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1. Basic aspect of NMR
2. Understanding in S=1/2 Spin-Chains
3. Magnetism in Spin-Ladders

4. Spin Dynamics and Gap in Doped Spin-Ladders

5. Pressure Effect
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Probing of spin flctuation from T; and neutron scattering
experiments.

whKH T
)4, —hly Ho+ Ay SALS] + 1/2ALS()7 + 1 S(HF)} + H.
‘--w-/

' h{ shide
the transition probability by th! hype’rﬁne interaction, Wis given by

T 0ok (Mt o = 1) = 6105107 exp Gt

W(m+1—m) =A% ["(S(t)Si0)*) exp (iwet)dt

2
,1]..,1 W(m — m + 1) + W(m +1— m) A ([S:(t)+sl(0)"]) exp (iw.,t)dt

Here, [AB] = (AB + BA)/2.

jl‘l = %2[(: ;([Sq(t)+5—q(0)“]) exp (tw,t)dt

according to the fluctuation-dissipation theorem

oo h 1
Jo EUSs0)S-4(0)7]) exp (iwt)dt = -5 eI mx L (g,0)

D | et

with w, = 0

1 Imy 1 (g,w,)
— = 2v, A%k 5T !
T =2 Z ”

In comparison with the neutron scattering

do 1
dwdQ) 1 — exp (—hw/kpT)

Imx 1 (gq,w)
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For free electron model,

. fk“"fk-{-q
yWw + = .
Xo(q zn) Z‘-_: Ek-{—q . Ek _ FUJJ + 7-77

q—0,w—0

ImXo(Qaw) ~ %N(EF)—?— A (&&'f‘_“)g&b“'ﬁi

—+v)
Rexo(g,w) ~ X—?ﬁ(l -4’/12)
Paramagnetic Metal : &, Imx(g, wo)/wo = const. — T\T =const.
Local moment system : Imx(w,)/w, = Xo(T) ~ 1/T — Ty =const.
r
Near the AF transition points or w1
(3

for itinerant electron antiferromagnets L /
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Imx(Q,w0) . [l — (TyT) ™t~ =2
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Nuclear Spin-Spin Relaxation Rate T

Indirect Nuclear Spin-Spin Interaction

Hij = —L®(R;)I;
O(R;;) = [dr [dr'A(R; — r)x(r — r)A(r' — R)),

with x(r — 7/) being the susceptibility tensor of conduction electrons.

In case of A(R; — r) = Agb(r; — ),

- 1
D(Ry;) = N % Asx(q)A; exp(ig - R;;).

Spl'fln E.Mq}-

Namely the spin-echo amplitude has the form of

M, (21) = M (0 )exp[—— TzG B “ L

2
(75) = F s 0w

4 2
= 123231(1:1) 7 Zx(@)* - (%%x(q)) J
For exmaple, | B
X(@ + ) = X&)

with the correlation length €.

( ) /{ x(Q) X(Q)Q.

1+q2£2 ~ €3
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S=1/2 Antiferromagnetic Lmear Chain

System Sro,CuOj

Crystal Structure
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Motoyama et al



Spin Dynamics in §=1/2
Antiferromagnetic Linear Chain System

SrQCu03
Nuclear hyperfine Hamiltonian
H = Ea',-,jAgL-aS]-a (a = a,b,orc)
Nuclear spin-lattiﬂce rate, T}
1 kBT ImX(q: wn)
L=t 1 ) 4 ) It

Nuclear spin-spin rate, Toc

(T;)t e [f SLaan(a) - (/ S2axa)xia ))]

Quatum-critical scaling (Schulz and Sachdev et al)

x(g,w) = %x (C(q; ™, h;)

where ¢ = wJ/2.

1 D
7 =+ 48] 5
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Experimental Scaling

T _A2( )+A2( ) kg
T;/T— A%(rr) I\J;
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- Comparison with experiment

Temperature dependence of 1/77 and 1/T5¢
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Spin Gap in Quatum Spin Systetm

- ' J(1+3) J(14+8) CH1+5)
(a) Spin Peierls - — G — — G- — —
system J(1-8) J(1-8)

(b) 2-leg spin ladder J

spin singlet
pair

(c) S=1 Haldane
system

Magnon Dispersion

e = /c2(k — m)? + A?

Susceptibility
2

Xspin = 2&%‘2 V(A/T)yexp(—A/T)

Nuclear Spin-Lattice Relaxation Rate, 1/T}

2
T = SR 2 Kufen /2T exp (~A/T)
A%(0)

12

o 72?—?2—&0.809 —In (guBH/T)]exp (—A/T)
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Nuclear Spin-Lattice Relaxation Rate, 1/T}

104 — —~T— T Ty
T(K} 3

100 50

1/T, (sec™)

141 -2 w)
] = we T(08e9 ~ L0 =2
4 e Fean-ng

Tny ev ot of
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10 10 T(K)wz

Az, =T00K > Ay 5 = 420K

(1) massive Majonara fermion excitation with
m = Ag, =440 K (Kishine and Fukuyama)

= V3Ag, o< T00K

2) 1D, gapped quantum 0(3) non-linear o-model
Sachdev and Damle)

1 Tx(T) | V3T /mH exp (—3A/2T)

T\ 2D,H
ctexp(A/T)
A(1 + 2cosh(H/T))

D, =

Ar, = 1.5Ak, < 600K
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Spin Gap and Phase Diagram in
Sr14_.xCa$Cu24O41

Sry4-xMxCu24044
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NMR Spectra of Single Crystal Sry5Ca;; 5Cu24041
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NMR shift of CU.QO?, ladder in SI‘Q_5C&11,5CU2404]
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« 1D S=1/2 Heisenberg model  (Sachdev et al.)

T<J
D
LI] )2+ Ay(m)° h7 = const. exp.
_ ( )'DI 1 *
Tm T \lquBTJ Y gt T

(T ~8.4425, D ~ 0.15, p = 0.69 )

Toe Ay (m)2 + Ay(w)2 4 [mkp 1
(TI\/T)I E T\E; v
6.2 x 107°KY2  (for Call.5)
= 44 x10°KY2  (for SryCuOs)

A (m)? + Ay(m)® 201/Ty).
A,(m)? - (1/Th): + (I/Tl)y - (1/Th).
~ 2(1/Th),
_2(1/?)1. - (1/Th)y
T 9Rgm— 1

I

0.263  (for Call.5)
= 0.203 (for SroCuQ3) — Jj ~ 2200K

— Jy~ 1700 K for Call5s Takuauwo.
7 A}



Spin Dynamics and Correlation in Hole-Doped
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Temperature Dependence of £(T)
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Correlation Length £(T) in Spin-Ladders

L S |
E(T Vtadder _§° T ¢.0(T) exp (—A/T)
1 A
S B CiD “D = 7!'/2,]”
1 . |
e o7y = T2 =57 (1 — 0.4865™" In (b))

Sr14Cu24041 (AK=510 K, J“ ~1700 K)

& ~ 5.2 with J_L/J" ~ 0.7

Hole-Doped Call.5 ( Ax=270 K, J; ~1700 K)

Scaling between {(7T) and Gaussian Spin-Echo De
cay Rate, 1/T5@(T) (Sandvik et al)

T22G(T) = a4 EE%T)“

T2(T) = a+ bT exp (-A/T)



Correlation Length ¢, in Hobimém:Doped
Spin-Ladders
1 1 1

()~ 6(0) " Ernaaor (T)

Hole-Doped Call.5 (Ax=270 K, Jy ~1700 K)

o ~ 10  with J_;_/.]” ~ 0.4

T2 07— oy L 1 doped 1D
2GIT=0"2D 6@  1ausn ad

T3 (hole) _ £;(0) + &(0)
T4 (ladder) &0

T$:(Call.5)  ¢3(Call.5)

= =5.2/10
TZG(Sr14) 56_1(81‘14) : /
Ca9 |
€~ 2.6 Hole Content : z ~ 0.19
Call.5
&~ 1.9 Hole Content : z ~ 0.25
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Spin Gap and Transport Property

— A Class of Luther-Emery Liquid —
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