(Sl) A*(SZ)|si—>r»

where G and G{"? denote the contributions proportional
to |A|" and |A|"|m]?, respectively. The contribution Gg(:)ﬁ has
been dropped since it only gives a spatially uniform flux.
We note that the SC fourth-order term G® is incorporated
since, in the case with strong PPB of our interest, |A| is finite
even on the H(T) curve at low temperatures due to the
first-order H,, transition and higher order SC contributions
are not safely negligible. The contributions G®, G®, and
G2 are described by the Feynman diagrams (a), (b), and
(c) in Fig. 2, respectively. The SC-AFM coupling term G*?)

—27is
Ty / de(p) G, (p;1) = TZI wpl’ 5

&, o l'll 1'[’

2wt 1

PHYSICAL REVIEW B 84, 184516 (2011)

—Q0) Gt o (P —q) + (0, < M}, q < q)}]

(34)

consists of the contributions described by the three types of
Feynman diagrams (d)—(f) in Fig. 2.

Equation (32) indicates that the magnetic flux can be written
as

B(r) = HZ +bJ(®) + b (@) + bC? () + b2 (r),  (35)

where b(Al)(r) and b(Al’f,’,)(r) are the internal magnetic fields
coming from Ggln)ﬁ and Ggln "), respectively. First, the second-

order contribution b(Az)(r) will be calculated. By using the
transformation (22), we have

A(s1)A™(s2)

Si—T

“xf

mmnmwr+mﬂ2

(iss”) exp [isa,,izo'(pl + :02)]

—t1
x |wpl? exp [ise, T, (01Vp - T1 + p2vy - nm A(s1)A*(s2) (36)
S;—T
Further, with the help of Eq. (A3), we obtain
bY(r) s 2lelvpry NO)A]P [ ® K A W2y o2
_ iK (X,Y) 2 (2 — 5= (p1+p2)
= =7 T /0 dpi dps Kéjo T e (lwpl B, (pr2)e™ = Prer) o
-Kiry vp x Kre)y . (m xKyry)
A% = CcOoSs <”— — ) + 02,01 + L Z sinh < +
K. v, (01.2) 7 (o1 — p2) || feos(o1 + 02,01 + 02) BT SE 7 (p1 + p2)
7 rg (77 X KLrH)7
— ~ Jsin ) h| ——— , 37
+ Sof (o1 + p2.p1 + p2) cos ( 7 (o1 + p2) (37)

where v is the Fermi velocity in the pure two-dimensional system and & is the SC coherence length at 7 = O defined by

&0 = vr/(2m T;). Here, the term proportional to (i|e|vp) is transformed, with the rotation operator V x - - -,

2

Koo KPP

. KL (X,Y
Z ivp fi, (vpe KX ~ v x(

K, #£0

where K is defined by K = (K+,K,,0) for Z | z2andK =

in the form

(vp X K)Z

T, (vp)e KX Y>)Z , (38)

(y~12K,,0,y'2K,) for Z | .

To check the result obtained here, we consider the internal field near 7, at nearly zero magnetic field, i.e., in the GL region.
We take the limit 7 — 1 and H — 0 (or equivalently, n — 0) in Eq. (37) in the H || ¢ case. Then, the contribution arising from
the Zeeman term, which is proportional to I in Eq. (37), vanishes, and the remnant orbital contribution is expressed as

—bg)(r) _ 27 |elvi N(0)| A ZT(Z) ) e /Oo p1+ P2 w |2(Vp X KJ.)?
TT.H=0 4 T? e o o sinh27w(pr + )]\ " vEIKL]?

|A|2 2 K, < g(Vp X KL)

=CoL—y Q) T e " lwpl —5—>+ (39)
1? ; e v}IKL P

with
4)e|vZN(0) 7
CoL = #—5(3) (40)
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where fooo dp p?/ sinh[27 p] = 4 Zn>0 1/[2m(2n + 1)]? is used. Equation (39) is a well-known familiar form of the internal
magnetic field obtained in the GL region.*

Next, we will calculate the fourth-order contribution b(ﬁ)(r). By carrying out the integral [ de(p) and using the transformation
(22), we have

1 1
“) —
TZ/dg(p)G o(pir) = TZ — 27 ise, |wP| |:d(+) 4T g d(+) +d(+) dT g gD

& o,I1 l'[T 0,13 o, I l'IT a,l'lj‘ U,H;—Hg-ﬁ-nj‘

1 * *
oo 45 4D 4D }A(SI)A (82) A(83)A7(84)
0. %o T3 %5 11i Yo, 11, —T1 4115 si—T

__il 2t 4
_ ng > lSa,, l_[/ smh 27”(2?:1 ,0,-)] exp |:lS5”120’ (ZP:)}Z [wp]

i=1

x exp [i Ss,,T;I(Vp Mo+ vy - Ty B +vp - Ty, + v, - I 8;)] A(s1)A*(s2)

x A(S3)A*(s4)| 41)

Si—T

where the coefficients o, 8;, y;, and §; are shown in Table II. With the combined use of Egs. (A4) and (38), we obtain

o0

bP(r) , 87 oy Ak b
e = =2 L SRS S 1O KO [ de
4w CaL 7¢(3) & T K 20 I h——oo i=1 Y0

3
x Z<|wp| bl(:?p(pj)exp[— %(a + B4y + 87+ (a; +v)B) + 6, ))}
j=1

1 1
x exp[ - gRemz)«aj — Y+ (B — 8,~>2)} exp[f §Im<n2)((aj -y =B — 6j)2)}> : 42)

FS

4 ~
b () = feos (Z pin > P ) W[COS(Vj)sinh(Wj)—i sin(V;) cosh(W)]

i=1 i=1 vFlKrH

4 4
irE_H Fiin (Z iy ,01-) [cos(V;) cosh(W;) — i sin(V;) sinh(W;)]
i=I i=1

with

K k
Vi = %{(Oﬁ +v)— (B +38,)} — Im(n)ﬁ{(ll —b)a; —yj)— (

(n x Kirp): k
%{(a,‘ +yi)+ B+ — Re(n)ﬁ{(ll —b)(j —yj)+ <

)(:3/ Bj)},
)(ﬁ, 8,-)}-

Concerning the internal magnetic field induced by the AFM order, the leading order |m|?> term which does not include |A| is
straightforwardly calculated as

(43)
W; =

b2 (r) L 8t ri T [
- =7 A dp1 dpa fen ,0) cos(8
7 Cor 74(3) s / p1dp2 fsin(p1 + p2,0) cos(Bic(po1 + p2))
x ﬁ Y m@m (@) e T cos (T - a1 + TV - 4 02) (44)
c q'q/
We note that when the AFM moment is perpendicular to a magnetic field (0 = —o), b,(,?’Z)(r) vanishes since fgn(x,0) =0 in

m 1 H.
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The internal magnetic field brought by the SC-AFM coupling bfﬁ;(r) can be derived in the same manner as that used in
obtaining b(Az)(r). Ty, [de(p)GE(p;r)is calculated as

TZ/de(p) G 2(p:r)

I 1 1
_ . *0/\ Li(q—q)T 2
= -2 TZ (i se,) Zm(q)m (q)e <|wp| |:d(+) pE d(f;/ + poe: Td(_)’d-(&-_,t)/

)
o 0q 0,1, an; o, I+q—q’ o, I %5 i+
+ : + (M, < IO} 0|+ lwpl? : + :
S R g 1< a<da Wl | =5 ™ @ B3 ML ES s ) @
dhdyddT) At d A g Ay A dd
-+ 1 -+ : + : -+ 1 }
) ) () () =) 4(=) (=) (=) (=) (=) 4(=) 4(=) (=) 4(=) 4(=) 4(=)
difgdh dodly e ) Ay dEpddd T ) d T
[ 1 1 1
Wt | TS O S o) om0 0 0 T T® @ o ;0
depdydtyds) o dhdCd AT d Y A
+ I < H;, q< ql):|) A(s1) A%(s2) 45)
s;—r
53 X G T o 2> e T (2 o0 L))
= ——= is 0i exp | ise oe;+(0c+0 oi — le;
3 En . 4 n J J
L g i=1 Y0 sinh 2707 (327, pi)] =1 i=1
X exp [ —isg,81c(c; + dj)] exp [i Se, T;l(Vp Mya; +vy- H; bj—vp-qd; — vy - q’cj)]
x (wpl? {81301 + (I} < T}, q < q)] + 8;4—0} + wpwprq, 8j.10-12[1 + (I} < I, q < @)DAG) A*(2)|
S;—>r
where e; = a; + b; and the coefficients p;, a;, bj, cj, and d; are shown in Table III. Then, we obtain
(2,2) 2
_bin® 87 ru|Al S m@m@) Y T KX gita=drr
4 L
4 CaL 7¢(3) & T " K, 20
4 s 12 " i
~ N P ap.
X Hf dp; Z pj cos(Bic(c; +dj))<|wp|2b§(2f)vp(pj§q’q)e > (@jth)) Jes
i=170 j=1
y , (m-Kirg) Vp - Vo q
b, (pj:9.q)) = cos (—ﬁ (aj —bj)+ pT( ¢+ —"TC d; (46)
4 -
(Vp X K/”H)Z . ((TI x Kiry), )
X i, € — sinh ai+b;
|:fcos (;,0 ,/) vr K2 \/5 (a; i)
- 4
I ry (m xKiry),
+ —— fsin Pi> €j C05h<—(a'+b‘) )
e
[
where the relation wpiq, = wp is used and K’ is defined  are concretely given as follows:
byK’:(KX—}—qX—q)’c,Ky—{—qy—q;,O)forZ||2andK’: O _ s e
('2Ky + g5 — /.0y PKy +q. —g)) for Z | §. Ky = Omptma even €O | 5 ma(imy + m2)
In this paper, we use the following form of the reciprocal - 2
latti . 1 (mlrr) 2
attice vector: xexp| =7 = + (mak)™ ) |, (48)
Koy = mi Gr/k0)+ms (0.0 @) 0 = en x|~ Tmatm )|
with integers m; and m,. Then, the summation for K, is [ 1/ (mm)? 02
replaced with )", . and Tlg) in Eq. (37) and Tlgi) in Eq. (42) xexpl =l = T (mak)™ ) |-
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(b)
(e)
m* A m
A"
m r m r m*

FIG. 2. Feynman diagrams for the SC and AFM contributions
to the internal magnetic field. Here, the diagrams (a), (b), (c), and
(d)—(f) denote the contributions proportional to |A|?, |A]*, |m|?, and
|A|2|m|?, respectively. For the |A|?|m|? terms, not all the diagrams
but only typical ones are shown: a diagram with two wavy lines on a
single solid line (d), one with two wavy lines separated by the vertex
(e), and one with two wavy lines separated by the pair field |A] (f).
The two diagrams (d) and (e) and the diagram (f) denote the internal

fields arising from the free energies described by the diagram (b) in
Fig. 1 and the diagram (c) in Fig. 1, respectively.

Since the triangular lattice k = v/ w+/3 is assumed, there
are six (mp,m;) combinations with the shortest |K | # 0,
+(1,1), £(1, —1), and £(2,0), so that the equality |F1; | =
|Fi +1] = | Fi2,0| is satisfied in an isotropic system. However,
in the present system, an asymmetry occurs in the six | Fy,, m, |
components because of the anisotropy originating from the
d-wave pairing symmetry or the layered crystal structure. As a
result, the equality | F1; 0| = | F) 41| is not satisfied any longer,
while the equality | Fiy ;| = | Fy 41| is still satisfied. Since the
four (m,m;) points with the same |F),, ,n,| value, £(1,1) and
+(1, — 1), correspond to the spots with the strongest neutron
scattering intensity in the experiments, we will calculate | F |
which is given by

Fu= 5 [0+ 0@ + 502 + b8 2]
x exp[—i (w/k,k) - (X,Y)]. (49)

The form factor | F) ;| is easily obtained by using Eqgs. (37),
(42), (44), and (46) since b(AZ) and b(AZ ':’n) in these equations
are already expanded with the reciprocal lattice vector K . In
the results of our calculation below, | F| | is normalized by
V% CGL~

In the present theory, the layered crystal structure is
reflected in the anisotropy of the Fermi velocity vector vy.

Although the expression of v, should be derived from the

TABLE II. Coefficients o, B;, y;, 8; in Egs. (41) and (42).

J o B; Vi 8;
1 o1 02 03 P4
2 L1 P2+ p3 —p3 P3+ P4
3 o1+ 0 —p2 P2+ p3 04

PHYSICAL REVIEW B 84, 184516 (2011)

TABLE III. Coefficients p;, a;, bj, c;, d; in Egs. (45) and (46).

J pj aj bj ¢j dj

1 2 —p2 p1+ 02 P4 P2+ p3
2 2 o1+ p3 02 03+ 4 —p3

3 2 P1 P2 P4 P3

4 1 P P2+ p3 —P3—p4 P3

5 1 o1+ p3 02 03 —P3 — P4
6 1 p1 P2 —p3 —p4

7 1 —p1— P2 P2 P3 P2+ P4
8 1 02 —p1—p2 02+ p3 04

9 1 —p1 —p 03 P4

10 -2 —p1 — P2 P2 03 P2 — P4
11 -2 —p2 o1+ o 03 02— P4
12 -2 p1 P2 p1+ 03 —P1— P4

realistic dispersion, for brevity we use the following simplified
form of vp:

vp = vp{l — (J/ER)[1 — cos(p.d)]}'/*(% cos ¢ + § sin¢)
+ Jd sin(p.d)z, (50)

where J is an interlayer coupling constant. The Fermi
velocity vector introduced here corresponds to that of the
corrugated cylindrical Fermi surface. Then, the anisotropy
of the SC coherence length y can be expressed as y =
21— J/Ep/(mwJ/EF) and the angle average on the Fermi
surface is defined by

T d T d(p.d
s = [ 52 [ HDy
0 2w — 2

D

In the numerical calculation below, J/Er = 0.2and prd = 7
are used, and then y = 2.85 is obtained.

In the numerical calculation, the magnetic field H is
normalized by the orbital limiting field in the pure two-
dimensional system H\»"(0) = 0.28/(|e|£2). Then, the two
field-dependent energy scales upgH and vp /(2w ry) which
correspond to the paramagnetic pair-breaking effect and the
orbital one, respectively, are expressed as follows:

c_msgH _ 7 Hyp”(0)
- M, j L (0rb) ;v
Tc 2eVE H( )(0)
H(orb)(o)
= 0.8820y,; —2——h,
J H(-Orb)(O)
&o ©2)
P HT = &/ 2]e| HZP (0)Vh
= 0.748 Vh,

where the Maki parameter a; j = v/2 H](.Orb)(O) /H,(0) mea-
sures the strength of the paramagnetic pair-breaking effect
and h = H/ Hz(gb)(O) is the normalized magnetic field. Here,
H,(0) = nT,/(v2e" ugg) ~ 1.2T./jupg is the Pauli limit-
ing field at T = 0, where yg = 0.577 is the Euler constant,
while H(Orb)(O) is the orbital limiting field at 7 =0 for
fields parallel to the j direction. For the parameters used in
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our calculation, HO™(0) = 1.266 H\2™(0) and szrb)(O) =
4.871 H™(0) are obtained.

III. ANTIFERROMAGNETIC FLUCTUATIONINH || ¢

In this section, we consider effects of the PPB-induced
AFM fluctuation on VLFF in H || ¢ case and discuss the
origin of the anomalous field dependence of VLFF observed
in CeColns.'>!* Throughout this section, ay; . = 5.8 is used
in obtaining the main results. The temperature-field phase
diagram obtained by minimizing Fgr(A,m = 0) is shown in
the inset in Fig. 5, where the H,, transition at low temperatures
is of first order, and a possible FFLO vortex lattice state
appearing just below the H.(T) curve as a narrow HFLT
region'®!” is neglected because it does not affect the SC
properties in the field range of our interest. In fact, we will
demonstrate later in Sec. IV C that, even if the FFLO vortex
lattice is taken into account, VLFF in the H || ¢ case will
be hardly affected by a FFLO spatial structure. Below, we
will show results of our calculation in two cases, m 1 H
and m || H, since the direction of m relative to the external
magnetic field H has not been confirmed in the H || ¢ case.

A. Paramagnetic pair-breaking effect on VLFF

First, PPB effects on VLFF in the case without AFM fluctu-
ation will be discussed. Figure 3 shows the field dependencies
of VLFF att = 0.1 for aps . = 0.01 (dotted curve), aps . = 3.5
(dashed one), and ay . = 5.8 (solid one). As one can see in
Fig. 3, VLFF is enhanced especially at high fields by the PPB
effect. For the sufficiently large o)/ ., VLFF increases with
increasing field while it decreases in the case with the small
apm ... The inset in Fig. 3 shows the regular plots of VLFF

O S
B[ 1
I O] A —
0.006 .

1><10_6 | 0.004

| 0.002

L o o.

05 06 07 08 09

1><10_9 ‘ H/ch.c(O)‘ ‘ ‘ :

0.5 0.6 0.7 0.8 0.9 1

H/HCZ,C(O)

FIG. 3. (Color online) Logarithmic plots of VLFF |F} ;|*> at t =
0.1 as a function of magnetic field scaled by the upper critical field
at T =0 H., .(0) for various values of Maki parameter oy, .. Here,
|F; |? is normalized by (47 CgL)?. Dotted, dashed, and solid curves
correspond to the cases with oy . = 0.01, otpy = 3.5, and oy =
5.8, respectively. The form factor | F| ;|? is enhanced by strong PPB
at high fields, and as a result, the slope changes its sign from negative
to positive. The inset shows the regular plot of the |F|*> curves
shown in the main panel, where the results for oy, . = 0.01 (dotted
curve) and oy . = 5.8 (solid one) are measured by the left and right
vertical axes, respectively.
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as a function of magnetic field scaled by H,, .(0) in the two
cases, ay . = 0.01 and aps . = 5.8. The difference in the field
dependence of VLFF can be clearly seen. To see that VLFF
measures spatial distributions of the internal magnetic field,
the longitudinal internal magnetic fields b(AZ)(r) + b(g)(r) in the
cases withaps . = 0.01 and orps . = 3.5 are shown in Figs. 4(b)
and 4(c), respectively. In the SC vortex lattice state shown in
Fig. 4(a), the internal field in the direction along the applied
magnetic field is induced at the vortex core as a result of the
magnetic screening outside the vortex core. The anisotropic
structure of b(Az)(r) + b(ﬁ)(r) around the vortex core is due to the
mismatch between the fourfold d-wave pairing symmetry and
the sixfold triangular lattice symmetry. Comparing (b) with (c),
one can see that, due to the PPB effect, the magnetic flux is
concentrated inside the vortex core as a result of the enhanced
magnetic screening outside the vortex core. The enhancement
of VLFF shown in Fig. 3 is understood as a consequence of
the concentration of the magnetic flux inside the vortex core,
or equivalently, the enhanced magnetic screening outside the
vortex core.' The increasing behavior in the field dependence
of VLFF due to strong PPB has been already argued by Ichioka
and Machida who discussed this issue quantitatively by using
the quasiclassical approximation where the SC gap and both of
the two pair-breaking effects are fully taken into account.'> The
qualitative consistency of our result with their result indicates
that the perturbative expansion with respect to |A| used here
is valid in the discussion on VLFF.

B. AFM fluctuation induced inside the SC phase

Next, we will show that PPB enhanced sufficiently by
increasing the external magnetic field induces AFM fluctuation
inside the d-wave SC state. Since this novel PPB effect has
been already studied thoroughly elsewhere® in both m L H
and m || H, in this subsection, we will only give a brief review
of this PPB effect with an example of our result in the case
withm L H.

Figure 5 shows the field dependence of the SC-AFM
coupling term F22 gor Sic = 0.005inm L H. Since Eq. (12)

Ag,m
determines the AFM instability, negative values of f(Azolel
indicate that an AFM ordering or an enhancement of AFM
fluctuation tends to occur in the SC state. Noting the physical
implication of F, (Azo’,z,;, one can see that, due to PPB enhanced by
decreasing temperature and increasing field, AFM fluctuation
is induced in sufficiently low-temperature and high-field
regions, while in higher temperature and lower field regions,
the AFM fluctuation is suppressed by the SC order. The field
hcp at which the AFM fluctuation is strongest is fixed at the
H_, transition. The jump seen at the H,, transition is due to
the finite SC energy gap |A| originating from the first-order
nature of the H., transition. These results suggest that the
PPB-induced AFM fluctuation gets stronger toward H.,(0)
inside the d-wave SC state with finite |A| and that the strong
AFM fluctuation with A¢p located just below the H,, transition
at the extremely low temperature causes the quantum critical
phenomena around H.,(0). It should be emphasized that the
result obtained here is not accidental to the GL expansion but
intrinsic to the present system. This novel effect of strong PPB
has been theoretically confirmed in the Pauli limit case where
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(c)
@@

b (r) +b, (1)

FIG. 4. (Color online) Spatial structures of the SC gap |A(F)|? (a) and the longitudinal internal magnetic fields normalized by 47 Cgy,
bg)(f') + b(ﬁ)(f'), for weak PPB (ot)s . = 0.01) (b) and slightly strong PPB («y, . = 3.5) (c) att = 0.1 and H/H» .(0) = 0.96 in the case with
no AFM fluctuation. ¥ denotes the dimensionless coordinate defined by ¥ = r/ry. Due to the PPB effect, the magnetic flux is concentrated
inside the vortex core as a result of the enhanced magnetic screening outside it, which is reflected in the enhancement of VLFF shown in Fig. 3.
The anisotropy of the internal field around the vortex core is brought by the mismatch between the d-wave pairing symmetry and the triangular

lattice one.

|A| is fully taken into account.*® We note that in m || H, the
AFM fluctuation is also induced inside the SC phase by the
PPB effect (see Figs. 4 and 9 in Ref. 30). As a typical example
of physical phenomena caused by the PPB-induced AFM
fluctuation in the SC vortex state, we will discuss effects of
the PPB-induced AFM quantum critical fluctuation on VLFF,
bearing the experimental data on CeColns in our mind.

C. Effects of AFM fluctuation on VLFF

Below, we will examine effects of the AFM fluctuation on
VLFF. Feynman diagrams for the internal field brought by the

@2
A T2

IoN

-0.1

0.26 0.27 0.28 0.29 0.3
h

FIG. 5. (Color online) Field dependencies of the SC-AFM
coupling term in the free energy ]-'foz,)n in H || ¢ case withm L H at
t = 0.02 [lower (red) curve], t = 0.06 [middle (blue) one], and
t = 0.1 [upper (green) one]. In obtaining the result, oy . = 5.8 and
Sic = 0.005 are used. The H.,(T) curve obtained is shown in the inset,
where an arrow denotes the point at which the H,, transition changes
its nature from the second order to the first one and the FFLO vortex
lattice is neglected here. To make it easy to grasp which region in the
phase diagram is considered, the temperatures t = 0.02, t = 0.06,
and ¢ = 0.1 are indicated by the left (red) vertical line, the center
(blue) one, and the right (green) one, respectively, in the inset. PPB
enhanced strongly by increasing field and decreasing temperature
induces AFM fluctuation inside the SC state. The large energy gain
in 32 justbelow the H,; transition at the low temperature indicates

Ag,m

that the AFM fluctuation gets stronger toward H,,(0).

AFM fluctuation are shown in Fig. 6, where a wavy line denotes
the AFM fluctuation and b{’-? has been dropped since it only
gives a spatially uniform contribution to the magnetic flux.
Then, the spatially varying internal magnetic field is written
as b(Az)(r) + b(g)(r) + bfizu’cz )(r), where

b 8w ry |AP Z(|m(q)|2)

4nCoL  1¢(3) & T2 T2
4 e 12
% Z Tl(i) oKL l_[/ d,OiZ Dj
K, #0 i=10 j=1

~(2,2 P, a2
x (lwpl? B2, (ojs @@ e = @) (53)

Here, the commensurate AFM fluctuation (§;c = 0) is assumed
for brevity. The properties of the AFM fluctuation are
specified by the AFM correlation function (|m(q)|?>) which
is introduced phenomenologically through the approximation
(m(Q|>) ~T Zw" x(q,iw,) with the familiar form of the

susceptibility$*!
X(q,i wn)
1 E2(h 1) £5*
N(0) 1+ &2(h,1)|q x 2 + |wal /[To& ~2(h,1) 3]

(54)

where &y and I’y are a length scale and an energy scale
characteristic of the AFM fluctuation, respectively, &(h,?) is
the correlation length which diverges at an AFM instability,

(@ A (b) ©
A

L

r r r

FIG. 6. Feynman diagrams for the contribution from the AFM
fluctuation to the internal magnetic field. The diagrams (a), (b), and
(c) are obtained by connecting two wavy lines in the diagrams (d),
(e), and (f) in Fig. 2, respectively. A wavy line represents the AFM
fluctuation.
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and the two-dimensional fluctuation is assumed in Eq. (54)
based on the experimental data.’” Since, as we discussed in the
previous subsection, the AFM fluctuation strongly enhanced at
hcp gets stronger with decreasing temperature, we assume that
the AFM instability is located at an extremely low temperature
and the high field icp. Then, the correlation length is consid-
ered to take the form &(h,t) = &y (t + |1 — h/ hep|)~ /24142
We note that the condition &(h,t)"> =0 corresponds to
Eq. (12) which determines the instability of the PPB-induced
AFM order. Since x(q,i w,) has a dominant contribution at
q = 0, we will calculate the right-hand side of Eq. (53) by
using the evaluation l;;(zf)vp(,o i3 q,q) = Bﬁﬁp(pj;o,m. Then,
the part relevant to the summation for q in Eq. (53) is
calculated as

> {m(@)l?)

q

qc & w *© d(qz) R
~ d th [ — I ,
Qny? f_ @ e <2T)/<) 2 @)
1 cCc ! c
= 5 q82/ dxcoth(g—x>
N©O)&y 2m) Jo 2T

—1 < gc Sz(hvt) )
X tan — x ),
Ly &

where x® is the retarded susceptibility and the replace-
ment } -, — # [ dq. [d¢ [ qdq is used. In the numerical
calculation below, &, = 2T,, [y = Er, N(0) = p3/Q2n*vr),
q. = pr are used. We believe that the approximation used
here, (jm(q)|?) ~ T Zw x(q,iw,), which corresponds to set-
ting w, >~ 0 in the quasiparticle Green’s function with an
w, dependence, properly gives the AFM contribution since
x(q,i w,) has a dominant contribution at w,, = 0. On the other
hand, it is known that the w, dependence in the Green’s
function produces the imaginary part of the self-energy of
a quasiparticle described by the Feynman diagram (a) in
Fig. 6. Since the imaginary part of the self-energy, namely, the
quasiparticle damping, suppresses the PPB effect,? it cannot
be neglected in examining any PPB effect. By carrying out the
diagrammatic calculation, we can evaluate the imaginary part
of the self-energy near the Fermi surface as follows:

R T E(t,h) E(hp) (Ae T\
B i R = (1 ! [ 2ny (T)} )

(55)

(56)

with Ae = —T.81c + (@ +0)IT, (for details, see the
Appendix). In the expression (56), a familiar form of the
quasiparticle damping caused by the AFM spin fluctuation
near the hot spot*” is extended so that it includes the Zeeman
energy shift. Noting that the direction of m relative to H is
reflected in Ag, one can see in Eq. (56) that the quasiparticle
damping is more effective in m L H than in m || H. In
examining the effects of the AFM fluctuation, we take the
quasiparticle damping into account with the substitution
&n —> &n + sgn(e,) Im X (kr,0), which is equivalent to the
replacement

1 exp [—2xIm =X (kp,0)]
—
sinh[27¢ x] sinh[27t x]

(57)
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FIG. 7. (Color online) The | F} ;(h)|? curves obtained numerically
inH || c¢case withm L H(a)and withm || H (b), where solid (dotted)
curves correspond to the case with (without) the additional internal
magnetic field brought by the PPB-induced AFM fluctuation. The
form factor | F | |? is normalized by (47 CgL)?. Highest (red), middle
(blue), and lowest (green) curves are the |Fy 1(h)|> ones obtained at
t =0.02, t =0.06, and r = 0.1 in the inset in Fig. 5, respectively.
Regarding the parameters relevant to the AFM fluctuation, £y = 0.6,
with & pr = 7.0 and 8;c = 0 are used and hcp = 0.289 is assumed
so that the location of the AFM instability field is below H.,(0). In
the high-field and low-temperature region, VLFF is enhanced by the
PPB-induced AFM critical fluctuation.

in Egs. (25). In the evaluation of the amplitude of the SC order
parameter A, the replacement (57) is also used.

Figure 7 shows the field dependencies of VLFF |Fy ;|* in
the H || ¢ case with m L H (a) and m || H (b), where solid
and dotted curves correspond to the cases with and without
the internal magnetic field brought by the PPB-induced AFM
fluctuation, respectively, at = 0.02 [highest (red) curves], t =
0.06 [middle (blue) ones], and ¢t = 0.1 [lowest (green) ones].
The AFM instability field zcp is assumed to be located below
H(0) so that hcp is consistent with both the experimental
result suggestive of the AFM critical point below H_,(0)>'%1
and our theoretical result shown in Fig. 5. In both m L H and
m || H, VLFF at the low temperature t = 0.02 is remarkably
enhanced in the high-field range by the PPB-induced AFM crit-
ical fluctuation, and as a result, the slope of the | F} 1 (/)|* curve
becomes sharper. On the other hand, in m L H [Fig. 7(a)],
VLFF is rather suppressed by the PPB-induced AFM fluctua-
tion at = 0.06, while in m || H [Fig. 7 (b)], the enhancement
of VLFF due to the AFM fluctuation can be seen at the
same temperature. To understand the physical origin of the
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FIG. 8. (Color online) Spatial distributions of the longitudinal internal magnetic field normalized by 47 C;, without the AFM contribution
b () + b (F) (a), the internal field brought by the AFM fluctuation by’ (F) inm || H (b), and bl (F)inm L H (c)at = 0.06 and h = 0.25
in the case with ), . = 5.8, where dominant contributions coming from the Fourier components +(2,0), £(1,1), and +(—1,1) are extracted
from the full internal fields. The inset of (a) shows the full internal field b(Az) + b(:>. Although higher Fourier components become relatively

large at low temperatures and express the flux distribution at short length scales, the tendency of the distribution is well described by the six

components listed above. Enhancement of the magnetic flux in the vortex core region and its reduction outside the vortex core are commonly

seen in both by (F) A by (F) and b§:”(F) in m || H, while in bl

fluc fluc

The difference in b%?

fluc

enhancement and the suppression of VLFF due to the PPB-
induced AFM fluctuation, spatial distributions of the internal
field brought by the AFM fluctuation bfizu’f '(r) in m || H and
m | Hats=0.06 and 2 = 0.25 are shown in Figs. 8(b) and
8(c), respectively. For comparison, the internal field without
the AFM contribution b(Az) (r)+ b(g) (r) at the same temperature
and field is also shown in Fig. 8(a). In Fig. 8, the contributions
from the six Fourier components with the shortest |K, |,
+(2,0), +(1,1), and £(1, — 1), are extracted from the full
summation for K; so that one can easily grasp the tendency
of the flux distribution. Although, as shown in the inset in (a),
b(Az)(r) + b(z)(r) with the full summation for K, has a short
length scale structure due to relatively large higher Fourier
components, the tendency of the distribution is well described
by the six components listed above. As one can see in Fig. 8,
enhancement of the magnetic flux in the vortex core region
and its reduction outside the vortex core are commonly seen in
both bP(r) + b (r) and b2 (r) in m || H, while, in b2 (r)
in m L H, the magnetic flux is enhanced outside the vortex
core, in other words, the magnetic screening outside the vortex
core is suppressed. This result suggests that the enhancement
(suppression) of VLFF due to the AFM fluctuation corresponds
to the promotion (reduction) of the magnetic screening outside
the vortex core. Further, comparing Fig. 7(a) with Fig. 5, we
can see that it depends on a sign of the SC-AFM coupling
term F (2 2) whether the AFM contribution bffuf )(r) promotes
the magnetlc screening or prevents it. In the high-field and low-
temperature region where JF 2 . 18 negative, b;zucz )(r) enhances
VLFF, while in the lower ﬁeld and higher temperature region
where ‘F(Ag,m is positive, bﬁuc)(r) suppresses VLFF. Noting
that from the viewpoint of the SC order, negative values of
]__(Az 2,21 indicate that the stability of the SC order is enhanced
by the AFM fluctuation, we can understand the mechanism
of the enhancement of VLFF due to the PPB-induced AFM
fluctuation as follows: The SC state becomes more stable due
to the PPB-induced AFM fluctuation, then the SC magnetic
screening is promoted, and as a result, VLFF is enhanced

(f) in m L H, the magnetic flux is enhanced outside the vortex core.
(r) in two cases, m || H and m L H, is reflected in VLFF shown in Fig. 7.

by the internal magnetic field originating from the promoted
screening current. The falling-down behavior toward the H.,
transition in the | Fy 1 ()|? curves is more remarkableinm | H
than in m || H, which is due to the fact that the amplitude
of the SC energy gap is much suppressed by the stronger
quasiparticle damping in m | H.

The increasing behavior in the field dependence of VLFF
becomes remarkable due to the enhanced magnetic screening
caused by the PPB-induced AFM fluctuation. Further, the
obtained field dependencies of VLFF in lowering temperature
inbothm L Hand m || H are consistent with the experimental
data on CeColns.'* Considering these facts, we could conclude
that the strong AFM fluctuation around H.(0) observed
in CeColns in H || ¢ is the PPB-induced AFM fluctuation
enhanced strongly by increasing field and decreasing tem-
perature and that the abrupt increase of VLFF at high fields
is a consequence of the magnetic screening enhanced by the
PPB-induced AFM critical fluctuation.

Concerning the direction of the AFM moment vector m
we cannot rule out alternative possibilities of m L H or m ||
H by comparing our theoretical result with the experimental
data. However, from the experimental data showing that the
configuration m || ¢ is realized in H || ab,>>?¢ it is inferred
that m is locked along the c axis. Further, noting that the AFM
fluctuation in the normal state is suppressed by the Zeeman
effect in m || H while it is not affected by the Zeeman effect
in m L H, the absence of the AFM order in the SC phase in
H || ¢ seems to be understood as a result of the suppression of
the AFM fluctuation with m || ¢ in the normal state.

IV. ANTIFERROMAGNETIC ORDER INH || ab

In this section, we discuss a possible AFM order realized in
vortex states in the d-wave superconductor with strong PPB.
Throughout this section, we assume that the AFM moment
vector is perpendicular to the magnetic field m L H || ab,
since the configuration m || ¢ has been established in the AFM
order observed in the HFLT phase of CeColns in the H || ab
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case. In the parallel field, strong PPB induces the longitudinal
FFLO vortex lattice state in the HFLT corner in the phase
diagram® and the FFLO region is large so that it may not be
ignored. Although the FFLO state is not taken into account in
the analysis on the PPB-induced AFM order in the SC vortex
lattice, we will discuss effects of FFLO spatial structures on
the AFM order and also on VLFF later.

A. Modulated antiferromagnetic order in the SC vortex lattice

Below, we consider the situation where the PPB-induced
AFM fluctuation becomes so strong that an AFM order appears
inside the SC state, i.e., (F{? + Fy.2)/m* < 0. Because the
SC gap function has the vortex-lattice modulation, an AFM
order with a spatial modulation synchronized with the vortex
lattice is expected to appear instead of the spatially uniform
AFM order. Possible modulated AFM orders are classified
into two types: the AFM order localized in the normal-state
region, namely, in vortex cores, and the one coexistent with
the SC order. Since we consider the spatial distribution of the
PPB-induced AFM order in the presence of a potential brought
by the SC vortex lattice through the SC-AFM coupling term
}'(AZ’,?, it is natural to assume that m(r) takes the following
form:

m

’ 2
\/1 + w? Y k0| T

x (1 +w Z,T,?f exp[iK, - (X,Y)]>,

K, #£0

m(X,Y) =

(58)

or equivalently,
m

2
14 02 X k| T

m(q) = (80 + w TI((Zj SanL?EO)’

(59)

where w is a variational parameter to be determined by
minimizing (F? + F(Azaifl) /m?, and Z;(l 4o denotes the
K, summation only for the lowest Fourier components,
(my,my) = £(1,1), &=(1, — 1), and +(2,0). We believe that
the restricted summation for K gives correct results because
the contribution from higher Fourier components will be
negligibly small and will not affect the results. It should be
noted that negative (positive) values of w indicate the AFM
order enhanced (suppressed) in the vortex core.

In obtaining spatial structures of AFM orders, we assume
that the magnetic flux is uniform. Since, in general, an inho-
mogeneous internal field is induced by a spatially modulated
AFM order, the induced inhomogeneous field may affect the
spatial structure of the AFM order. In this study, however,
we neglect the internal field brought by the AFM order
for the following two reasons: First, the leading-order AFM
contribution bﬁg’z)(r) vanishes because of the configuration
m | H and does not affect the magnetic flux at all. Second, the
internal field brought by the AFM order thorough the SC-AFM
coupling b(Azfn)(r) is considered to be negligibly small since,
as we will see later, the transition to the AFM order occurs
at a relatively high field so that the amplitude of the AFM
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FIG. 9. (Color online) Example of the numerically obtained
temperature-field phase diagram of the PPB-induced AFM order
inside the d-wave SC vortex lattice state in H || ab case, where
a thick (black) solid curve and a thin (red) solid one denote the
first-order H., transition and the second-order transition to the AFM
order with a spatial modulation commensurate with the vortex lattice
structure, respectively. For comparison, the onset of the spatially
uniform AFM order in the SC vortex lattice is also shown as a dashed
(red) curve. The parameters used in obtaining the phase diagram
are dyy qp = 7.5, 8ic = 0.001, and Ty /T, = 0.027. The PPB-induced
AFM order becomes more stable in the vortex state with the spatial
modulation commensurate with the vortex-lattice structure. The inset
shows the spatial profiles of the SC gap | A(#)|? (dashed curve) and the
modulated AFM order |m(%)|? [solid (red) one] along the trajectory
X between neighboring vortex centers. The PPB-induced AFM order
realized in the d-wave SC vortex state is not localized in the vortex
core but coexistent with the SC order.

order parameter will not grow to a large value with increasing
field.

Figure 9 shows an example of the temperature-field phase
diagram of the PPB-induced AFM order inside the d-wave SC
vortex lattice state in H || ab, where a thin (red) solid curve and
adashed (red) one denote the transition curve to the AFM order
with a vortex-lattice modulation and the one to the spatially
uniform AFM order, respectively, and both of them are second-
order transition curves. As one can see in the main panel of
Fig. 9, the stability region of the PPB-induced AFM order
is expanded by the modulation synchronized with the vortex
lattice, and an example of the spatial structure of the modulated
AFM order is shown in the inset of Fig. 9. As we will discuss
later, the PPB-induced AFM order is not localized in the vortex
core but coexistent with the SC order. Figures 10(a) and 10(b)
show the field dependence of F» + f(AzOzn)q and that of the
variational parameter w at ¢ = 0.03 in Fig. 9, respectively. For
comparison, results in the case with a o, = 0.01 are shown
in the figures as dotted (green) curves. Figure 10 suggests two
important results. First, the AFM order with the vortex-lattice
modulation becomes more stable in the vortex state than the
uniform one. Second, as clearly seen in Fig. 10(a), in the case
with a4 = 7.5, the AFM order appearing inside the SC
state lowers the free energy, while in the case with a4, =
0.01, it never lowers the free energy. In the case with weak
PPB, the conventional competitive nature between SC and
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FIG. 10. (Color online) Field dependencies of F& + ffﬁ;
(a) and the variational parameter w (b) at r = 0.03 in Fig. 9. For
comparison, results in the case with oy, = 0.01 are also shown
in the figures as dotted (green) curves. In (a), one can see that the
occurrence of the AFM order in the high-field SC phase lowers the
free energy in the case with strong PPB, while in the case with
weak PPB, it never lowers the free energy. Further, as shown in (b),
the optimized value of w is positive in the case with strong PPB,
suggesting the AFM order coexistent with the SC order, while in the
case with weak PPB, the familiar competition between the two orders

is indicated by negative values of w.

AFM orders is reflected in the free-energy cost and negative
values of w, which suggests that in systems with a sufficiently
large Ty /T, in zero field, the AFM order localized in the
vortex cores, i.e., in the normal-state region where |A| = 0 can
appear,** as shown in Fig. 11(c). In contrast, as denoted by
a solid curve in Fig. 10(b), optimized values of the variational
parameter in the case with strong PPB are positive, indicating
the AFM order coexistent with the SC order. An example of the
spatial distribution of this PPB-induced AFM order is shown
in Fig. 11(b), where the spatial structure of the vortex lattice is

(@)

AM)7A?
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shown in Fig. 11(a). The AFM order is suppressed in the vortex
core and enhanced in the region with large |A|. The profiles of
the SC gap |A(x)|? and the PPB-induced AFM order |m(x)|?
along the trajectory x between neighboring vortex centers are
shown in the inset of Fig. 9.

Although we have used a small value for §jc in the above
numerical calculation, the PPB-induced AFM order becomes
much stable in the SC phase as |§ic| is increased.® On the
other hand, the incommensurate wave vector observed in the
AFM order appearing inside the HFLT phase of CeColns>>2°
seems to originate from the deviation from the perfect nesting
condition of the Fermi surface,®® which suggests that the
deviation |§ic| is large enough and the momentum dependence
in |8ic| should be taken into account in the detailed discussion
on the AFM order in the HFLT SC phase.

Our result obtained here for the PPB-induced AFM order
in the SC vortex lattice is consistent with recent NMR data
suggesting that the AFM order in the HFLT phase of CeColns
is spatially extended without being localized in the normal-
state region.>” Although the longitudinal FFLO vortex lattice
state is ignored in the above calculation, the theoretical study
taking account of the longitudinal FFLO modulation along H
without in-plane vortex-lattice structures included shows that,
at least in the high-field side of the FFLO state, the AFM order
is not localized in the FFLO nodal planes on which |A| = 0,
but coexistent with the SC order.>® These results obtained in
the two approaches, which are complementary to each other,
suggest that the PPB-induced AFM order coexistent with the
SC order may be stabilized at least in the high-field side of the
longitudinal FFLO vortex lattice state.

B. VLFF in the modulated AFM order

We will briefly discuss the effects of the PPB-induced
AFM order on VLFFE. A red solid (dashed) curve in Fig. 12
denotes the field dependence of VLFF at r = 0.03 in Fig. 9
in the presence (absence) of the PPB-induced AFM order
modulating with the vortex lattice. Here, the variational
parameter w in Eq. (58) is determined by minimizing
ForL(Ag,m) — FgL(Ao,0), while the amplitude of the AFM
order parameter |m| is obtained by using Eq. (13). The form
factor is enhanced by the PPB-induced AFM order as a result
of the additional magnetic screening brought by the occurrence

(©)

Im(r) m2

1.35

FIG. 11. (Color online) Spatial structures of the SC gap |A(F)|* (a) and the modulated AFM order |m(F)|? in the cases with o . = 7.5
(b)and ayps 4 = 0.01 (c)atr = 0.03and H/H 4»(0) = 0.75 in Fig. 10. The coordinates ¥ and 7 are dimensionless and defined as ¥ = y~12x/ry
and Z = y'/?z/ry, respectively. The figures (b) and (c) correspond to w = 0.63 and w = —0.15, respectively. In the case with strong PPB, the
AFM order coexists with the SC order, while in the case with weak PPB, the AFM order competes with the SC order and is localized in the

vortex cores.
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FIG. 12. (Color online) Field dependence of VLFF |F| ;|* at t =
0.03 in Fig. 9 obtained in the mean-field approximation, where | F ;|
is normalized by (477 CgL)?. A red solid (dashed) curve corresponds
to the result in the presence (absence) of the PPB-induced AFM
order with the vortex-lattice modulation. Although VLFF is enhanced
by the occurrence of the AFM order, the enhancement is not so
remarkable compared with that brought by the PPB-induced AFM
fluctuation. The | F},;(h)|?> curves including the longitudinal FFLO
spatial variation of the SC order parameter ignored here are shown in
Fig. 13.

of the PPB-induced AFM order, like in the case only with the
PPB-induced AFM fluctuation examined in Sec. III. However,
the enhancement of VLFF brought by the AFM order is
quite small compared with that brought by the AFM critical
fluctuation. We expect an additional AFM fluctuation around
the nonvanishing AFM order parameter, which has not been
taken into account in obtaining Fig. 12, to further enhance
VLFE.

C. Internal magnetic field in the longitudinal
FFLO vortex lattice state

So far, we have not examined effects of the longitudinal
FFLO structure of the SC order parameter on the internal field
and VLFF which should be seen in the HFLT corner in the
phase diagram.® Below, we examine the flux distribution in
the longitudinal FFLO vortex lattice although, in turn, an AFM
order will be neglected for brevity in contrast to the case of
Fig. 12.

In the longitudinal FFLO vortex lattice state, the SC gap
function is expressed in the form

A(r) = Apy(X,Y) V2 cos(Q Z) (60)

with the modulation wave vector QZ parallel to the magnetic
field. This FFLO modulation in the SC order parameter
affects the internal field through the operator acting on the
SC gap function exp[iAvp - I]A(r) = V2A exp[iAvy -
I, Joo(X,Y) expli A(vy - Z)(—i Vz)]cos(Q Z), and
then, the Maxwell equation —V X bf)(r)/(4nCGL) =
V x (Yk, zolmg) o +mi) o cos2 Q 2)]e KX 7 s
obtained. It can be shown that the Maxwell equation has

a solution with a transverse component in b(ﬁ)(r).% The
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resulting O(] A |?) contribution to the internal field is expressed
in the form

-bP(r) _ 2y [m<+> n %005(2 0 Z)}
arCa = LT KL+ 200
« e KL (XY _ Z %
& IR+ (207
x sin(2 Q Z)e! KeX), (6D
where
@ 8w ry|AP

[o.¢]
() 25
o= ey 7 fy TP 012

“E O cos[0 (v - 2)(p1 £ o)) (62)

As one can see in Eq. (61), the transverse magnetic field
is induced by the finite FFLO modulation (Q # 0) and
the longitudinal magnetic flux varies along the FFLO
modulation. An example of the flux distribution in the
longitudinal FFLO vortex lattice is shown in Fig. 13(a).
One can see that outgoing and incoming fields are induced
and, correspondingly, the longitudinal magnetic flux varies
along the FFLO modulation. The experimentally measured
VLFF is expected to reflect the internal field which is
spatially averaged over the range [—x/Q,7/Q] in the Z
direction. Then, the transverse incoming and outgoing fields
cancel each other. The |A|* contribution to the spatially
averaged internal magnetic field is given by replacing

by, v,(0)) in Eq. (42) by B , (p))[cos (Q (v, - 2) (e -

Bi— v +8) /2 + cos (Q(vy - 2)(@;j + B;)) cos(Q (v - 2)(
v;j +68,))]. Figure 13(b) shows typical |F1,1(h)|2 curves in
the longitudinal FFLO vortex lattice without an AFM order,
where solid (blue) and dotted curves correspond to the
results with and without the FFLO longitudinal modulation,
respectively, and the arrow denotes the FFLO transition
field. In obtaining the result, the modulation Q is determined
self-consistently from the GL free-energy functional, and
further, it is confirmed that the FFLO transition is of second
order. As one can see in the figure, VLFF is suppressed by the
longitudinal FFLO modulation and the slope of the | F; ;(h)|?
curve changes its sign quite close to the FFLO transition field.
An abrupt falling behavior in VLFF has been experimentally
observed near the transition between the low-field SC phase
and the HFLT one in the H || ab case,* which seems to
imply the formation of the longitudinal FFLO vortex lattice
state in the HFLT phase. On the other hand, an AFM order
and corresponding AFM fluctuation which are not taken
into account in the above argument about the FFLO state
may affect the result. It should be noted, however, that the
quasiparticle damping brought by the AFM critical fluctuation
should suppress the PPB effect so that the onset of the FFLO
transition field in the above calculation should be shifted to
a higher field and that the FFLO region should be narrower.
In order to investigate the high-field and low-temperature
SC phase in H || ab, further studies taking account of the
longitudinal FFLO vortex lattice, the PPB-induced AFM
order, and fluctuation around the AFM transition consistently
will be needed.

X e
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FIG. 13. (Color online) Spatial flux distribution (a) and the | F} ;(h)|? curves normalized by (47 Cg.)? (b) in the longitudinal FFLO vortex
lattice state. The AFM order and fluctuation are not taken into account in obtaining these results. The structure of this state is schematically
shown in (a) where a solid (black) vertical line, a vertical wavy (green) curve, and horizontal dashed lines indicate a vortex line extending along
the applied field, the FFLO modulation, and the nodal planes on which |A| = 0, respectively. The left upper (lower) panel in (a) shows the
numerically obtained transverse field on the surface QZ = n/4 (QZ = —n/4) in the FFLO state with 2w &, Q = 0.55 appearing at = 0.1 and
h = 0.65, where a (black) dot denotes the vortex center. An outgoing field from the vortex center is seen at QZ = 7 /4, while on the surface
QZ = —m /4, rather an incoming field is induced. Correspondingly, the longitudinal magnetic flux at the vortex core denoted by vertical (blue)
arrows varies along the applied field with its minimum at the nodal plane and maximum at the surface on which |A| is the largest. In (b), (blue)
solid and (blue and black) dotted curves denote the | Fy 1(h)|? ones with and without the longitudinal FFLO modulation at ¢ = 0.1, respectively,
and the arrow denotes the corresponding second-order transition field to the longitudinal FFLO vortex state. The VLFF is suppressed due to

the FFLO spatial modulation of the SC order parameter.

In the last of this subsection, we will discuss effects of the
longitudinal FFLO modulation on VLFF in the H || ¢ case.
The HFLT phase appearing just below the H.,(T') curve as
a narrow region in the H || ¢ case'®?* has been considered
to be a realization of the longitudinal FFLO vortex lattice.!”
On the other hand, VLFF obtained in the neutron scattering
experiment does not show any structure around the transition
between the HFLT phase and the lower field phase,'* in
contrast to the abrupt falling behavior in the H || ab case
discussed above. The absence of a precursor of the FFLO
state in VLFF in the H || ¢ case may be due to the fact that
the effect of the FFLO modulation on VLFF is too small just
above the FFLO transition to be seen. Although VLFF should
be suppressed by the FFLO modulation Q, drastic suppression
cannot be seen because, in the H || ¢ case, the stability region
of the FFLO state is quite narrow and Q cannot grow to a
large value. We believe that if VLFF is detected in sufficiently
high resolution, the onset of the FFLO transition should be
observed in VLFF in the H || ¢ case.

V. SUMMARY

Antiferromagnetic (AFM) fluctuation and order induced
inside a d-wave superconducting (SC) phase by strong Pauli-
paramagnetic pair breaking (PPB)® have been theoretically
studied, focusing on how they are affected by spatial mod-
ulations of a SC vortex lattice. Based on the microscopic
calculation taking account of both orbital and paramagnetic
pair-breaking effects, we have shown that, with increasing
field and decreasing temperature, the SC vortex lattice state
becomes more stable by inducing AFM fluctuation inside it:
From the viewpoint of the SC order, the magnetic screening
is promoted by the induced AFM fluctuation in the high-field

SC phase. In other words, the AFM order can more easily
appear inside the SC vortex lattice state than in the normal
state. These implications have been concretely discussed in
connection with the anomalous SC phenomena observed in
CeColns. First, in the H || ¢ case where the AFM quantum
critical behavior around H(0) is experimentally observed,
such appearance of the AFM fluctuation in the SC state
in higher fields has been explained as a result of the PPB
enhanced with increasing field. Then, it is found that the
vortex lattice form factor (VLFF) is enhanced by the additional
magnetic screening brought by the coupling between the
induced AFM fluctuation and the spatial modulation of the
SC vortex lattice and that the VLFF’s enhancement becomes
very remarkable as the AFM instability is approached. The
obtained temperature and field dependencies of VLFF are
consistent with the experimental result,'>!'* which suggests
that the anomalous field dependence of VLFF observed in
the experiments is a consequence of the PPB-induced AFM
critical fluctuation. Second, in the H || ab case where an AFM
order with m L H appears inside the SC phase in CeColns, it
is found that the vortex-lattice modulation promotes the AFM
fluctuation and that, as a result, a spatially modulated AFM
order synchronized with the vortex lattice is stabilized in the
SC vortex state. In contrast to the conventional competitive
nature between the AFM and SC orders, the PPB-induced
AFM order in the vortex lattice coexists with the nonvanishing
SC order parameter and does not localize in the vortex cores.
The spatial modulation peculiar to the longitudinal FFLO
state, which seems to be realized in the HFLT phase of
CeColns,” has been neglected in our analysis on the AFM
order. According to the theoretical study taking account of
the longitudinal FFLO modulation in the Pauli limit without
vortex lattice structures included,’® a possible PPB-induced
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AFM order in the high-field side of the FFLO state is not
localized in the FFLO nodal plane but prefers to coexist with
the nonvanishing SC order parameter. The unconventional
coexistence of the AFM and SC orders, obtained in the two
approaches complementary to each other, is consistent with
a picture on the HFLT phase of CeColns suggested from the
recent NMR data.?® Further, our study on the effects of the
longitudinal FFLO spatial modulation and the AFM order on
VLFF performed additionally has shown that, as well as the
AFM fluctuation, the AFM order enhances VLFF, while the
longitudinal FFLO modulation leads to a significant reduction
of VLFF similar to that seen in CeColns. These results on
the magnetic properties in high-field superconductors with
strong PPB imply that the HFLT state of CeColns is a
coupled phase composed of a PPB-induced AFM order and
the d-wave SC order accompanied by the longitudinal FFLO
modulation.
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APPENDIX

1. Orbital pair-breaking effect

Here, we show the details of the calculation in obtaining
Eq. (29) and derive equations useful in incorporating the
orbital pair-breaking effect. In the case with H || Z [H || 7],
the vector potential can be expressed as Ay = (0, Hx,0) [Ag =
(Hz,0,0)], and then, [I1,,T1,] = —iry,? ((T.,T1,] = —iry?)
is satisfied. In the H || Z case, by introducing the operators
M. = ry(T, £i01,)/+/2, we obtain

exp [iA Tc_lvp . l'[] = (3_#A2 ATy piAnT
AT GG ATy /2P (Ml ] (A ry /V2) T,

X ei(An*rH/ﬁ)nx’ (A1)

e

where the operator identity el4:51 = ¢=[4.81/2 o4 ¢B j5 ysed. In
the H || § case, (I1,,I1,) is replaced by (y~V210,,y"?I,) in
Eq. (Al). Equation (29) is obtained by using Eq. (A1). Since
the Fourier transformation of ¢o(X + ary,Y)es(X + Bru.Y)
with the reciprocal lattice vector K| = (K, K,) is calculated
as

dXdy ‘
/ Qo(X + ary, Y)g5(X + Brg,Y)e e

LxLy

1 2 K.r
= TI((ZE e 1@ P exp |:i il

(2
TKL

= 8Ky & Kyry
T-&-;ery,evenl T

we obtain

7w Kyry
. cos
:integer 2 k

exp [ise, T, (vp - Tl & + v, - I} ﬂ)]gao(sl)<p0(s2)|H(XY)
e~ 2P DB =N g0 X s, am* N 2y Y )@(X — 5128y, Y)

= exp |: — u( + B) :| Z Tlg) K1) exp [issn (u(a —B)+i @

K.

(o + /3)] exp [ - yzr” (o — ﬁ)} (A2)
[K';:H + SerHiD exp [ - %|KLVH|2:|,

In the same manner, the identity corresponding to the fourth-order term is given by

exp[i Se, T;l(Vp Mo+

I} B+ vy Tay + vy - T, 8)] (s (52)0(5)95 (5] .y,

=6Xp[ LIPS +62+(a+y><ﬁ+a))]exp[——((a Vo 4 (8 — 8)2772)}

o0

k “4) K (XY
x Ty, e n T 1. K1)
L )3

l[ lz:*OO

k
xexp|:zss< in —(l1 — L) (a — V)—iﬂﬁ<

X exp |:zs8n (

K, H){( FY)— B+ +i

o)

{a+y)+(B+ 8)}>],

.(p x KJ_VH)Z

23/2
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7w K,r k K,r 1
K,vk"H ,evenl KkH iinteger exp |: - Z };(H (;erH + yTH)i| exp |: B §|KJ_VH|2i|’
k
T 1K) = cos (%( )(11 + 1) )
K,r k> r\ 2
S ) B R ) R

where /; and [, are integers.

Im(y%)
. . Iy = [03 — (03 — p1)*].
2. GL coefficients V; in Eq. (9) 4
Since the GL coefficients V; in Eq. (9) have been already Rig = |,7|2<e L+ e +esy+ 2 e 465>,
derived elsewhere,”**> we only show the final expressions of 3
V; which are given by e? 1+ e2
Ry = Re(n2)<61 +erte3— 2
1 o0 1 T2El 3
V2:—ln(h)+/ dp[—exp(——zopz) 2
2 0 P ry —§(€6+67+€8+€9) ,
Inl*
- fcos(pap)<|wp|2 exp ( - 5 /)2 > Im(ﬂz) 6421 - eg
2 FS Is = el +ey—ez —
4 3
3 o 3 3
=2 [t 3o 3 )t rer-a-),
i=1 i=1 i=1
1 1 — 2 2
X exp |:— —( — =Ry + Rm)] cos(I4)> , (A5) er = (p3+ps)” + (/;3 + p4),
2 2 FS ey = (p1 + ps + ps5)°,
5 5 5 2 2 2
o e3 = p3+ py+ (2 — ps)7,
Ve = —61‘[/ dp; fCOS(Zpi, Zp,-><|wp|6
; 0 : :
i=l . i=t =l es = p1+ 2(p3 + pa + ps),
X exp |: - E(RIG + R26)1| cos(16)> , €5 = P2 — P3 — P4 — Ps,
Fs e6 = (ps— ps)” + (o1 + ps — p3)°,
where e7 = (p1 + ps — p3)°,
3 es = (p3 — pa)* + (p2 + p3 — ps)*,
Ris = |’7|2<Zpi2+'02(,03 +p1>), eo = (02 + ps — ps)’. (A6)
i=1
— 29 2 2
Roy = Re(n)[p; + (03 = p1)’], 3. Imaginary part of the self-energy

The self-energy of a quasiparticle is expressed as>’
|

So(kig) =T Y Y G z(k + Qo — q) x(q.iles — £1)). (A7)

& q

After carrying out an analytic continuation, we obtain the imaginary part of the self-energy on the Fermi surface as follows:

1
Im2f(k.0) = 5~ Z/_ dximG®, _(k+Qp— q)ImXR(q,x)[coth (%) — tanh (%)]

£2(h,1) 2T
N(O)ER 1 +£2(h,1) g*

f f d(g*) 8k + Qo+ q) +31T.) (A8)

4(27‘[)2

where R is the retarded self-energy, GF is the retarded Green’s function, and the inequality |x|/27 < 1 is used. Since the §
function in Eq. (A8) is reduced to
6(q> — [Ae/vr]?)

(Tdic+vk-q— (@ +0)T)= - 3(¢p — o) (A9)
q vr | sin ¢y
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with ¢g = cos™! (Ae/(q vr)), we obtain

Im X (k£,0)

nzT 4dc PF 1

227> N(O)vr préy

o 1 4 /
2 N(0)EZ 2n)%vr J

dq2 !
Aejvr)? Vg% — (Aevp)2 E72(h,1) + ¢

= (€ (h.t) + (Ae/vp)) '
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