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Abstract: | will discuss NMR study of two types of iron based superconductors, electron doped Ba(Fe,Co)2As2 and stoichiometric FeSe. The

primary focus will be on normal state spin fluctuations and its possible relation with the superconducting mechanism, and the pairing symmetry as
probed by NMR.
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Below x < 0.15, both intra-band and infer-
band spin excitations between hole and
electron bands exist. Acki 0811.1156
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Hole pockets nearthe I’

point (almost) disappear in

the overdoped non-

superconducting regime
x>0.15

Sekiba et al. NJP 2009
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Contrasting behavior between underdoped and overdoped Ba(Fe, Co ).As,

Ahilan PRB (2010)

P AMEL em)
|

Osn~ T — =
for x~0.08 = __;%
-+
0 : 0 50 200 250 30
T (K)
k=026:

= 7 x<0.15 (superconducting)

<. Nested with Ag~(x/a,0

| 0.15<x
Y (non-superconducting)

y
(electron)

Non-superconducting, paramagnetic metal; o, ~ T ?

Key Questions (and our Answers based on NMR measurements) :

1) psp ~ T in the normal state above T, for x=0.08 ; spin fluctuations enhanced? —- Yes.
2) Pap ~ T 2 for x=0.26; Fermi liquid ? -—— Maybe.

3) How does the change of Fermi surface geometry affect spin fluctuations? Any
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correlation with the emergence of superconductivity? --— Clear correlation.
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“As NMR Lineshapes for | ,=+1/2 to -1/2 central transition :

muitiple As sites depending on Co occupancy at n.n. sites
Expected line position
f Knight shift K=0

Ning PRL (2010)

asi0

. f = 586.555 MHz

K:+ * NMR resonance frequency

| 2 f=vaB(1+K) +vy?
BB x=0.09 where Knight shift,

K(T) = KoginlT)+Konem = An 200 G70) + Kipem

» The line splitting between As(N) sites is
caused primarily by different second order
nuclear quadrupole effects, v, < | in different
nearest neighbor site configurations.

As NMR Spin Echo Intensity
f 1]

s 77 W7 TR, 78S 72 TS5 . Knight sift K is identical between different
amr—— As(N) sites, i.e. Co does not induce |ocalized
= _.-‘.'Fe o~ o° moments in their vicinity. This finding is very

As{C As different from the case of Zn doped high T.

» »
Co cuprates.
3 K B
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"As NMR Knight shift measurements of local uniform spin susceptibility

in Ba(Fe, Co ).As,

Ning PRL (2010)

<night shift’ 0.35 - ]
UT) = KspinlT) + Kenem = Ang 2s0in(G=0) + Kenem ; N I i

| f -
Hyperfine coupling
constant 3
" M1 i ¢
Chemical shift i‘; P kL P s
Temperature independent . ® e A .
: OZ2Zmamnt® 4
(Concentration dependent) : ~

>130 so 100 150 200 250 300
Temperature (K)

he uniform spin susceptibility «....(gq=0) decreases with T, then levels off below ~100K.

onsistent with AF short range order and/or pseudo-gap (A/ks ~ 450 K) behavior.

walitatively the same behavior for all compositions regardiess of the nature of the ground state.

lote.: wakeAs(O,F) and FeSe show qualitatively the same behavior as well (Ahilan PRB20G8, Imai

=R 2000%



1/T, (spin-lattice relaxation rate) probes low energy excitations / fluctuations

" :
xcited nud ins d to....| electrons ., ;
xcited nuclear spins damp excess energy to e et "»Q\ -

| ‘ ‘ I ‘ . excitations)
- | Fermi surface
...................... '
"fﬁ— I Magnons,
i Spin fluctuations T / //'
= -
—x DlAQF Y @.0)
¥ ge1stBZ. T
1/T,T probes the g-integral in the B.Z.

“Hyperfine form factor”

of the low frequency component of
spin fluctuations, "
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Dverdoped Ba(Fe, ,,Co, .c).As, non-superconductor : Fermi liquid

1T Tisec K ')

Y
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« 1/T. T and K show qualitatively the same T-
dependence,
i.e. Low energy components of spin excitations

decrease with temperature, then level off in the

entire q-space.

» Consistent with the “Kormringa relation” for
canonical Fermi liquids,
Kspin ~ Xpaui ~ N(E¢),

k-

1/T, T~ N(E.)2,

nence

(1T, T)o>~K_ R Kﬂ_ha,_,
although we can't rule out overdamped
magnons
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Spin fluctuations in superconducting and underdoped Ba(Fe, Co ).As,
Ning et al. PRL (2010)

Underdoped regime (x <0.08) :
1/T, T shows divergent behavior at T5p,, due to the
critical slowing down of spin fluctuations with Ag~(=/a.0).
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—_— AgQ—(

.' .
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Robust enhancement of spin » *“ T w=135K
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z % N | . 26%
S04l .
s ”t. . S X
= * oo .
- ¥ s : ‘ "..‘_I‘ “: l‘-; . = J':
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F A A : W
1 C A A e - 8- -0 - ~® B//ab
= +A-e B
Jgal'oomogl'i-ﬂ xp{ kBT) 0 S50 100 150 200 250 .. 300

Temperature (K)
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1/T, (spin-lattice relaxation rate) probes low energy excitations / fluctuations

Xci | ' electro !
xcited nuclear spins damp excess energy to.... - ns 3 O\ ;-
| ‘ ‘ I ‘ excitations) \)
i Fermi surface
...................... *
|
‘ ‘ F__ . Magnons,
Spin fluctuations T / //
| etc.
L 2
== DA £@.f)
¥ ge1stBZ. T

1/T,T probes the g-integral in the B.Z.
of the low frequency component of

: “Hyperfine form factor”

spin fluctuations, ™
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Dverdoped Ba(Fe, ,,Co, .¢).As, non-superconductor : Fermi liquid

1T T(sec 'K ')
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« 1/T. T and K show qualitatively the same T-
dependence,
i.e. Low energy components of spin excitations

decrease with temperature, then level off in the

entire q-space.

» Consistent with the “Komringa relation” for

canonical Fermi liquids,
K‘pm — ;{Faull = N(Ef:)'

=

1/T, T ~ N(E.)2,

hence

(TP S= K . 6.
although we can't rule out overdamped
magnons
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Spin fluctuations in superconducting and underdoped Ba(Fe, Co ),As,
Ning et al. PRL (2010)

s Aq~(x/a.0 Underdoped regime (x < 0.08) :

1/T, T shows divergent behavior at T, due to the
critical slowing down of spin fluctuations with Ag~(x/a.0).

-
0.8 0%
Superconducting regime * 8%
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= Ning PRL (2010)

00 » :
z Phase diagram
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L
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“Oiuantum critical naint” where 8=0

Fermi surface geometry
BaFe,As, and "nesting”

of

Kaminski
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Spin fluctuations in superconducting and underdoped Ba(Fe, Co ),As,
Ning et al. PRL (2010)

Underdoped regime (x <0.08) :
1/T, T shows divergent behavior at 75y, due to the
critical slowing down of spin fluctuations with Ag~(/a.0).
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prrelation between T, antiferromagnetic spin fluctuations, and the Ferm
surface geometry in Ba(Fe, ,Co_ ).As, (Hole band emerges below x ~ 0.15)

= Ning PRL (2010)
- b BaFe, As, and "nesting”
0 cow -
S =3 Kaminski
: *  Strength of
S spin fluctuations at 25K

+« Weiss temperature 6
rd of spin fluctuations

oK)
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Spin fluctuations mediate superconductivity in Ba(Fe,  Co,),As, (?1)

Superconductivity is optimized when SDW is barely suppressed.

FeSe show very similar behavior (see below).

150

- Anomalous metal with p ~ T,
100- u |({q=0)~ const, x",.~ 1T

.
S Over-doped
S S I metallic phase
S Fermi liquid (?)
»r e— - -.-'-;
. " — :
:-' » '__. e - = .
) 0.05 0.1 0.15 0.2 0.25
T X
'‘Quantum critical point” where 6=0
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SDW ordered state under the presence of Co=2%

x=0 at 145 K (para)

12to-1/2
ransison
2 o0 -32 +32 to +1/2
J.:L i——-l:'-—
X= Oat?‘ﬂ(f-:T‘ )
- -
B =+13Tesla® B 3 Tesia

Lad
b
oh
1
. |
(n

3
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Ning et al., PRB 79 (2009) 140506 (R)

x=0 : Commensurate SDW below Ts,,=135K.
">As NMR shows bi -modal splitting due to two
discrete values of static hyperfine magnetic field

M(T)/ Ay
x=0.02: Continuum between the peaks, i.e
continuous distribution of M(T). Note that some
'As nuclear spins see zero m:e**e fields (i.e
ocally M=0). Consistent with incommensurate

SDW and/or disorder.
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Spin fluctuations in the SDW ordered state with Co = 2%

e P M(T) deduced
188§ A from NMR line
— 12E g - e
«© . . splitting
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o !
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» Low temperature limit

Spin fluctuations die out, and
Korringa law is approximately valid;

/1 T)rq
(/5T )oe

5

*;‘T(EF)Z%)- 5
N(EF)o%

N(Eg): DOS below T, from
reconstructed Fermi surface

» Finite temperatures below T,

it with activation law

|
—— =~ g+ bexp(- i)
LT kgT
with
A/kg ~ 330K forx =2%
640K foF%= 0%



Example of 1/T, in superconductors

MgCNi, (Singer, Imai, Cava PRL 2001)

Hebel-Slichter ' :
Coherence peak —» T, ‘:!"
0.6 “f =5
3 High-field data
= (non-superconducting)
st YT, ~T
= = <« 1T, ~ exp(-AlkgT)
o ! |
- X -&F 63
T(K)
Fermi
Surface
<«— |sofropic
energy gap
Pirsa: 10040080

YBa,Cu,0, . (Imai, Yasuoka JPSJ 1988)

Nodes in energy gap;
' Lots of low energy
itati
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Symmetry of the superconducting energy gap in Ba(Fe, o,C0, 53),AS,

1000 __Ning et al., unpublished
_ T.=25K
100 : -
: l =3
: g-*‘""
= 10} _
= s
uw #l
e P
- L
S pi
_ 2z
..
RyE=E 1 %’
BT
0.01
] 10 100 1000

Temperature (K)

1) No Hebel-Slichter coherence peak expected
for conventional BCS s-wave systems.

2) Consistent with a power-law (but inconclusive).

3)... Simiar to 1111 (Nakai et al. JPSJ 2008, Grafe
et al. PRL 2008)

Kuroki et al.
PRB79(2009)
244511

Mazin, Singh
et al.
PRL(2008)

Ikeda e al.
JPSJ (2008)

And many
others
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Comparison with the case of defect-free FeSe

Discovery of superconductivity in nominal FeSe, , with T. ~9 K
Hsu, Wu et al. PNAS 105 (2008)14262

: : Fe Se ; ‘
—3 —l fr bFe se | | Defect-free FeSe is the clean superconducting phase
ok B 1 McQueeny, Cava ef al. PRB (2009)

d fo Ca / ; = '

L i i =

- i:
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Properties of the

W ' 120
15}
|pa,, Tfnrthes:.:pemmduchngF& umﬂZSe
= I~ 2 80
c10F 3
£ o
o 2
= =
—0s} @ 40
L -
[:]G i i | . : l:?h: ‘ 00 i e 3
0 50 100 150 200 250 300 - 10 20 30 40
Temp (K) Pressure /| GPa

Medvedev, Cava ef al. Nature Materials (2009)

Key Questions (and answers from NMR)
1. Is FeSe fundamentally different from FeAs superconductors? — No.
2. Are spin fluctuations enhanced near T. in superconducting Fe, ;.. ;5€ as well? — Yes.

3. Does applied pressure enhance spin fluctuations as well as 7.7 -— Yes.
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Very narrow 7"Se NMR lineshapes in defect-free Princeton samples

Imai et al. PRL (2009).

Narrow NMR line Well-defined T1 with no distribution

FET D.ISE [9‘ Tﬁh] - Fe Se (T ~ 9K) e AN

- 1.01 c Y :

30K L t

2 10 290K ]
E t‘&‘.* " 7Y g . :
= 0K ) . \ = i
= TR WS £ B :
[ B - . 1
@ e n Y O 1
- - . L] ! 4 Ll H Y 1
'-% * r 1 ; [ 1 -'
L A ! 1 " 4 . |

'-i 4 " L] l“ 3 v b - i

1 = W e S e g :
73.2 73.3 3.4 0.007 0.01 0.1 0

£ (MHz) Delay time [sec]

Narrower than the NMR lines observed for typical FeSe,_; by a factor of ~4; Very clean sample.
» (Advantage 1) Narrow NMR lines allow us to carry out accurate Knight shift measurements
» (Advantage 2) Narrow NMR lines allow us to carry out accurate measurements of

ntrinsic 1/T. of the superconducting phase, without distributions of T, and/or hole burning.
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Intrinsic spin susceptibility x(q = 0) as measured by ""Se NMR Knight shift

- Imai PRL(2009) Ning PRL(2010)
0.6 , 333 s e
*—Fel.0 —
= ] | _'__:.:_; x (q_o) ™ l
- P . -
e .
.5 o
.
-
-
— -
- .
i -_‘.'
:-: 3
: o
v
= j‘"
: FeSe
2 : : - s e R e R —
0 100 200 300 400 500 0 50 100 1SS0 200 250 300
T [K]

Temperature (K

- FeSe and Ba(Fe, Co, ),As, show qualitatively the same behavior;
x(q=0) decreases with T, then levels off where p~ T.

- Little pressure or concentration dependencies, if any.
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Spin fluctuations 1 "(q, f) as measured by ""Se NMR 1/T,T

Imai F‘RL{’2UOQ] Ning PRL(2010)

e e s T 0.8 o
& ___- —1.4 GF * Hig
= —0.7 GPa - o 39
o5 § oGP 135K
- . = v g . 12%
Y 4 ._ L ] = T A
2 abl3 = 3 '\ ® 26%
z £ ' . ° B
f’- < i'-"é:'-- " :Cd ht'-
— U3 TEevs ” <& . ®
< i < » = «* *
- - E ; = v $ 2, & ez 9 *
- . i_ o . d . i o hJ T
.‘ .. _.L _'--_if' : o S 4 . & &
0.1 e FeSe = Ba(Fe, ,Co),Se,
] ; s wes . = ®
’0 50 100 150 200 250 300 0 S0 100 150 200 250 300

Temperature (K)

1) Fey 5. Se (T .=9K): Qualitatively the same behavior as superconducting Ba(Fe,_,Co, ),As,.
2) : No enhancement of AFSF at low T, qualitatively the same behavior as

overdoped non-SC Ba(Fe._,Co,),As,.
3) Low energy spin excitations initially decrease below 300K down to ~100K, then increase

B = el ]

toward T.. Curie-Weiss fit below ~100K gives 8 = 30K (0 GPa) ~ 10K (0.7GPa) ( (i.e. o

Tt | e

e verge of magnetlc oraer).
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K'")

1T T (sec

Complications: NMR signal intensity wipeout; and/or

under pressure
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P>1GPa?

1/T.,T shows a peak above 7.in P> 1
GPa.

NMR signal intensity decreases below
the peak temperature; implying
divergently large 1/T, or line broadening
for unobservable signals

Non-monotonic increase of 7. (as
emphasized by Kotegawa ef al. JPSJ
2008)
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Spin fluctuations 1 "(q, f) as measured by ""Se NMR 1/T,T

Imai PRL(2009) Ning PRL(2010)

T ST 0.8 0%
61 .2 4 GP: o 8%
[ 0.7GPa| | > 9%
0.5 ! ~0GPa | - T 135K
— 1 - k4 -l-d . 12%
e 4| - L] = k' a “
C * 3 & ] = '\ ® 26%
g £~ 1 - - * a
f’._ i-.';"_ fﬂﬂ- ‘"'
— U2 'iti"; _ . il e
& o Bpe - .
E = ‘ .-_k i 4 — l F i.? ‘: s 25 .
P ‘ .._ o B e 1 ‘4 3
=" ==
0.17% i FeSe o a e Ba(Fe.! Co ), Se,
' e es =8 8- ®
- S| U WM | LTI e A e LTy e e _ - S
‘0 50 100 150 200 250 300 0 50 100 150 ZCD E"'-O 300
T (K Temperature (K)

1) Fe, 5.Se (T .=9K): Qualitatively the same behavior as superconducting Ba(Fe,_,Co, ),As,.
2) : No enhancement of AFSF at low T, qualitatively the same behavior as

overdoped non-SC Ba(Fe. ,Co,),As,.
3) Low energy spin excitations initially decrease below 300K down to ~100K, then increase

toward 7.. Curie-Weiss fit below ~100K gives 6 = 30K (0 GPa) ~ 10K (0.7GPa) ( (i.e. on

the verge of magnetic order)
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1T T (sec 'K')

Complications: NMR signal intensity wipeout; and/or

under pressure

l __- 1)
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-y e
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s
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P>1GPa?

1/T.T shows a peak above 7. in P> 1
GPa.

NMR signal intensity decreases below
the peak temperature; implying
divergently large 1/T, or line broadening
for unobservable signals

Non-monotonic increase of 7, (as
emphasized by Kotegawa ef al. JPSJ
2008)
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Symmetry of the superconducting energy gap in FeSe;

Similarity with Ba(Fe,,Co, ,.),As,

. 1000 - :
~ L ]
100 - FeSe .- Te Ba(Feu.achﬂ.na)zAsz
: 100 : _
: l T
& ..ﬂ“
0 c % | g 3
— l @ '
O - u fli
: o L
e 9!
= o = pi 3
—_— - ?-C = .T;
L =14 CPs *A
¢ —0.7 GPa 0.1~ T &
L UT.~T3 ——0 GPa 7 B
0.1« - 100 1 10 100 1000
T [K] Temperature (K)

* No BCS coherence peak justbelow T.. 1/T,~ TP for T<< T_.

 Very similar to the case of Ba(Fe, ,C0, 5),AS,
« Analogous to unconventional pairing in YBCO efc.
-miHar results observed also for disordered FeSe, ; in P=0. Kotegawa ef al. JPSJ [Z .,

(2008) 113703.



1. The mechanism of the pseudo-gap like behavior of ¥(q=0) is still a big mystery.
¥x(g=0) levels off to a constant when p ~ T.

2. Robust AF spin fluctuations even for optimally superconducting Ba(FeCo),As,
and FeSe.

3. Superconductivity optimized when AF spin fluctuations obey a Curie law %", ~
1/T, i.e. quantum critical.

4. Pairing state still murky; 1/T, similar to early, dirty samples of YBCO.

5. SDW state under the presence of doping is not consistent with homogeneous,
commensurate SDW.
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