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Outline

Nano-scale electronic phase separation in the
manganites and the cuprates.

Nature of the pseudo-gap state in the cuprates.

Recent data with neutron scattering and Dark
Matter in the cuprate physics.

The possibility of intermediate order and a
scenario of the spin-lattice synergy in the HTSC.



Phase Transition and
Phase Separation

* Phase transition is a recipe
for phase separation; water
and ice.

e Similar argument for the
second order transition.
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Electronic Phase Separation

® Macroscopic phase separation occurs

if atoms are mobile. La,CuO,, s
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e If electronic mobility is high but
atomic mobility is absent, phase
separation with charge occurs (V.
Emery and S. Kivelson, E. Dagotto, et
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® Long-range Coulomb attraction and 5
short range repulsion for phase
separation creates the medium-range P. G. Radaelli, et al., Phys. Rev. B

order (A. R. Bishop). oL G
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Electronic Phase Separation in the Cuprates

e Realistic model calculation.

® Phase separation for 0.12 <

x < 0.26.

® Self-organization into nano-
scale phases, including the

“lasagna” model (pasta
model in cosmology).
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Nano-Phase Separation in Manganites
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Phase Complexity in LSMO

) T —

1°F Lay_Sr,MnO; 1

400 -_ \\ T R Phase .
10" E I
5 < 3001
=) ER
= ] L
: g |
£

107°F

100+

104

MR B BT EEPE I B
100 200 300 400
Temperature (K) £

A. Moritomo, et al, PRB 56, 12190 (1997)
* La,, Sr,MnO;, x = 0.125
® Intermediate phase T = 140 — 190 K.



Goodenough-Kanamori Rule

Super-exchange interaction and
orbital ordering (Goodenough-
Kanamori rule).

AFM for the same orbital, FM for
different orbital.

Below 150 K, FM state.

Above 150 K, orbital PM state;
super-exchange will be a
mixture of FM and AFM.




AFM orbital
ordering;
FM insulator

Lag g75Srg 125MNO;

150 K 190 K
No orbital No orbital and
ordering; spin ordering;
mixture of FM  PM insulator
metal and charges localized
AFM/FM as polarons.

Insulator



Measurements

Single crystal of La, g/5Sr; 1,55MN0Os.

Four-probe measurement of complex dielectric
constant with PPMS.

Applied magnetic field up to 7 T.
Magnetic measurement with SQUID.
Contacts are ohmic.
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FM phase partially exists in 150 — 200 K.
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e Zero-field cooling.



Hysteresis; Spin-Glass Behavior
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Heating after cooling in the field of 2T.
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® Cooling in the field of 4T.



Dielectric constan, ¢ (10)
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® Heating after field cooling in 4T.



Giant Magnetocapacitance
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Magnitocapacitance, A¢/(0) (%)

5 000 |

i\

2

H(T)

o

! I
—u— 4 kHz
—v—10 kHz

14 kHz |
—eo— 20 kHz

\\\\ j

S /’
N ~-—-‘='-‘\\ ;1[
120 160 200 240
T (K)
MG g(H )—5(0)

®* Magnetocapacitance;




—_————

Spatial Inhomogeneity

I

* A set of very careful STM/STS studies
by the group of Seamus Davis reveal
electronic inhomogeneity which
increases with decreasing charge
density.

Position along line (&)

g

® The size of the domains is comparable
to & =

® SC nano-domains with well-defined oS8 s
quasiparticles and domains with
pseudo-gap (PG matter).

[Epp—

J. C. Davis group
S. H. Pan, et al., Nature 413, 282 (2001).
K. M. Lang, et al., Nature 415, 412 (2002).
K. McElroy, et al., Nature 422, 592 (2003).
K. McElroy, et al., Science 309, 1048 (2005).




. Moderator

Sensitivz/ .

P
Detector Array .

YBCO6.95 at 110K, Ei = 118meV
slice: -0.1<k<0.1
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®* YBa,Cu;0q4 o5, cut along the x-axis, T = 110 K
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Energy (meV)
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® YBa,Cu;O¢,,; T. Egami, et al. AIP Conf. Proc. 554, 38 (2001).



Dependence on Hole Density

| b, | tD“ ‘uf,,‘:::’« ’ "P ] ". ,,‘ aF Y| X
|l‘§z“w’ ALM‘M 5% L "" w-'j.xt.t_l h¥$ﬁ ‘1\}*"‘,’:{: ' ' N Pt R
20 25 30 35 20 25 30 35 20 25 30 35 20 25 30 35 40

Q, (x1.632 A7)

6.15 6.35 6.6 6.95

a0

® No dispersion for x = 6.15.
* Not much difference in dispersion from 6.35 to 6.95.
* Intensity at zone-boundary changes.

* Since 6.35 is tetragonal this is not the consequence of
anisotropy.



Phonon Energy
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xinYBa,CuO, xinYBa,CuO,
The magnitude of softening is independent of x, but the intensity
of the softened branch increases with increasing x.
At x = 6.15 the intensity is due to the apical mode.
The increase has to be due to the local modes.

Softened (SC) and unsoftened (AFM) domains?



Pseudo-Gap State

200 0

® Observed first by NMR.

Clearly seen by IR, ARPES and
) tunneling probes including STS.

® Indirectly seen by resistivity, Hall
effect, thermal conductivity.
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Nature of the PG State

® Competing order
— Magnetic ordering (local)
— Orbital magnetism (flux state, d-¢-wave)

— Charge ordering

® Pre-formed pair
— Local BCS pairing

— Bipolarons



Neutron Scattering from YBCOG6.6
Single Crystal

® YBa,Cu;0 ¢ single crystal (25g). T- = 60 K.
® Neutron elastic scattering, spin unpolarized.
® SPINS, NIST; HB1-A, HFIR, ORNL.

®* Temperature dependent scattering.

® Green phase (Y,BaCuO:) ~ 10%, T, = 16K.

® Close to Q = 0, almost no effect of phonons.



CuO, Bilayer

® CuO, bilayer with the 1800 ———————————
separation of 3.2 A, thoa - % o
corresponding to L = ol 13 § 7 0
3.6- 5;1000- i § %é%{ i{ =
* Apeak atL = 1.8 most BRI I § ¥
likely due to AFM spin w00 ; .
correlation in the bilayer. o H-os
e Similar L-dependence T T
seen for the neutron
resonance peak. I(20K) — I(270K) for (H, H, L) scan.
_ A peak at L = -2 most likely due to
* Energy resolution 0.5 bilayer AFM correlation.

meV.



Spin-Glass-Like Behavior

® Broad in H; in-plane

correlation length 10 ~
15 A, 7

o If cluster AFM, the o : i ¢ Wy o
temperature ol 33 5 g ‘Hﬁ |
dependence shouldbe £ | 33 ¢
super-paramagnetic o0l ¢
1/T behavior. oL

® Likely to involve
positive J as well.



Spin-Glass and Variation in J

The presence of spin-glass state

implies that some J’s are positive. O_O_O

Vick Emery predicted it, when hole
resides on oxygen, not in the Z-R
singlet state.

In manganites double-exchange
results in positive J.

t-7 model is insufficient.



L = 0 Scan

® Complex
behavior with a
peak around
(0.28, 0.28, 0)
~ (1/4, 1/4, 0).

¢ Significant
background;
very small at
low Q.
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Peak atH =K = 0.28

Peak height comparable to the
powder AFM peak of the
included green phase
(Y,BaCuOg, ~ 10%).

Diffuse peak; short-range order
with the coherence of ~ 30 A.

Not phonons (~ ().

Estimated to be 5% in volume
if we assume S = 1/2.

Intensity (1 min.)

250

YBCO 6.6 L =0, 20K - 220K

200 -

150

100

(%4
o
I

i L
T o T

Intensity

120

100 |-

80 -

1]
o
I

B~
o
T

L]
(=]
I

(=]
1

=20 +

-40

-0.42 -0.40 -0.38 -0.36 -0.34 -0.32 -0.30 -0.28

k



Temperature Dependence

® Decreases with increasing T; not

phonons. Q=(0.3, 0.3, 0)
1750 I | | | I I

® Some anomaly near 7= 60K?

1700 =
® Some change near 7,;~ 250K?? 1650 %%@
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Peak at (0.5, 0.5,
0) in YBCO6.6.

H. A. Mook, et al,
PRB 66, 144513
(2002).
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Nature of the Local Ordering

® Spin-glass behavior?

* No symmetry about (0.5,
0.5, 0); spins not centered
on Cu or O. Hybridized Cu-
O orbitals not included in
the -7 model?

® The peak at (0.28, 0.28, 0)
~ (Ya, Va, 0) could be
related to the 242x2+2
electronic medium-range
order.

* Related to the pseudo-gap
phase?
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Intermediate Phase in Doped
Mott-Hubbard Insulator

® The transition from a doped Mott-Hubbard state to a Fermi-liquid
could induce electronic phase separation. Because of the Coulomb
repulsion spin and charge will self-organize themselves to form an
intermediate state.

® The stripe state is a possible intermediate state, but the one-
dimensional nature of the stripes is incompatible with the strongly
two-dimensional character of the Cu-O plane.

* Two-dimensional intermediate phase is a possibility.



Checkerboard

® Hole on oxygen, 4 x 4
structure.....
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Y. Kohsaka, et al., Science 315, 1380
(2007)




Binding Energy (eV)

IE4 /2 /4 /2 n/4 /2
B k. (1/a)

J. Graf, G.-H. Gweon, K. McElroy, S. Y. Zhou, C. Jozwiak, E. Rotenberg,
cond-mat/060/319

Gap-like feature from -0.4 to — 1 eV, regardless of
doping.



J. Graf, G.-H. Gweon, K. McElroy, S. Y. Zhou, C. Jozwiak, E. Rotenberg,
cond-mat/060/319

Brillouin zone (?) by 8 fold ( 2\/§>< 2\/5 ).



Superlattice * (m/2, n/2) superlattice.

'




Sub-Brillouin Zones

Nodal and anti-
nodal particles in
different sub-B. Z.

Anti-nodal
particles with
more Cu
character, and
nodal particle
with oxygen
character.

Anti-nodal states
may be localized.
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Two Gaps
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Charge Nature of the PG State

e Two kinds of

) T 1 1 1.06a0000 @ | ' T ' T J
carriers. b G ) i e E
_ 4% % \‘04-—-"\ - 0.6 \. -
® The one associated < L[ o] T o4f e .
: : ! 0.2 e -
with PG involves ol 1 . 1 . 1 . | ool o+ 1 1, 197
. . 0.00 0.05 0.10 0.15 0.20 0.00 0.05 0,10 0.15 0.20

charge excitation (a) X (b) X
dap. —T T T T T 1-0‘ N LI LN LN
2 o 0_35 .
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tal-insulat BN Y 1 poal e :
i I I B [ 1 3+ 1 ¢+ 1 511
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magnetic field. 5 o, s. Komiya and Y. Ando, PRB75, 024515 (2007)



Cu-0O Bond-stretching Mode
O e & © O 0 & o
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1.5} —s— x=1/3 N=12
- -=-=-2Z_  (x=0)
® Cu-O bond-stretching phonon
mode induces strong charge
transfer between Cu and O. s Bl W5 D8 oA 0z
q (2n/a)

Born effective charge z*=7 + 4z a
u P. Piekarz and T. Egami, Phys. Rev. B
72, 054530 (2005)



Cu-0 Bond-stretching Mode, T = 110K

Energy (meV)

J.-H. Chung, et al, Phys. Rev. B
67, 014517 (2003)

Phonon Energy (meV)
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YBa,Cu;O4 o corrected for BE factor Temperature scan
at (3.25, 0)

® The mode at 64 meV
%i)sappears below T. (= 93

70

e Tt softens to 53 meV below

T-.
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Ba,Cu,0, . | (29 | (12K) HB3/HF
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Energy Transfer (meV)

75¢

70+

SEE358° R4k

Phonon Energy (meV)

TR

= N

HFIR data

I(200K) - 1{9K)

80,

85+

60+

55+

50t

y
1

r-n
—

g

."l||

31 2 3 3l4 35
[Qx,0,0] in1.628 A’

MAPS data

w

* A dispersionless (localized) mode at 64 meV at
high temperatures. The weight is about V.

* Below T, it becomes dispersed.
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YBCO06.8 (T = 80K)
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Energy [meV]

YBCO6.6 (T, = 60K)
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* 64 meV mode softens to
58 meV.



YBCO6.6 (T. = 60 K)

vBa Cul,  [3.400]
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® Again the mode at 65 meV softens to 57.5 meV and 75
meV.



Phonon Softening
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Local Phonons and
the Intermediate State

The stripe state does not produce local states.
The weight of the localized phonons is Va.

The intermediate state has the superlattice of at least 4
CuO, unit cells.

Above T, the local structure must be random, leading to
localization

Below T, the long range order is restored.



Two-Component Model

The localized object could be polarons
(volume fraction 4, around the anti-nodal
point). Randomly distributed at HT.

They may even be spin-singlet bipolarons.

Two-components; localized bipolarons
(bosons) and delocalized nodal fermions
(Ranninger, Micnas, Bussmann-Holder).

Interaction via the nodal fermions produces
the intermediate order.

Mediation by LO phonons is a possibility.

i

LO Phonons




Conclusions

The cuprates have the tendency of nano-scale phase
separation into SC and non-SC (magnetic?) phases.

The neutron scattering suggests that the origin of the
pseudo-gap state may be magnetic.

A peak observed by neutron scattering suggests a new
intermediate phase, different from the stripe phase, may
be formed.

Intermediate state could hold the key in HTSC mechanism.
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