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Introduction

FFLO state : Unconventional state(SC) predicted by
Fulde, Ferrell, Ovchinnikov, and Larkinin in 1964

Cooper pair with finite center-of-mass momentum q in high field H
Pairing in FFLO state / \ Pairing in BCS state
(k. -k+gl ) ; 21 H *More realistic state than BCS (k. -kd)
k1 = g K

hVF state under a certain condition
* Order parameters of the
two degenerate states

k1

= iq-r
A(r) B state
“ 2k +q | A(r) = Aoe-IQ'r
A(r) = Aeldr -linear combination

A(r) = 2A,cos(q *r) : LO stay

Order parameter : oscillatory Order parameter : constant

Z A(r)=0
o) LO StatZ: The condition in which the FFLO state realizes
ana(;‘nol est = orbital limit > Pauli limit
q [ icicuiar to clean limit
/ wave vector g

= 2-dimentional Fermi surface




Introduction

Orbital limit and Pauli limit in type II superconductor
*orbital limit

2 =k
Linearized GLeq. — h [V — A2 AP Y (r) + P (r) +W3(r) — 0 (near the transition point)
2m’
S Hé’zrb (T)= L : Condensed state is destroyed by vortexes.
27&(T)
* Pauli limit
E, :% N (0)A® :condensation energy

1. 2 ~ L gu)’N O
E, =§;(nH :Zeeman energy( Xn 2(9/”5) (0) )

J2A

a : Condensed state is destroyed by Pauli paramagnetic effect.
B

E.=E, > Hch:

¢ Y

0-568

Phase transition can be first order below a certain temperature.

~Land II

T.:,(‘d-_g =0-33
hy/d5 =0-60

To/d,

¢ Maki parameter

-1
R A .
o= . C (<< 1 conventional superconductor) oron
H o 05
c2 EF s
G. Sarma, J. Phys. Chem. Solids. 24, 1029 (1963).




Introduction

Clean limit
Nonmagnetic impurity is very harmful to the FFLO state.

2-dimenstional Fermi surface
Fermi surfaces split by Zeeman effect should be fit by translation.
—2-D more favorable than 3-D

~

q
le—-

~—

2-dimentional Fermi surface 3-dimentional Fermi surface

Candidate systems for the FFLO state which meet the upper conditions

(-organic SC »
“cold atoms
= astrophysics

" nuclear phy5|cs)




Heavy fermion CeColng

CeColn._
Tetragonal structure T.=2.3K
vy ~ 1000 mJ/K?mol(~1-10 for normal metal)

-first order phase transition at H., - indicating Pauli limit
" Celn;-Coln, layered-structure - 2-dimensional
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T. Tayama et al., Phys. Rev. B. 65, 180504 (2002).

v Maki parameter : o = 4.6(H // a), 5.0(H//c)
¢ mean free path : / ~ 3000 nm (~10 nm for free electron)
v 2-dimentional Fermi surface > band 15 - electron

H. Shishido et al., J. Phys. Soc. Jpn. 74, 1103 (2005).




Heavy fermion CeColng

- :%::: | I; I| 11
15l FL = A(H)e(H-51)""" 1]
- = = I T
B -_5. = Er‘—I'—Hr“? 1
i - S5k ° 4
- _'; .%— I li'.. |
A < [N 1
— 10 & N H
E = NFL ol i, o S
T - A& dp 5 10H T 15 |
= (gg<0) s LN R
i Y ) | o
5% \\:x:«a:‘x‘?\“‘ S 1 To3
- x NFL i
i dp |
L SC m‘? { W = 0} 4 -/'/-T/.
U_ .1 1 L N ! L |_ O(H-"""' L 1 L | T':Krll PR A
0 5 10 ) 0.1 1 10 100
T [K] T (K)

J. Paglione et al., Phys. Rev. Lett. 91, 246405 (2003).

“P—pPo OC 7" : Non-FL
" Divergence of A value near the H,,(T = 0)
= Quantum critical point near the H_,(T = 0)




Heavy fermion CeColng

New phase in high-field and low-temperature(HFLT) region

*Specific heat measurement :
branch of the 2-order 23002
phase transition line

H (T}

2300.1

2300.0

(m/s)
T T
—
rd
o
A <
s
—
v
| |

-Ultrasound measurement : = fe
=3 Lorentz mode (red line) 299F M" .
with a cusp at T* o0l “*::,i-....._._
_ —’softening’ of vortexes TRy ——
TR because of planar nodes T

B EsRev: Lett. 91, 187004 (2003). Y. Matsuda et al., J. Phys. Soc. Jpn. 76, 051005 (2007).




Heavy fermion CeColng

New phase in high-field and low-temperature(HFLT) region

*Specific heat measurement :
branch of the 2-order 23002
phase transition line

H (T}

2300.1

2300.0
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T T
—
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o
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—
v
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-Ultrasound measurement : = fe
=3 Lorentz mode (red line) 299F M" .
with a cusp at T* o0l “*::,i-....._._
_ —’softening’ of vortexes TRy ——
TR because of planar nodes T

B EsRev: Lett. 91, 187004 (2003). Y. Matsuda et al., J. Phys. Soc. Jpn. 76, 051005 (2007).




Heavy fermion CeColng

New phase in high-field and low-temperature(HFLT) region

*Specific heat measurement :
= branch of thg 2-o.rder ool \!T |
phase transition line \
2300.1F \ >> _
.’o,. T
. - H
z ,

= 2300.01 T N, g

*Ultrasound measurement : = g .,
3 Lorentz mode (red line) I S _
with a cusp at T* 1005l A
] ] & 9'S()fter]ing’ Of vortexes 0.0 (}.IE {),I-L o.la (},Iz; I.I{) 1.2

TK) because of planar nodes o

B, Rev. Lett. 01, 187004 (2003). Y. Matsuda et al., J. Phys. Soc. Jpn. 76, 051005 (2007).




Heavy fermion CeColng

New phase in high-field and low-temperature(HFLT) region
*Specific heat measurement :
5 branch of thg 2-o.rder ys00al \!T |
phase transition line \
2300.1F \&. a
" ".%. 4+ H T>>
£ 230000 T ‘% w -
*Ultrasound measurement : = afife - .
=3 Lorentz mode (red line) e . S _
with a cusp at T* 2005 A
ho o5 0 15 2o zs é'softening’ of vortexes 00 02 o4 _(_).Iﬁ 08 10 12
. T(K) because of planar nodes o
e tys. Rev. Lett. 01, 187004 (2003). Y. Matsuda et al., J. Phys. Soc. Jpn. 76, 051005 (2007).

8 T v ‘ = Sensitive to impurity
etoling,Hg,)s . N .
f " vanishing with 0.05% Hg dope
6 N c c
T I —consistent with FFLO
x|
S af I
S T i
2F JSUI CeCO(ING g0000 HGp gooec)
& & eL.0(INg gagea MJ0.00022)s
g § HenT
o l | IJ(. c(.{xlm—oo—:)—(yg_gu;-
0 0.5 1.0 1.5
T (K)

Y. Tokiwa et al., Phys. Rev. Lett. 101, 037001 (2008).



Heavy fermion CeColng

New phase in high-field and low-temperature(HFLT) region
*Specific heat measurement :
= branch of the 2-order 00l \T |
phase transition line \
2300.11 \ -
*, PRI HT>>
z w,
= 2300.01 T N, u
Ultrasound measurement : = afife - .
| Lorentz mode (red line) S LSRN _
i “ \ with a cusp at T* 2005 A
'3.;,_-.3 T EETEEEEY. ) 25 é'softening’ of vortexes 00 02 o4 _o.lﬁ 08 10 12
. T(K) because of planar nodes T
e tys. Rev. Lett. 01, 187004 (2003). Y. Matsuda et al., J. Phys. Soc. Jpn. 76, 051005 (2007).
8 I TR ‘ - Sensitive to impurity
CeCol(In,,Hg,)s M St L B - . . —
¢ " vanishing with 0.05% Hg dope " P T, ®.0 P=0GPa 1
6L 4 0.00016 . . s \L‘\ v,v P=045GPa
L ooz —>CONSsistent with FFLO 12?“} 4,6 P=134Gha
—'o - 0.00048 ol # » -"‘l-r. \‘A.\ ]
= ol ) . T“
S 4 - 1 0.1 J/mol K = 8 P
S - . . =
ol \ = stability against suppression of  °[ _ Hie \
& CeColINg gegsaHo.00022)s . I -j‘__&e__' N i
i ; HetT AFM fluctuation by pressure ) TR <\
3OO0 . . S N : |
0 el Sirrelevant to AFM 2 CeColn, N\
0 0.5 1.0 1.5 0 ] . ; . .
0 0.5 1.0 1.5 2.0 25

T (K) T(K)
Y. Tokiwa et al., Phys. Rev. Lett. 101, 037001 (2008). C. F. Miclea et al., Phys. Rev. Lett. 96, 117001 (2006).




Neutron diffraction measurement
H//[1-10] (h,h,0.5)

hirlu) h{r.lLu.) 12 T T T T T T
450 AH T Ce(;orlt;._, B “ : — ‘--:: . - "
}ﬁ hhos) | I — : [ O=phase '
#, ﬁ 4 W
8 # ;_.j S — 10}
Bty g,} - = o
250 - @ H=106T, T=60mK *‘ ® H=10.8T, Te60MK e
450 - C .D “ le_ o O
400 “L * 400 T :
S ol T Nl g eedgmbe 1S
B HeUAT, T=A0OmK® * ¢ H=114§=E»OMK *%*#{ . ;
h(rlu) h{rlu) T '\Kl
*magnetic order scale: 60 nm >> vortex core scale:~10 nm
*magnetic structure Q=(%+q,%+q,%)q=0.06 S1HLq Uy =0.1544
: 21H _ _ _ 5
"q: H-independent InFFLO state U= —inconsistent with FFLO %

hv,

Incommensurate(IC) magnetic order
— SC gap function that carries finite momentum

w
Qo
o

N
o
o

N ' L 2 : '
90 985 100 105 110 115 [

H (Tesla)



Neutron diffraction measurement

H //[1-10] (h,h,0.5)

hirlu)

h{rlu.)

)54 056 086 a.57 R )54 055

CeColny 1| B
}ﬁ (h.h,0.5) T
h {
: %{H ?“*}
-
Q
= W % & l--:

250 - @ H= 1007 T=60mK

i 5 ;fi
- 0 . Q* * Y,
: Méﬁ

D H=11T, T=400mK ~
250 - @ H=11T, T=60mK

] 054 055 05 57 D58 184 055 D56 0!

Counts

G  H=114T7, T=60mK
[ @ H=113T, T=60mK

h(rlu) h{rlu)

*‘ ® H=10.8T, T=60mK

Yoy

Counts

Counts

H (Tesla) || [1=10]

*magnetic order scale: 60 nm >> vortex core scale:~10 nm

"magnetic structure Q= (%+q,%+q,%) g =0.06 S1HL g

"q : H-independent In FFLO state

_ 2ugH
hv,

Incommensurate(IC) magnetic order
— SC gap function that carries finite momentum

12 T T T T T T
CeColn
R
b hO-phase'
10 _L L5 ®
1
o o
’ #
. O
a b (001 :
y ‘,’
.6 0.8 1 1.4
T (K)
ILIO = 0.15/«18 45(- .
—>inconsistent with FFLO
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NMR measurement

In(1) site H// [100] In(1) site  H //[001]
L 1197 — —
Snl T HALST 50k Hiab{ 12 Hi ab A
-1 -WM 1st
ENRl — 481 tgk s
d - \\t 11
_ & 460 FFLO R -
_.% = T 44t & = oF it
= % - 2nd =
= 42 & A 2nd
BCS | BCS
40 0 A 9
H=11.31 38 L Q7 . . .
T=130uiK 00 05 0 15 no o 05 10 15
1.8 1.9 2.0 2.1 T (K) T (K)
Knight Shift (%)

K. Kakuyanagi et al., Phys. Rev. Lett. 94, 047602 (2005). K. Kumagai et al., Phys. Rev. Lett. 97, 227002 (2006).

—>coexistence of SC and normal state
inhomogeneous FFLO state

*double peaks in HFLT region

well-separated peaks No quasiparticle excitation at the point where vortex intersects with node
The sign of order parameter is same across
the dot line in the picture. . . .

(ii) S
0 0 0 "
t

AB)AE" (i)

—>No Andreev bound state ;
( '—Josm(q) (_ b

N

TR L

Y. Matsuda et al., J. Phys. Soc. Jpn. 76, 051005 (2007).



NMR measurement

In(1) site H// [100] In(1) site H //[001]
L -——|[ 1% T — ———
f—--_l. S EaT 50k Hlaby 12 Hilab 1
= A.f : 4sj-%18t . st
E small peak = Ty ’
If 1 06 08 10 f\l 1 __:_,E ::?46 EELO 2 ':
= B - ond | 7
= 42t 5 2nd
BCS | BCS
40+ O A 9
H=11.3"1 1%+ ol
T=180mK 00 05 10 15 % 05 10 15
1.8 1.9 2.0 21 T(K) I (K)
Knight Shift (%)
K. Kakuyanagi et al., Phys. Rev. Lett. 94, 047602 (2005). K. Kumagai et al., Phys. Rev. Lett. 97, 227002 (2006).

*double peaks in HFLT region —>coexistence of SC and normal state
inhomogeneous FFLO state

well-separated peaks No quasiparticle excitation at the point where vortex intersects with node
The sign of order parameter is same across

the dot line in the picture. . . . AOFAE” (i)
—>No Andreev bound state . . . (Mosm(q)/’\ B
e
Git 4~

TIE "B

TR L

Y. Matsuda et al., J. Phys. Soc. Jpn. 76, 051005 (2007).



NMR measurement

In(1) site H// [100] In(1) site  H//[001]
L o He115T) — ——
f—--_l. S EaT 50k Hlaby 12 Hilab 1
= A.f : 4sj-%18t 1 st
: small peak = | .-\_:?;U :
-f e e T ﬂ 1 __:_.E ::?46 EFLO o] ':
:; = = \ = i/ o
- B - ond | T
= 42t 5 2nd
BCS o, BCS
40r Q A
H=1131 380 27
T 180mk . R 00 05 10 15 b0 05 10 1
1.8 1.9 2.0 2.1 pe o 0E "k [ ! = T(K) T {K}
Knight Shift (%) small peak
K. Kakuyanagi et al., Phys. Rev. Lett. 94, 047602 (2005). K. Kumagai et al., Phys. Rev. Lett. 97, 227002 (2006).

*double peaks in HFLT region —>coexistence of SC and normal state
inhomogeneous FFLO state

well-separated peaks No quasiparticle excitation at the point where vortex intersects with node
The sign of order parameter is same across

the dot line in the picture. . . . AOFAE” (i)
—>No Andreev bound state . . . (Mosm(q)/’\ B
e
Git 4~

TIE "B

TR L

Y. Matsuda et al., J. Phys. Soc. Jpn. 76, 051005 (2007).



NMR measurement

Magnitude [A. U.]

el — aramx
3 A - - o a0EmK
50+ I P
i~
e e — TOmK

— —"{-:\\" e, — 112 mK
S~ T —mm
0 . N !
104.75 105.00 105.25 105.50

Frequency [MHz]
V. F. Mitrovic et al., Phys.

In(1),In(2),Co_site H //[100]
*In(2) site : double broadening peaks
*Broadening depends on sites.

—>Not from FFLO or vortexes but from

magnetic order in the vortex core
magnetic structure consistent with data

1 i1
Q—(§+q,5,§)

g : undetermined

spin : S//H//[100]

LalT) FalTed

140
1.00
0.80

0.80

4 02T

0.70

44T
060

In(1) site  H // [100]

04
TIT,

Rev. Lett. 97, 117002 (2006).

Scan normalized intensity (arb, unit)

Ing2)

119

F(MHz)

In HFLT region
*no other peaks
= ¥ enhanced
T-independent
<DOS at E¢ in FFLO

% oc DOS(E)
20— -
1.0 B phase 'ji

L 4 T(H)
100—— {
" To(H) A phase *

5 e T

o SRR S PR E;J
1.8+ O 0 o iy ()

A,
1.61+ A
y X
141 comd 2
£
1.2+
WO e s™ 2
0.01 0.1 1

T (K)

B. L. Young et al., Phys. Rev. Lett. 98, 036402 (2007).




NMR measurement

=] .
<
© et v
b= =
= ——gaz o
= — 505 T
=3 ;
= 5
_ert? M — aTamx
N A —  amsmk
i VA e — 248 MK
s
e e — TOmK
— —"{-:\\" e, — 112 mK
ST —TEmK
ol N !
104.75 105.00 105.25 105.50

Frequency [MHz]
V. F. Mitrovic et al., Phys.

In(1),In(2),Co_site H //[100]
*In(2) site : double broadening peaks
*Broadening depends on sites.

—>Not from FFLO or vortexes but from

magnetic order in the vortex core
magnetic structure consistent with data

1 i1
Q—(§+q,5,§)

g : undetermined

spin : S//H//[100]

Scan normalized intensity (arb, unit)

140
1.00
0.80

0.80

LalT) FalTed

0.70

I 44T
080 |-

4 02T

In(1) site  H // [100]

04
TIT,
Rev. Lett. 97, 117002 (2006).

Ing2)

119

F(MHz)

In HFLT region
*no other peaks
= ¥ enhanced
T-independent
<DOS at E¢ in FFLO

% oc DOS(E)
20— -
1.0 B phase 'ji

L 4 T(H)
100F———— {
" To(H) A phase *

5 e T

o SRR S PR E;J
1.8+ O 0 o iy ()

A,
1.61+ A
y X
141 comd 2
3
1.21
WO e s™ 2
0.01 0.1 1

T (K)

B. L. Young et al., Phys. Rev. Lett. 98, 036402 (2007).




Magnetic Structure

NMR S1HL1q (neutron diffraction measurement) : dipolar hyperfine coupling
S/ H/[100] (NMR measurement) : isotropic hyperfine coupling

fQ : quadrupolar interaction

Resonance frequency: f =y |H,+H, |+ fQ ¥ : gyromagnetic ratio

Electric field gradient is unaffected by the onset of SC or magnetism.

In(2a) : double broad peaks In(1),In(2b),Co : no dramatic change requirement from data

20

é [ 2. B.-S(r+r, M M
]5: ] th (r) — Z d ( I) at In(l) - »
I i=1
5 2. B,-S(r+r,)
z H,(r)=> ~~ at Co
= Vi
2. B. -S(r+r
[ Hy (r) = Z S "~ at In(2a)
98 99 100 101 102 1 i
Frequency (MHz) 5 B S (r
i -
N. J. Curro et al., J. Low. Temp. Phys. 158, 635 (2010). H. (r)= Z T : at In(2b)
=1
H//H, :blueline e i)
H, L H,; :redline ' IS0 dig Q=Q.p



Magnetic Structure
IO 0

B. 0B, :%
1

1SO

- Biso 0
0

o -

Calculate H,; assuming various
S,q, B. under the condition of
H // [100]

—Z 3Xy 3xz
2 2 2
—X"+2y° -2 3yz
2 2 2
3yz —X" -y +22
Case q Sp B In(1) In(2a) In{2b} Agreement?
(1.1) [100] [100] iso Hyps =10 Hpy | [100] Hyr =0 yes (a)
(1.2) [100] [100] dip Hyg || [010] Hy,; | [001] Hyr =0 no
(1.3) [100] [001] iso Hys=0 Hyr=0 Hy; | [001] no
(1.4) [100] [001] dip Hys =10 Hyys | [100] Hy | [010] yes (b}
(2.1) [010] [ 1007 iso Hys=0 Hy;=0 Hyr | [100] no
(2.2) [010] [ 100] dip Hpg || [010] Hy | [001] Hy = 0 no
(2.3) [010] [001] iso Hpy =0 Hyy | [001] Hyr =0 no
(24) [010] [001] dip Hy;=0 Hyz | [100] Hy,; | [010] yes (¢)
(3.1) [110] [100] i50 Hpg || [100] Hypg | [100] Hpyr | [100] no
(3.2) [110] [100] dip Hy || [001] Hyr | [100] Hyr | [010] no
(3.3) [110] [001] i50 Hyg || [001] Hy,; | [001] Hy; | [001] no
(3.4) [110] [001] dip Hys || [010] Hyg | [100] Hys | [010] yes (d)
(4.1) [110] [100] i50 Hyg || [100] Hyr | [100] Hyr | [100] no
(4.2) [110] [100] dip Hpg || [001] Hys | [100] Hyp | [010] no
(4.3) [110} [001] i50 H || [001] Hy, | [001] Hyy | [001] no
(4.4) [110] [001] dip Hyg || [010] Hyr | [100] Hy,; | [010] yes (g)

Case|2.4|



F

G.L. free energv(mode coupling)

F= F+ m 2 4 D ey Be g2
2 4 2

M, ¥, A : order parameter of SDW, n-pairing SC, d-wave SC (a,,,b,,,0y,by > 0)

+b7“’\114 + CAMY

<>assuming that d-wave SC (not FFLO state) is necessary for SDW and nt-pairing SC.
Minimize with respect to M, ¥

| Wy — _CA M Approximation : W3 << ¥ (considering CeColn; is near the QCP)
2
vz L [(Ca) -
u bM Ay

— M exists only in FFLO phase.

Wave vector g (Estimation of g and comparison with the data)
Q=Q,+q
0

* Estimation : 4 =

ZIUBH ~2.4x10°m™* i ~3.3x107% . Data (Kenzelmann et al.) :i ~1.2x107*
hVF QO QO

AQ = 2.1x107° : comparable to the error

“the possibility of H-dependence of V;

—>The robustness of Q against H is understood.



F

model H=-t »'c/ c, +t'" dc ¢, +UD n.n +VI nn +I> SS,—gsH>'S,
(T (e i o) o) i

Y
= <j,j>(<<i,j>>) : summation over nearest(next nearest) site ~
=assuming square lattice (for quasi-two-dimensional CeColn;) "=>z N Re
‘H// z ..

~

27

Approach 1 : BdG eq. (neglecting AFM fluctuation)
Approach 2 : FLEX approximation (considering AFM fluctuation)

Approach 1
Define mean field:(S;),(n;), A7 = <C- C, >

ic”jo’'

Staggered moment : M (i) = (-1)™"(S;)

d-wave order parameter : A’ (i) = A?”a +Aﬁ_a —Aﬁm —Aﬁ_b (a, b : unit vectors along the z, x-axes)
= oo m-+n 1 X = =

n-triplet order parameter : d_ (1) AT, ==(-1) E[_Oda (i) +id (i)

8 =" S F o ()82 0)



oy

Then the thermodynamic average <**=> (mean field Hamiltonian)
—self-consistent eq. for (S;),(n;) , and Ay for each i: BdG eq.

0.12

= [AFMLFFLO

BCS

Normal

000 0.03

T

5 10152025 30 35 40

m

-p-

0.006
0.004
0.002
0
-0.002

0% consistent with experiment

-0.006

*AFM only in FFLO

Andreev bound state
*Normal state to SC is

first order in high field.
MU and J are required.

T.(H=0)=0.096
*dashed line :

n-triplet is neglected
—important for AFM

*Oc L Gero // H
*|6c| : independent of
nodal planes

() A(m.n)

m—

~H

40 0.2
35 0.1
30

25 0
200 & .01

15
10

5 1015202530 3540

m

(b) Map(m,n)

51015202530 3540

m

40

0.04
35

% 0.02
95 0
20n @ 002
15 0.04
10

5

*Modulated order
parameter

“large DOS
around the nodes

- AFM order occurs

with nucleation of
the planar nodes

|localized around

the nodes

"Grri0 // H (assumption)

-0 l1lH, M1H




%0 0.04 07 05 =Peaks at
35 :
. i 0.4 -
20 003 ~weak modulatlor? I | oe - Q=0Q,xd,
25 0o along the nodal lines ol o R )
2on @ .. IC-AFM order - 105 2n lf 1 ZSEEEES
15 ' - Satellite peaks
0 . EmEnm | 0
10 0.4
5
| 1 | 0.3
5 10 15 20 25 30 35 40 03 04 05 06 07
m dy /2n
iy Fourier transformation of <5>
Approach 2 i
1 ) . _ . i ]
(@) MLFFLO (b) AFM-FFLO AFM order : from three t.o.qua.su 2-dimentions
FFLO FFLO near the BCS-FFLO transition line

e
n""
-

—>enhanced spin fluctuation
Pure FFLO state without AFM order

Findings : Inhomogeneous FFLO state - Andreev bound state - stabilized AFM
(rt-triplet SC)

New phase near the AFM-FFLO state, where strong spin fluctuation exists




NMR measurement

a)

Magnitude [A.U.]

Ho[T)
e
[
V
{
'l: 1

Ty
......
gy
"y,

1
04 06 08 1.0
Temperature [K]

In(1),In(2,.).In(2, ) site H //[100]
"In(2,,) : broadenlng, double peaks

. In(1),|n(2bc) : not broadening

w//cLH =015z
o//lbLH 5=0.085
Direction of 0 : H-independent

—>consistent with data

“In(2ac) : weak signal, disappearance of the double peak

New phase under the IC+FFLO phase
Very strong AFM fluctuation



Neutron diffraction measurement

H //[100] (h,h,0.5)
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SDW originates from local magnetism in vortex cores. ﬁ%ﬁg { \
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High DOS of low-energy excitation that induces magnetism : B = 16T | ﬁg } / { %
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*New phase was found in HFLT region in CeColn., and AFM coexists with SC in that region.

1 = Coln,
| ﬁ_ 10 (d1)|1 Z \~~ﬁ &
T(K H(T) z =S N

E , 15 h\\ = P

T wE N\ ’ »
0 ————————+——]| =3

A. Bianchi et al., Phys. Rev. Lett. 91, 187004 (2003). M. Kenzelmann et al., Science 321, 1652 (2008).
*Theories predict that FFLO state (inhomogeneous) and AFM can coexist
' ~dri (a) (b
and moreover, the phase is FFLO state-driven. ) AFM.FFLO ) AFMLEFLO

FFLO

BCS

Y. Yanase et al., J. Phys. Soc. Jpn. 78, 114715 (2009).

* Neutron scattering experiment indicates that the phase is magnetic-driven
and the data is inconsistent with theories above.




