e
PR

N . 3 in-Polarized Quasiparticle Transport

". — Quasiparticle transport at N/S interface

- Effects of impurities

A. Spalwlly Raolved Tunnelmg Spectmscopy
& .Spm-Polarized Quas:pamcle I)'ansport
e B In collaboration with :
B i . C.-C. Fu (Physics,Caltech)
C.-T. Chen (Physics,Caltech)
L Z. Huang (Physics,Caltech)
e R . - A Dr. R. P. Vasquez (JPL,Caltech)
ope Mott insulators & competmg orders  AGREEN ] Dr. S. Tajima (SRL, Japan)
nconventional pairing symmetry & mec’“"’""‘ i Prof X.-X. Xi (Penn. State Univ.)

K ar

2 ﬁQuaSIQartu‘le Tmmellgg Sggctroscgg;g Dr. W.-D. Si (Penn. State Univ.)

= Generalized BTK theory Acknowledgement :
e Companson of planar & STM ]uncttons A
" = Directional & spatially resolved tunneling speclroscopy e NSF/DMR
of cuprate superconductors - . e NASA/OSS

- Magnetic pair-breaking effects

— Conventional nonequilibrium superconductivity

-- Suppression of high- temperature superconductivity by
spin injection

- Implication of the microscopic mechanism

L e AR U TR I T el

Semmar o



1. Introduction

A. Doped Mott Insulators & Competing Orders

* Mott insulators: conduction blocked by e-e repulsion.
(conventional band insulators: conduction blocked by

Pauli exclusion principle)

* High-temperature superconductors are doped Mott insulators. B

R Quasi-2D & proximity to a Mott insulating phase

—> unconventional normal-state properties.

* Relevance of a quantum critical point (x,)?

Temperature

v non-Fermi
\ liguid regime
\

\
pseudogap
regime \

" Fermi liquid?

Carrier Cancentration

-

.._u..-m.-ﬂ._.@

* Global Symmetries in Doped Antiferromagnetic Square Lattice:

* 8 -- the electromagnetic U(1) symmetry;
(broken by the appearance of superconducting order)

* M -- the SU(2) spin rotation invariance symmetry;
(broken by the appearance of magnetic order)

! e * C-- the space group of the square lattice (including parity P);

" (broken by charge/spin density inhomogeneity)

* T -- time reversal symmetry;

» Competing Orders that Break “S”, “C” and/or “T” Symmetries:

* dxz.yz -- U(1) broken symmetry;

* (dxz_yz + id‘\y) -- U(1), P, T broken symmetries & PT conserved;

* (dxz_yz +is) -- U(1) and T broken symmetries;

* Wigner crystals -- U(1) and “C” broken symmetries;

* Wigner crystals of hole pairs -- U(1) and “C” broken symmetries;
* Orbital antiferromagnets -- U(1), T, “C” broken symmetries;

* Stripe phase -- U(1) & “C” broken symmetries;

* Circulating current phase -- U(]) & “T” broken symmetries.

<> Relevance of doping level, disorder& thermal fluctuations.



B. Unconventional Pairing Symmetry & Mechanism

* Predominantly d,2 2 pairing symmetry in all cuprate
superconductors. '

[Tsuei et al. (1994); van Harlingen (1995); Wei et al. (1998);
Alffetal. (1998); Kirtley et al. (1999); Yeh et al. (2000)]

— anisotropic superconducting gap & low-energy excitations.

* Possibilities of s&:ondatj pairing éompohents: '
* Anyon superconductivity <— (dxz_yz+id,9) pairing.

* Doppler effect on quasiparticle spectra at {110} surfaces
—> (d,2,2+is).

» Existence of spin-charge separalion :

* Independent specta of excilalions for charge and for spin.

* Non-Fermi liguid behavior in the normal slale.
> Resonating valence bond (RVB) SCenan‘o,?(sz‘nonSMo/ons,)
> Stripe-phase Scenario, Lullinger liquid 7

« Our experimental inyestigalion :

% Scanning Tunnc[inj spectromp'y (STS),

- pat‘rlinj polential, pseudogap, pairing ;]mmetr],
* Spin-injection 4 nonequilibrium_effects,

T Spin ¢ charge Lransport charaeristics.

* Experimental signatures:

Test dxz_yz (dxz_),ﬁirlx‘) { llxz_yz+is)
Splitting in ZBCP? no yes yes
Quasiparticle bound no yes yes
States in vortex cores?

Local DOS at non- onepeak  twopeaksat  two peaks at
magnetic impurities? at energy Q  energiesi—Q  energies + Q
Total flux at m-GBJ: 0.5, <05, <059,

a_x - junction? (JJ: @)

* Recent development:

* Evidence of non-magnetic impurity-stabilized (dxz_yﬁid_‘})
pairing from scanning SQUID microscopy:
== Spontaneous magnetization with random signs and total flux
D < 0.5@, on impurity sites (Y;0, Y,BaCuO;, etc.)
[Tafuri & Kirtley. cond-mat/0003106] -

* Sp(2N) t-J model in the large-N limit for competing orders
and quantum criticality in doped antiferromagnets:

-- possibility of ground state dxz_yz with near by (dxz_yz+id1)) or
(dxz_y2+is) states. [Vojta, Zhang. and Sachdev, cond-mat:0003163]



2. Quas:]pdrticle Tunneling Spectroscopy

A. Quasiparticle transport at N/S interfaces

(N: normal metal; S: superconductor)

AtT<<T,: STM tip
(E<4) n
<, e e P4
\ )

4) &% ooper pai
(E>4) = Cooper pair (S) superconductor
R (E<4)
2e . s
Vg (planar junction) barrier height

® High-barrier tunnel junctions [large Z] (Z ~

Fermi energy
* E> A: transmission of electron-like quasiparticles over a

charge diffusion length Age. (E: quasiparticle energy)
* E < A: complete normal reflection.
W Low-barrier point-contact junctions [small Z]
* E> A: tranmission of electron-like quasiparticles overAp.

* E < A: reflection of holes and transmission of Cooper pairs.

— > Andreev reflection (with enhancement of conductance).

® General N/S interface (arbitrary Z]

* Normal and Andreev reflections.
BTK theory: Blonder, Tinkham and Klapwijk,
Phys. Rev. B 25, 4515 (1982).

)

DS Ao M 2 Wt sy

: for ;u'monlnctlnj ]
: -(hl‘)’d’k,/dEg[l +A(Ekv |

R T <o

normal :ute nght = bmdmg energy relatwe to Er pa :
= -2t [oos(k,a) +9 eos(k,a)] + 4t [eoa(k,a) oos(k,a)]

3 _ v~ [16(1 + T4 ) cos* 8, + 42%(1 — [T, T_[?) cos? o,,}
+4-B)= { Wcos 0, + Z7[1 - T5T- exp(is  ip3)P
Ts = (Ee/|Ass]) = \/(Ee/|Br2])? -1

exp(ips) = Axa/|Ak 4]

: d,:_,z gap function: Ay = A‘[COS(k',a) cos(kya)] &~ Agcos(26:)

Mlxed sxmmetnes.

(da2_y2 +1is) : Ay = Agcos(20;) +iA,
(d,:_yi +id;y) : Ap = Agcos(26;) + iA}sin(26,)
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C. Comparison of Scanning Tunneling Spectroscopy

(STS) & Planar Junctions

STS Planar Junctions
Junction Area 1078~ 1073 ym? 10?2 ~ 10° pm?
Tunnel Currents 10-7~ 10 mA 10° ~ 10° mA
Voltage Resolution | 1072~ 10° mV 1007~ 103 mV
Voltage Range >~ 10° mV ~ 10" mV
Insulating Barrier (vacuum gap) (deposited layers

of insulators)

Probing Depth surface (< 10°nm) bulk
* Thermal smearing: AtT=10.0K, V<~ 10°mV

T=10K, V<~ 10"mV

T=0.1K, SV <~102mV

<—> Voltage resolution must be smaller than the thermal
smearing to be relevant.

D. Directional & Spatially Resolved Tunneling Spectrosco

Studies of Superconducting Cuprates

W Samples for STS studies: v

— optimally doped & underdoped YBa,Cu;0,.; single crystals.

1" . . (ZnMg)doped YBa,Cu 0, ; single crystals. ___
. —.optimally doped & underdoped La, Sr.Cu0, s - a-axis films.

W Quantitative analysis:

—> the purity of dx’-f -wave pairing symmetry.
— doping dependence of the gap A, & the (24,/ kgT.) ratio. .
—* comparison of STS in YBCO and in Bi-2212.

—» evidence of controlled impurity scattering in dxz_yz pairing
state from local density of states (LDOS).



{100} Tunneling & Point-Contact Junctions in
Optimally Doped YBa,Cu 0, _sSingle Crystal

normalized diidV

~ intormediale-

impedance

L e

low~impedance

* Low-impedance point-contact junction: Andreev reflection.
* High-impedance tunnel junction: .

superconducting gap structure & ZBCP
(any k-components different from perfect {100} contribute to ZBCP)

Y T T

{100} pomt contact 3 Mised symmetry models

{100} STM junction

o~ R2 g } \ d+is
T 2 %2 i
N2 :
g, % :_’;;::f . ' d+s ‘
\% i "-150400-5% D 50 700 140 e
>
o d-wave fit: Z=0.4, f =00
85=28 meV
-150 -100 -50 0 50 100 150
V (mV)



{110} Tunneling Junction in Optimally Doped
YBa,Cu,0,_sSingle Crystal

* No splitting in the zero-bias conductance peak (ZBCP)

at T=4.2 K with voltage resolution =1 meV.
=> upper bound for a secondary pairing component < 5%.

10

{110} STM junction . e
o 8 ’ 10/
e | ; .
N F Duo)
-g 6F i
g 4t ]
% d-wave fit: Z=3.3, p=x/8 ]
-wave fit: Z=3.3,
g 2r =27 meV % E .
O 1 A 1 i o

-100 -50 ] 50 100
V (mV)

(@

{001} C-Axis Tunnel Junction in Optimally Doped

YBa,Cu;0,_sSingle Crystal

o Theoretical fitting incorporates two-dimensional band
structures & pure d.2 2 superconducting gap:

dI/dV (normalized)

M i J
Mixed symmetry models

{001} STM junction
- 4 -
' A A dsis
| d-wave fit: Z=4.5, f=0c0
4=19 meV
0 v N 3 . ' L N 1 N X N i
-150 -100 -50 0 50 100 150

V (mV)



" A,=27.014.0meV

Z=27201
I=24302meV 90K--YBCO
o'?wo -50 0 50
V (mV)

* No splitting in the ZBCP within our experimental resolution.
* Temperalure smearing ~ poltage resolution

100

. Quality spectra allow quantitative BTK analzsis :

R S 2o

ST AN N

~~~~~~~

N e

SR L AR B

T(X) . A,(meV) (ZA,/k T) Z

91+-1

9141

BCO{I 10}

".60K-YBCO{001 )
i $

60+—4
_fLSCO (x=0.15) {110} 28+5
f__LSCO(x—OIZS){HO} 17+-5
LSCO (x=0.10) (100} 10+-5

i * Upper bound for possible (d‘,z.}’ﬂdxv) and (d,2. 2tis):

- 90K-YBCO: <5%
 60K-YBCO: < 9%
underdoped [SCO : < 9%

* Tunneling cone: 200 ~ 250

T 9141

29+-3
19+4

25+-3

2245
1741

15+4
15+—4
13+-2

274

7.5+-0.8

49+1.0
6.7+0.8

8.5+19
6.6+0.3

12.4+-33
20.5+-5.5
30.1+4.6

72+-08

5.24-0.5
2.7+0.1
. 4.5+0.5

5.0+0.5

3.6+0.2
4.04+-0.5

1.1+0.2
1.2+-0.2
>1



Normalized Conductance

* Comparing the doping dependence of YBCO with BSCCO

(SIN & SIS c-axis point-contact data of Bi-2212)

—
o

T,=10K

240
160,

[> {158

rdoping

PP R

asa by A
2200 -100 O
Voitage (mV)

it
-300

underdoping 8 0ve

*From N. Mivakawa et al.. Plyvs. Rev. Lerr. 83, 1018 (1999):
-- The gap feature A’ increases with decreasing doping level.

behaving like the pseudogap;

-- Additional features in the spectra:
02,,~24" (34" ) and 0, ~ 34" (44") for SIN (SIS).
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* Comparison of optimully doped & underdoped YBCO:

(c-axis {001}
25 -

nneling, (in-plane {100} tunneling)

YBCO (001} tunneling spectra

20¢

o

3

e
«n

normalized conductance

'3 00 50

* With decreasing doping level:

-- 4, decreases, >

decreasing superfluid densin:

- (24, /kyT,) increases, ¥ increusing coupling,

-- satellite features £,

ip and £2,,,,,, scale with 4;:

('Qdi/v ~ ‘?A s and gmmp ~34,).
-- the relative intensity of satellite features increases.

* The satellite features are associated with the many-hbody effects

of quasiparticle inter

action with the background spin fluctuations.

> ipcreasing imporiance of spiin fluctuatines i

1 i,,,.,.’,.,‘,/ AN
APCOTERCd NAHON,
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i ; ‘ 2 & 0 5. A in YBCO and A in Bi-2212
Comparison of YBCO & Bi-2212 : : Ctip € Cpump v5- Ay .
Sample Technique p A, (meV) (24,/k,T)" : 250

i ——— Q“P'l\ fol =3A/
; 3 hump
i ha— flh"lll[‘ = .)LX L;
YBCO(Zn.Mg){001} STM ~0.18 25+-3 6.7+-0.8 P 00 = STSen YBCO (@) (s /
: — !
90K-YBCO{100} ST™M ~0.15 27+4 7.2+0.8 ‘ D 2 ® STSon YBCO(Q,,) } /
60K-YBCO({110} ST™ ~0.10 22+-5 8.5+1.9 § v STS/SIN/SIS on /
o \;. Bi-2212(Q, ) A )
. . . . o -l A STS/SIN/SIS
Sample Technique p A" (meV) (247k, T E- 150 B2 (QT)] / y- ~
: ’ Q .
Bi,Sr,CaCu,0q,, SIN&SIS ~022  ~20 ~ 66 . K . A—.ﬂdf
SIN&SIS ~0.16  ~38 ~ 6.6 100 | v -
SIN&SIS ~0.10  ~65 ~ 6.6 S S
[ ) )/
** Mean-field for pure d\2..2 pairing: (24, /kT )=4.28 50 + 3/A ,l-/
' N. Mivakawa et al.. Phys. Rev. Ler. 83, 1018 (1999). / ,r:’.
“From ARPES & Knight shift data. -
1 1
~Bi-2212:0,, ~ 24" 34°) and Q,,,,,, ~ 34" (44°) from SIN (SIS); i 0 2'0 20 60
~YBCO: 2, ~ 24,and 0,,,,, ~ 34, from STS. ' 0 .
20 A4 or Ag. (mel)
o AF(Bir22)
S 40 - \’ Bi-2212 data: N. Miyakawa et al., PRL 83, (1999);
- (YBCO) . -0 and Ch. Renner and O Fisher, PRB 51, (1995).
N 20 b g
4
O L | |

00 01 02 03
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Signature of Superfluid Density in the Single Particle
Comparing (24 /k;T,) ratio in YBa,Cu ;0,5 & La, Sr.Cu0, Excitation Spectrum of Bi,Sr,CaCu,0,, ;

with (2A%kzT*) ratio in Bi Sr,CaCu,0y..

(D. L. Feng et al.. submitted to Science)

(24 /kyT ) ot (24*/kT*) - vs. - p

30 ' A Doping dependence of the B. Daoping dependence of the
. . superconducting state spectra superconducting peuk ratio,
25 L - v “ﬂ;SC u COO L of Bi-2212 at (1,0) for T<< T, normalized relative to the
. ° Lflh t Cu0, ; intensity of the entirespectra
0 ———- Bi,5r,CaCu,0, :
20 o L5C i T T T T
e | A 300fF T T pt
fan | ‘ B
< 15 + : L —Tc
3‘ . i _M,,«”/\L oz o SPR
~— . t .
10 + . YBCO ' ‘____———/‘/\L oors -
_________._‘—_:_::__' Ao . "_’/’\/\g oD79
- . 0w —
s Bi-2212 2 e\ onss G0} ]
0 PR S 1 1 ) ) 1 L z .,_.,‘_—‘-N"\/\\ opot E
0.04 008 012 016 020 024 K M_/\;_ o 2
> a~
P (#hole/per CuO,) . z. —n-—————'-ﬂ—/\—-— uDse3 ;.’,
=r 100
ks T [ wiTs
L . . . ~—IUD73
+ Increasing (24 ;kyT ) ratiowith decreasing doping. : AN
& . - .’:"V‘M\‘_\¥_‘ wss 50
— stronger coupling in underdoped samples. _‘ M%\ UDas
s A%in Bi-Sr.CaCu-0y  does not vanish at T.. D e o
04 02 0.0
+ T*: the pseudogap temperature. Energy relative to Ef (eV)

o Onthe other hand. the doping dependence of the normalized
. o C ,
superconducting peak itensity from ARPES scales with T,

15%

g
Superconducting peak ratio

&

@



* Spatially resoIved-S TS of pure YBCO:

¢ c-axis STS of optimally doped YBCO

di/dV (arb. unit)

di/dV (arb. unit)

(scanning along a-axis)

L e S e e i s
20} . -~
N ar
18} ' o r
L
18} 4
e
14} B
12 - E
10}t 9
o8l ]
—_—n0
——(1:56A0)
—~—@.1340)
os | a1
- 0254.0)
04 1 1 L 1 I i L ' 1 )
1100 80 €0 40 20 0 20 40 60 80 100
mv
20 LN B B Bt N S S S e o
Optimaily doped
18| YBCO (001} ~o
|
16} i p
14} 4
124 ;
10f J
——(0.0)
o2 K. —~—@A0 ]
v —(®25A0)
——(03.8A.0)
oel o 4oy
100 80 80 40 -20 O 20 40 60 &0 100

dli/dV (arb. unit)

difdV (ard. unit)

(scanning along b-axis)

didV (arb. unit)

di/dV (arb. unit)

* {1008 STS of underdoped YBCO:

(scanning along b-axis)

(scanning along c-axis)

€,

T T T T
Moving in the ab-plane

T T T T T T T T

Moving aiong the c-axis

Underdoped

=
€
E]
€
L)
=
2
=
©
T T T T T T
Moving along the c-axis
=y
<
3
23 ]
s
3
=
© 4

s —31234

YBCO (100} ——8284

° U S T T S U SR S
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* Summary of spatially STS of pure YBCO:

C-axis Tunneling Conductance Spectra on 0.6% Zn-doped

BiSr,CaCu,0y,5 [S. H. Pan et al., Nature 403 (2000)]
-- For a narrow k-distribution of quasiparticles, A, is spatially

homogeneous over a macroscopic scale {~ 100 nm
g P { ). ¢ Comparison of the local differential conductance in the “usual”
superconducting region (filled circles) and at the Zn impurity site
(open circles).  Resonant scattering peak £2 = -1.5 mel’

-- The satellite features exhibit more sensitive c-axis spatial
modulation.

— STS of YBCO is insensitive to weak disorder & impurities. 2.5 s
 What about strong pair-breakers. such as Zin substitution? ; ;
« Zn-site resonant

20 scattering
: (in the unitary limit)

“usual”
spectrum

Differential conductance (nS)

Sample bias (mV)
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C-axis Tunneling Spectra of (Zn.Mg)-doped YBu,Cu,0-; ) Spati . . . )
2RI ; Sputial evolut AT L) line spec
(7n = 0.26%, Mg = 0.4%) [N-C. Yeh et al., (2000)] : P ¢ ion of c-axis tunneling spectra

; of (ZnMg)-doped YBa.Cu 0. ;
o Comparison of the local density of states in the “usual” i
superconducting region & that at an impurity site with a '
resonant scattering energy £z ~ — 10 meV. (. 6 —r — .
N L |
' .
4.5 T T T LR T T v T f " h=0~20mev
. i
- ie— -10 meV 1 i;
40 | i . I ]
H
3.5 [— ] . @
. o 4
. [ =
L]
30} E é
> :
o impurily resonant : S -
= 25} ] - : o
et Saﬂcnrg ! o
© L ! ¥ ' Q
ﬂ v ¥y ‘ N
= 20 - : ©
g !T E -4
o - —
5 ~ =25 Fﬁ S
c 15} ~ $+28 mev - ]
4
10 | 4 ;
i * usual” - *—Q=80~10.0meV
spectrum (Zn.Mg)-doped YBa Cu )0, ,° ]
05 |- N
0 1 2 | s 1 A 1 - 1 2 1 " 1
i | 4150  -100  -50 0 50 100 150
0.0 1 s 1 i 1 " J A 1 V
-100 -50 0 50 100 (mV)
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Scanning Tunneling Spectroscopy Studies of Non-Magnetic
Impurity Scattering in (Zn,Mg)-doped YBa,Cut;0;

o Zn?** replaces Cu?* in the CuQ, planes, and is known to
incur strong pair-breaking effects in cuprates.
(0.26% Zn is equivalent to 0.4% substitution of Cu in CuQ, planes).

=> Unitary-limit resonant scattering.

o The Mg substitution site in YBa,Cu,0, s is not established;

* [fMg®* replaces Cu** in the CuO, planes,

=> weak scattering center with weak pair-breaking effects.
* [fMg®* replaces V",

=> overdoping YBCO, positively charged impurity site.”

o Single resonant peak at an non-magnetic impurity site,
<=> essentially pure d 2_2 pairing symmetry in YBCO.

@/

Our STS results are consistent with the following studies:

* Scanning-SQUID measurements on YBCO tri-crystals:
== Predominant d 2 2 symmetry (> 95%) from 0.5 K to 90 K.
[Kirtley et al., Science 285 (1999)]

* Grain-boundary junctions:
-- No splitting in ZBCP for H up to 12 Tesla and T down to 0.1 K.
[Alff et al., Phys. Rev. B 58 (1998); Phys. Rev. B 55 (1997)]

* STS on oriented YBCO {110} films:
-- ZBCP becomes sharper with decreasing T.

-- Nosplitting in ZBCP for Hup to 7 Tesla and T down to 80 mK,
implying < 0.1% secondary components.

[Kashiwaya et al., to appear in Physica C, (2000)]

* C-axis STS on 0.6% Zn-substituted Bi-2212 single crystal:

-- Single resonant scattering energy 2, ~ — 1.5 mel” at the Zn site.
[Pan et al., Nature 403, (2000)]

== In contrast to the predictions for either (d 2 2+id,) or (d2,25is)

R

pairing. [Salkola & Schrieffer, Phys. Rev. B 38, (1998)]

* Point-contact junctions of optimally & underdoned YBCO:
[Deutscher et al.. to appear in Physica C, (2000)]
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3. Spin-Polarized Quasiparticle Transport A. Magnetic Pair Breaking Effects in Superconductors:

* Magnetic impurities are known to degrade superconductivity
s Motivation : due to time-reversal symmetry breaking.
(-lbrikosov & Gor kov, 1961, Maki, 1963)

* Injection of spin-polarized quasiparticles into cuprates allows

studies of : . * What about spin-polarized quasiparticle currents?

-- spin transport & spin-charge separation in the cuprates; : -- Excess magnetic moments:

-- nonequilibrium superconductivity in d-wave superconduclors. o
—*> paramagnetic effect;

> magnetic exchange interaction.

m Important Issues :

* Microscopic origin for the suppression of superconductivity by i -- Nonequilibrium effects:
spin-polarized quasiparticles? 5 —> redistribution of quasiparticles:
— Relevance of paramagnetic effect due to excess spins? —> modification of effective temperature & chemical potential.

-- Effects of excess quasiparticles?

-~ Phase decoherence due 1o excess spins?

* Characteristic length & time scales of spin transport in cuprate
superconductors.

A Experimental Techniques :

-- Critical current density (J,) measurements. !
-- Scanning tunneling spectroscopy (STS). i



€ (3
Y Quasiparticle energy : Ex =.J AG+EE (gk: Sinjle-par[;cle nenerjy ztthe)

o Probability of quasiparlicle occupied state - Fi | ermal State .

T (= To(EYT) if Iﬁe_zrnu[ qaili&ium)

+ BCS 9ap eqution = Ay = %, ka'Ak'U'sz)/(ZEk)_

B. Conventional Nonequilibrium Superconductivity

m [njection of charged quasiparticles with energy E, i

-- £, > A: quasipaticle lifetime over time Ty» & length .
- E < A: normal & Andreev reflection

(4: energy gap of an s-wave superconductor)

Hole' B “Elecrons’// EquilbrumaiT
> nonequilibriunt energy (T*) : the even (energy) mode o A= WED = 2y
branch imbulance (Q*) : the odd (charge) mode Superconducting
(Charge neutrality provided by the BCS condensate.) Ta Normal e
(ST*T) = (T*-T) T~ 5, (SE )N, | @ s i
O* = S ity = S h (5B , £ e cummebic relal
Sh=fi-FOEMT), By = (A7+ED17: gp energy, L Enagy mode mer g
SESRT) = V[ 1+exp(EykgT)], j
: equilibrium quasiparticle distribution function, i
|

i - normal-state energy relative to Ep.

-- Relaxation of non-equilibrium energy or charge:

, Odd mode asymmelic relalive
via inelastic phonon scattering & emission near T,; ! Charge mode “Branch imbalance” 4 - Fo
| P . . o g . N ' *>0 .
or elastic impurity scattering if T ~ 0 & anisotropic gap. : ¢
i
Ty~ 37Tk, T oM T), (1.~ e-ph inelastic scattering time) ! o] ;
B k
Tor ~ ()T kT MT). ™ T, & T, hoth diverges at T 4 (ER 21
¢ TR ! Y ° : v i dnviding charte Dealeaiily
\ — ,v'[?,%_ ,Slt f"‘ " tfs.e COnd’f;f'\ﬁ&.
\ By Hn 3 /

© Pairs in condensate



m Injection of spin-polarized quasiparticles

-- £y > A quasiparticle lifetime over time 7, & length I

-- £, < A: no effect due to complete normal reflection
(Andreev reflection is forbidden.)

-- Relaxation of spin polarized quasiparticles:

via spin-orbit scattering or magnetic exchange interaction;
- ( [ >> TO‘) & (1\ >> IQ‘)
—» More significant pair-breaking effect of spin-polarized

quasiparticles.

* Question: How is t, determined microscopically?
Pair-breaking or phase decoherence

due to spin injection?
> Fermions (spin-polarized quasiparticles) interacting with

Bosons (Cooper pairs).

B Microwave-induced quasiparticles:

-= Redistribution of quasiparticle (qp) DOS provided that
the inelastic electron-phonon scattering time is longer
than the microwave cycle.

<> LEnhancement or degradation of superconductivity.

-- Departure of qp distribution () from thermal equilibrium:

Ve =fe-K(EMT),  E = (42+£12,
SOEMST) = U1 +exp(EfkyT)]
S : equilibrium gp distribution Sunction
Ey:gpenergy £ : normal-state energy relative to E.
-- Lffective temperature shift (5T*) due to S :
(STHT) = (T*~T)/T ~ 5, (S/EJ/N,

Ny : normal-state density of states at the Fermi level

<> The sign of 5T* depends on that of of, .
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C. Suppression of High-Temperature Superconductivity

by Spin Injection

m Technical Approach:

-- Fabrication of perovskite ferromagnet-insulator-superconductor
(F-1-S) heterostructures:

-- Generate spin-polarized qp’s by passing electrical currents through

ferromagnetic manganites, which are half-metals with nearly 100%

spin polarization.

(F: CMR manganites; S: superconducting cuprates.)

inj {4 Superconductor—
Insulator
Ferromagnet 4

m

Y
\J

substrate

* Nearly perfect lattice match of the heterostructures:

— Epitaxial growth of the F-1-S helerastructures, preventing .
interface magnetic scattering.

* Predominantly d-wave pairing svmmetry in HTSC

> Directional spin-injection & low-energy qp excitations.

=8
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Current Research Status of Spin-Injection in
High-Temperature Superconductors

& Experimental
* V. A. Vas’ko et al, PRL 78, (1997); APL 73, (1998).

-- Report suppression of critical currents (J,) & suppression of Andreev
reflection in cuprate superconductors via spin injection.

*Z. W. Dong et al., APL 71, (1997).
-- Report suppression of J, in perovskite F-I-S.

*N.-C. Yeh et al., PRB 60, (1999) & Physica B (2000);
J. Y. T. Wei et al., JAP 85 (1999).

-- Report initial slight increase & then sharp drop in J, upon spin-
injection, using pulsed current technique to minimize Joule heating.

-- Provide microscopic evidence of dynamic pair breaking based on STS.

& Thegretical
* Spin-polarized quasiparticle transport & spectroscopy at various
interfaces of ferromagnet & d-wave superconductor:
-- Zhu, Friedman and Ting, PRB 59, (1999).
-- Kashiwaya et al., PRB 60, (1999).
-- Zutic and Valls, PRB 60, (1999).

" * Probing spin-charge separation, characteristic times, lengths:

-- Si, PRL 78, (1997); PRL 81 (1998).
- Merrill and Si, PRL 83, (1999).

D

Experimental

& Perovskite F-I-S heterostructures:

-- Ferromagnet (F): La,,Ca,;Mn0O; (LCMO) &
La, ;Sry ;MnO, (LSMO)

- Insulating barrier (I): YSZ or SrTiO, (5T0)

- Superconductor (S):  YBa,Cu;0,(YBCO)

-- Substrate: LadlO; (LAO)

¢ Perovskite N-1-S heterostructures (control samples):
-- Non-magnetic metal: LaNiO,(LNO)
- Insulating barrier:  YSZ or SrTiO,(STO)
-- Superconductor: YBa,Cu,0,(YBCO)

-~ Substrate: LadlO, (LAO)
(*Pulsed laser deposition for epitaxial-film fabrication.)

¢ Measurement Techniques:

-- Electrical transport: pulsed-current measurements of J,
-- Scanning tunneling spectroscopy: quasiparticle DOS.



Is LCMO

* Direct evidence of half-metallic ferromagnetism in CMR _

(a) /M/// or LSMO manganites: [Wei, v and Vasgues, Phs. Rev. Lell. 19, §15% (1997).1 [ Ak o s
////;._:144/1 Scamning Tunneling Specirocespy on CMR Mandanites
I SZor 15— REYAN ——r 3
3and Struclure Calculalions [ WML—-I ) 3: Parémajnetn‘c
A} .3
= LG, M0, | | i 2 10} Ferremagnelic §f N
Mnd :‘j\=I Yy T I
5:3 : : . : ‘ i o g o
] p. Py
5 NG IR
5 A Pt )
Sl ! . 1 S AEy, |
I i g -4 -2 0 2 4
L q I ‘I:‘.
e N % o. 2 10 L’io St ... MnO, ® G00K)
Energy V) —0.677 033" “34 Paramametic
[E] S .
- . < 2
"Pickett and Singh, Phys. Rev. B §3 % k erromAjnetic g* N
I D 146 (1994). | =5 MRETS
0 s s
5 =
E <
n 1 AE!X;
=2 o0 2
1 1 1 20 \'/ (VOI(S)
00 50 100 150 200 250 300 - .
T (K) Material Teurie (K) AE
— . = Lao 7CaosMnO 260 3302
» YBa,Cu305: p(T.) =60 pQ cm; Te=89 K. Lao;Sro_:lVIn033 320 10502
» Lag,Cag3MnOs5:  p,(300 K) =15 mQ em; Teurie = 260 K. LaysSrisMnO; 360 50+02

b4 Lao_7Sro_3MnO3: pn(300 K) =2 mQ cm; TCurie= 320 K.
» Interface Resistance; 0.1 Q.

= Knowledge of material properties and techniques to produce quality
ferromagnetic films.
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Tunneling Evidence of Half-Metallicity in Manganites

. int tion ® lattice distortion_ s . . . . ,
Double-exchange interaction. Effects of simple and spin-polarized quasiparticle

2 ici lete spin_polarization; e e . .
= Half-metallicity & complete spin peias injection current (I,) on the J. in N-1-S and F-1-S

— Colossal negative magnetoresistance. (CM R)_

TT=0892 § -
118

) 1.0
Lag/3Cay/sMnOs B - = o5 |09
: $ o8 3
8
[ L 0 4 %
[} 06 I, (mA)
- 0.4 YBCO
02 b /STO(2nm)
0.938 /LSMO
0.0 1
0 30 60 90 120 150
b) YBCO/STO(2nm) . YBCOSTO(10mmML.SMO
- o £
< 15 /LNO 8 T/T=0.793
E 12 ./.——.—0/‘3 r
4 °
< TIT=0.724 34t
« 9° e} 0.905
3 "1--—.—.—.-—.—-609-3.
< 6F = 0829 = oteoenel®
% i 0 20 40 6 80
— 3 0.968 (4
0 1 1

0 20 40 60 80
I (mA)

* Strong dependence of S on 1, in F-I-Swith thin insulating barrier.

* Nosuppression of S owith increasing 1, in N-I=S and in F-1-S with

ek narrior,




Coinparison of Normuiized Spin-Injection Effect
ot F-I-S & N-I-S Heterostructuies

)

*  Normalized critical current J/J (T) vs. normali-ed injection
current 1 /1" (7):

1.2
YBCO
109 T/T=0.88 /STO(nm)
s /LSMO
r-r-S S 08
c:,06 o
3
- 0.4 | 0.91
02
0.0 L— : ’
0.0 0.5 . 1.0 15
L/,
b) YBCO/STO(2nm) | YBCOSTOMOmSMO
~15 anNo g8 W TT0.793
g T/T=0724 =6r
12 2
Nbs 2 ol 2,
= r thl_0.905
= w0829 ohara o 0530
— 01234535
= 3r 1,/19
0.968 m’ e
0 ”T‘*’,**‘"r_ L -Av
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0
I/

> tlijetime of spi-peiirizod 0 diretime of sunpie e

Microscopic Evidence of Pair-Breaking
induced by Spin-Polarized Ouasiparticles

Experimental Setup :

* Differential conductance (dl/dV) ~ quasiparticle density

of states (dN/dE).
* Bias voltuge (V) ~ quasiparticle energy (E).

(%%



Scanning Tunneling Spectroscopy of
F-I-S and N-I-S Systems

)
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% Three major effects associated with spin-polarized_currents :
<& Inreasing 1uasipar‘ttcle density of Slales;

<2> Broadening coherence peaks ;

¢3> Shifts in the chemical pofential.
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Injection Current Density (x10’A/em’)
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Physical Concepts

& System of Investigation :

FA

nd

J S
Im

* Steady-state excess spin moments m(z) in superconductor satisfies the
diffusion equation & boundary conditions:

D Znv/az’ = my/T, T,: longitudinal spin relaxation time

U
Z=0

S

2

=2 2
(T[ _’l.\'n Trr.spin 4

Dom/az)_,=1

Donvaz) =0 Loun = (1tg @)

)

(5)°=D,T,

=> solution: m(z) = { T, I, (u,/e)/[S, sinh(d/5)] } cosh{(d-z)/5)]
average spin moments: m = (T /d) I,,(11,/¢)

*  Experimental implications :

S0

—> C-aXis

spin D, : diffusion coefficient

(d: thickness of YBCO)
(1, injected spin-polarized current)

)

~ 0.1: spin-orbit coupling)

(0, :spin-diffusion length)

If pair-breaking efficiency (v) is proportional to m,

- pairing breaking effect mav be enhanced hv

-- increasing spin-polarized injection current Lnis
-- decreasing superconductor thickness d .

m@




o Determining the efficiency (1) of pair-breaking:

(AICE I ‘Ic)

Eﬁecf Of iniecﬁ‘m:

V|

* T= const.

Suppressed |
Critical curment
» l |121c I |

Current (])

n =4I/, (1. critical current, I spin-polarized current in S)

—,—)(:‘nausn‘nj L)

3
Shift of I/
under_injeclion, :
V)
g

0.01 L0

Current (] )

Temperature-dependent efficiency (n) vs.

normalized injection current density {.

Il I

N~ <m>5 (1-2f);
<m>~T, I,-,,/d;

(nonequiiibrium effect)

. / J.")

~-T=10
-*-T=15
—-T=18
—*-T=30
—*-T=65
—o-T=69

—> relevance of quasiparticle re-distribution
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L Spin-injection dependence on the superconductor thickness
¥
Limprovements to Theory ’
' | YBCO/STO/LSMO
(s o | N 40nm/20nm/160nm
: as TS -al6
* Diffusion equation insufficient - Must consider non-equilibrium i \ ~
ety ! s o8 \p0 X ST =023
effects P = TT = 062\
1 ' = i
—_— ; 04 \
- g . " . .o ol ‘0, 11 v‘
— LEquilibrium fermi function f2 I+ex _EL ; b T/I° =031
T =069
k,T | 02
1 " T =075 T =046
! 0
— Define new pair-breaking (’)‘ju feney 1): nme(l—ka ; 6 5 B 1’¥ ®m B B! B 0
Empirically, n=a], |
(Empirically, n=ale/. Tnj ) | Ty (x 10° Alem?)
= Under quasiparticle injection, there is f > 1 ‘
anet change in chemical potential p: k I+ E,-u
non-equili bri e~ - 1
( 9 ili brium 1u&s:partnc1e distribution kT '2 YBCO/STO/LSMO
Sunction fie( L, T).) ' ' 160nm/20nm/100nm
o Intially p rises rapidly with increasing number of injected M ‘ ]
quasiparticles, and thus n drops rapidly at low T. /ll( ImJ) : i ' \‘¥
E, - 1 T | 08 /1. < 0.960
. k — ' o, “
~Atsmall T fy o< exp [“ ‘_‘_ka ] = (1-2f,) drops exponentially. =
L 06
pily ka) = .
Bur eventually at high injections the chemic al porential u levels : 04 Tl = 0972
off and the efficiency n is then determined by in (Remember
that mis proportional to the Ty ) 02
. " » : o , T - 097
=L igh T the effect of increasing W is diminshed and 1 is 0
dominated by . ° N ¢ " '

3 2
. ) Jim (x 107 A/em®)
The cross-over temperature where n becomes mostly depend on q i (

u gives an estimate of u: U ~ 33k
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E. Implications of the Microscopic Mechanism for the

: Summary
Suppression of Superconductivity by Spin Injection ‘

.. ) . . e g B Directional & spatial resolved tunneling spectroscopy on
*  Empirical estimate for the effective magnetic field: ' / 8P P.

- cuprate superconductors — predominant d 2_2 pairing in:
B, = pu,m/Q <~ 107 Tesla << H,., (0 superconductor volume) :
ar = Ho et ( P . -- optimally doped & underdoped YBa,Cu;0;_; (> 95%)
> irrelevance of paramagnetic effect. ‘ -- underdoped La, Sr.CuO,_; (> 90 %)
s - Zn-doped YBCO (> 95%).
* Empirical estimate for the spin diffusion length 8 (T): ';
J ® Comparison of YBCO & Bi-2212 tunneling spectroscopy:
180 :
160 *STS on YBCO: (maximum superconducting gap A,)
140 — 4, scales with T;
120 : - satellite features scale with A,
~ 100 - (24,/kgT ) increases with decreasing x;
£ 8 :
< o f *STS. SIN & SIS on Bi-2212: (c-axis gap A”)
% . t — &’ scales with the pseudogap T";
20 " — (24°/kgT") ~ 6.6 for all x;
0 4 L -,
0 0.2 04 0.6 0.8 1 *ARPES on Bi-2212: (.0) superconducting peak
/T,

— the relative intensity scales with T,.

¢ i . T implios the o : > Relevance of the doping level & spin fluctuations to
—> Sirong divergence of o near T implies the reievance or oL s _
e TSR O 0, T L ,/ ' ‘. v the pairing state and symmetry of high-temperature
spin-polarized quasiparticles to the loss of superconducting

. r superconductiviry.
phase colerence. :
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¢ Spin-injection studies in YBa,Cu,0,:

* Evidence of nonequilibrium quasiparticle redistribution
-- increasing suppression of superconductivity with
1) increasing spin injection (I,,);
2) decreasing superconductor thickness (d). " )

* The c-axis spin diffusion .length (5,):

1) increases rapidly near T,; -
2)6,~50nmforT<<T, & 100nm < 6,< 200 nm for T~0.9T,. E .

* Negligible paramagnetic effect due to injected spins.

<«—> “dephasing” (rather than pair breaking) effect of
spin-polarized quasiparticles on Cooper pairs.




