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properties of
Fgrther magnetic quantum
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Concentrati-on of mobile carriers ¢
ineg. La, ;Sr;,CuQ,

S. Sachdev and J. Ye, Phys. Rev. Lett. 69, 2411 (1992). S
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Outline

| Magnetic ordering transitions
A. Insulators
B. Doped antiferromagnets.

II.  Effect of magnetic field on antiferromagnetic order in
superconductor.
Comparison of theory with neutron scattering
experiments.

[11. Effect on Zn/Li impurities on S=1 spin exciton.
Comparison of theory with neutron scattering
experiments.

V. Conclusions
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| .A Magnetic qguantum transition in the insulator (0=0)
Neel order parameter @, a=1,2,3

cHor s = Idzxd{%((mx%)%’ c*p r@)Z\r V(g)}

S. Chakravarty, B.I. Halperin, and D.R. Nelson, Phys. Rev. B 39, 2344 (1989).

Missing: Spin Berry Phases
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Berry phases induce
bond-centered charqge order
(e.g. spin Pelerls order)

In quantum disordered
phase with (g,) =0.
“Dual order parameter”
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N. Read and S. Sachdev, Phys. Rev. Lett. 62, 1694 (1989).  Eiglel BRI




Square lattice with
first (J;) and second (J,)
J neighbor exchange
Interactions N. Read and S. Sachdev,

Phys. Rev. Lett. 62, 1694
(1989).
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O. P. Sushkov, J. Oitmaa,
and Z. Weihong, Phys.
Rev. B 63, 104420 (2001).

M.S.L. du Croo de Jongh,
J.M.J. van Leeuwen,

W. van Saarloos, Phys.
Rev. B 62, 14844 (2000).

Spin-Pelerls state
“Bond-centered charge order”

Nedl state
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Quantum dimer model —
D. Rokhsar and S. Kivelson Phys. Rev. Lett. 61, 2376 (1988)

Quantum “entropic” effects
prefer one-dimensional
striped structures in which
the largest number of
singlet pairs can resonate.
The state on the upper left
has more flippable pairs of
singlets than the one on the
lower |eft.

These effects always lead
to a broken square lattice
symmetry near the
transition to the Nedl state.

N. Read and S. Sachdev Phys. Rev. B 42, 4568 (1990).
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Properties of paramagnet with bond-charge-order
Stable S=1 spin exciton — quanta of 3-component @),

21,2 21,2
c’k: +cck
g=0+—"—2"" A\ _, Spingap o
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S=1/2 spinons are confined
by alinear potential.

S=0 holes are smilarly
confined in pairs.

E. Fradkin and S. Kivelson, Mod. Phys.

Lett B 4, 225 (1990). :‘AL%
S. Sachdev and N. Read, Int. J. Mod. Phys. [iglel 2001<
B 5, 219 (1991). gy s




Effect of static non-magnetic impurities (Zn or Li)

Spinon confinement implies that free S=1/2
moments must form near each impurity

_S(S+1])
3k T
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Further
neighbor
magnetic
couplings

La,CuO, @

Experiments
i >

Magnetic order
(S)#0

| >
Concentration of mobile carriers o

ineg. La,_,Sr,CuO,

Summary:

Confined,
paramagnetic Mott
insulator has

Stable S=1 spin
exciton @, .

Broken trandlational
symmetry:- bond-
centered charge order.

Pairing of holes.

S=1/2 moments near
non-magnetic
impurities.
These properties
survivein the
superconductor for a
finite range of 0
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|.B Phase diagram for doping of confined Mott insulators
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\ N Superconductivity can

" Translational
symmetry
broken

coexist with bond-centered
charge order in region
without magnetic order

o/,

Anisotropic "d-wave"
superconductor

d-wave
superconductor

_ S. Sachdev and N. Read, Int. J. Mod. Phys. B 5, 219 (1991). | Talk by W. Hanke
Ste-centered charge M. Vojtaand S. Sachdev, Phys. Rev. Lett. 83, 3916 (1999).
order likely in regions M. Vojta, Y. Zhang, and S. Sachdev, Phys. Rev. B 62, 6721 (2000).

. - K. Park and S. Sachdev, cond-mat/01045109.
with magnetic order See also J. Zaanen, Physica C 217, 317 (1999),
and weaker S. Kivelson, E. Fradkin and V. Emery, Nature 393, 550 (1998), ALE
superconductivity S. White and D. Scalapino, Phys. Rev. Lett. 80, 1272 (1998). S

C. Lannert, M.P.A. Fisher, and T. Senthil, cond-mat/0007002. 1701£20013
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Neutron scattering measurements of phonon spectra
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Neutron scattering measurements of phonon
spectrum of superconducting La, -Sr, ;:CuQO, by
O € o O3°€0 ° R J McQueeney, Y. Petrov, T. Egami,
OG>0 &0 o O>0€0 ° M, Yethirg, G. Shirane, and Y. Endoh, Phys.
Rev. Lett. 82, 628 (1999).
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wiay, Agpltg = 0.20
16

1.5
1.4
1.3

Computation of phonon 1.2
damping by non-linear 1.1
coupling to fluctuating
spin-Peierls mode.

.ﬂspfmu =0.15

1.6
1.5]
1.4

1.37
1.2

K. Park and S. Sachdev, 1.1
cond-mat/0104519 Agpltng = 0.10
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| 1. Effect of magnetic field on SDW order in SC phase

T=0, H=0
|
|
Superconductor (SC) |
+ | Superconductor (SC)
Spin density wave (SDW) |
O >
I'e I (some parameter in the Hamiltonian,

possibly carrier concentration)

Many experimental indications that the cuprate superconductors are not too

far from such a quantum phase transition:

G. Aeppli, T.E. Mason, S.M. Hayden, H.A. Mook, J. Kulda, Science 278, 1432 (1997).
Y. S Lee, R. J Birgeneau, M. A. Kastner et al., Phys. Rev. B 60, 3643 (1999).

S. Katano, M. Sato, K. Yamada, T. Suzuki, and T. Fukase Phys. Rev. B 62, 14677 (2000).
B. Lake, G. Aeppli et al., Science to appear.

Y. Sidis, C. Ulrich, P. Bourges, et al., cond-mat/0101095.
H. Mook, P. Dai, F. Dogan, cond-mat/0102047.

J.E. Sonier et al., preprint.
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Main results (extreme Type Il superconductivity)

"Normal®
(Bond-charge
order)

Elastic scattering intensity

@: +a H |n(3H02j
| (O) H., H

__ (r=r)

e— | In(t/(r-r))

S =1 exciton energy

SC eH) _,_, H '”(SHCZJ
/ £(0) H
P
M r

e All functional forms are exact.

o Similar results apply to other competing orders e.g. SC + staggered flux
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E. Demler, S. Sachdev, and Y. Zhang, cond-mat/0103192. 1701520015
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Structure of guantum theory
» Charge-order is not critical: can neglect Berry phases.

i

e Generically, momentum conservation
prohibits decay of S=1 exciton ¢, into ,
S=1/2 fermionic excitations at low i
energies. Virtual pairs of fermions 0%
only renormalize parametersin the
effective action for ¢, .

e Zeeman coupling only leadsto |
corrections at order H? kS ¢ 4
« Simple Landau theory couplings between ¢, and superconducting

order ¢ are dlowed, e.g.: V(Qf) —’V(Cé)”‘(ﬂfwz

S, = IdZXdT{%((DX¢a)2+ CZ@ @ )Z)F V( (é)} 1701:2%?3




Dominant effect: uniform softening of spin
excitations by superflow kinetic energy

H 3H.,
>~ In
H_, H

SeeD. P. Arovaset al., Phys. Rev. Lett. 79, 2871 (1997)
for adifferent viewpoint.
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Intensity (counts/min)

Elastic neutron scattering off La,CuQ,,
B. Khaykovich, Y. S. Lee, S. Wakimoto, K. J. Thomas,
M. A. Kastner, and R.J. Birgeneau, preprint.

1.2

o o
(@)) (0 0]

o
N
- 1 T 77

I(H)/1(0) - 1

086 087 088 0.89 0.9 0.91

h(rlu.)

a isthe only fitting parameter
Best fit value-a =24 withH_,=60T
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Neutron scattering of La, Sr CuO, at x=0.1 B. Lake, G. Aeppli, et al.
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Presence of vortex |attice |eads to supermodulation in the spin exciton spectrum
Computation of spin susceptibility x" (k,w) in self-consistent
large N theory of ¢, fluctuationsin avortex lattice

r=0.1, HH_ =0.04

Intensity
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Consequences of afinite London penetration depth (finite K)

f
H SC
SC+SDW Vorex
SDW Vorex ™
My sc
SC+SDW -
Maisener Meissner
B A -
I i

AL
\Y'C‘ 604,

1701% 20013
G S

& N
O¥gr 2¥



[11. Effect on Zn/L1 impuritieson S=1 spin exciton

Measurement of spin susceptibility
near non-magnetic (Zn/Li) impurities

Optimal doping
00121 ©=135 K | @= 20-40 K -

"'E -'..
E_ 0.009
g
Inverselocal =
susceptibilty % )
nYBCO ¥ ‘Li NMR below T,
= 0.003
o \ . J. Bobroff, H. Alloul, W.A. MacFarlane,
} 0 LRI 300\ 40 p Mendels, N. Blanchard, G. Collin, and
-® J.-F. Marucco,
underdoped Phys. Rev. Lett. 86, 4116 (2001).
® < 2 K unchanged
_S(S+])

Measured X, i, (T — 0) with S=1/2 in underdoped sample.

B

Not expected from BCS theory, which predicts x; ., (T - 0) #
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Zn impurity inY Ba,Cu,0O,,

Moments measured by
analysis of Knight shifts

M.-H. Julien, T. Feher,

M. Horvatic, C. Berthier,

O. N. Bakharev, P. Segransan, .
G. Collin, and J.-F. Marucco, Magnetic
Phys. Rev. Lett. 84, 3422 Field H
(2000); also earlier work of

the group of H. Alloul and the

original experiment of

A.M Finkelstein, V.E. Kataev,

E.F. Kukovitskii, and

G.B. Teitel’baum, PhysicaC

168, 370 (1990).
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Berry phases of precessing spins do not cancel
between the sublattices in the vicinity of the
impurity: net uncancelled phase of S=1/2
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S=1 spin exciton modein YBCO

H.F. Fong, B. Keimer, D. Reznik,
D.L. Milius, and |.A. Aksay,
Phys. Rev. B 54, 6708 (1996)

Spin-1 collective mode inY Ba,Cu,O- little
observable damping at low T.

Coupling to superconducting quasi particles
unimportant

Magnetic Resonance
E‘W T T T T

400

Infensity (counts / 10min)
B

100

0

25 30 35 40 45 50
E (maV)

1, 8, Unpolanzed beam, constant-0) dotn [Q=1372,1/2,—1.7}]
of the 4 meV magnetic resononce obtained by subtracting the sig-
ol below T from the 7= 100 K background, The lines are fits w
Claussians, as described in the tex. For claginy successive scans ane
oifser by (0K,

Resolution limited width
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Y Ba,Cu,0, +0.5% Zn

H. F. Fong, P. Bourges,
Y. Sidis, L. P. Regnaullt,
J. Bossy, A. Ivanov,
D.L. Milius, I. A. Aksay,
and B. Keimer,

Phys. Rev. Lett. 82, 1939
(1999)

of
-0 ?T

3

0 35 40 45 50
E (meV)

Zn induced half-width = 4.25 meV
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Quantum field theory for S=1 resonance in
the presence of a non-magnetic impurity

Orientation of “impurity” spin-- N, (7) (unit vector)

Action of “impurity” spin

S = jdr[isx(n) ‘;”;

A, (n) —Dirac monopole function

-y, (1)@ (x :O,r)}

Boundary quantum field theory: S, + Simp

Renormalization
Recall - group analysis: g

1 , , and y reach non-
S, = Idzxdr[z((ﬂxgoa)+ 02@ ,qg)+ r qﬁ) zero fixed point

values
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"Swiss cheese" model

(hc)”

Inverse Q of resonance=C n_.&°; Linewidth I = Cn,

imp

C - universa number
¢ — spin correlation length which
diverges at the onset of SDW order
Result aso holds near SDW transitions in Mott insulators

,_
—
.

N = 0.005 _ | [ %
A = 40 meV |
hc=0.2¢eV

= =5meV, '/A=0.125

e
TT T T T T TTTT

Im D hov'A, TTA)

| Quoted half-width =425 mev | % - s g T s

;{AL@O

M. Vojta, C. Buragohain, and S. Sachdev, Phys. Rev. B 61, 15152 (2000) 1701520013
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A
Further
neighbor
magnetic
couplings

La,CuO, @

Conclusions

\1.

Experiments
i >

Magnetic order
<§> %0

4. S=1/2 moments near

Confined, paramagnetic
Mott insulator has

Stable S=1 spin
exciton @, .

2. Broken trandationa
symmetry:- bond-
centered charge
order.

3. Pairing of holes.

non-magnetic
impurities

Concentration of mobile carriers d

Theory of magnetic ordering quantum transitions in antiferromagnets
and superconductors leads to quantitative theories for

» Spin correlations in a magnetic field

o Effect of Zn/Li impurities on collective spin excitations
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