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ABSTRACT 

The pairing  symmetry  and  the  superconducting  gap  in  high-temperature  superconducting  cuprates are investigated as a 
function of the hole  doping  level (x) and  temperature (13, using directional scanning  tunneling  spectroscopy (STS). It is 
found that the  predominant  pairing  symmetry is dx2.yz, which  is  insensitive  to  the  variations in T and x .  In contrast,  the 
maximum  superconducting gap (Ad) in  YBa2Cu3G4  and La2,SrxCu04,  scales  with the  superconducting  transition 
temperature (TJ,  and  the ratio of (2A&J',) increases with decreasing  doping  level.  The  dominance  of dx24 pairing is 
consistent  with  strong  spatial  variations in the  local  quasiparticle  spectra  near  non-magnetic  impurities  such as Zn and Mg in 
a (Zn,Mg)doped  YBa2Cu3074 single qstal. To further  elucidate the nature of the  pairing  state, the c-axis spin-polarized 
quasiparticle transport in  the  superconducting  state of YJ3a2Cu3074 is investigated by studying  the critical currents  and STS 
under  the  injection of electrical  currents  from  the  underlying  ferromagnetic L a ~ . ~ S r ~ . & h o ~  layer in various  ferromagnet- 
insulator-superconductor (F-I-s) heterostructures.  The  temperature  dependent  spin  diffusion  length (SJ and signatures of 
nonequilibrium  quasiparticle  distribution  under  spin  injection  in  d-wave  superconductors  are  determined for the first  time. 

Keywords: pairing  symmetry,  scanning  tunneling  spectroscopy (STS), cuprate  superconductors,  zero-bias  conductance peak 
(ZBCP), spin-polarized  quasiparticles,  F-I-S  heterostructures,  spin diffusion length,  nonequilibrium  superconductivity. 

1. INTRODUCTION 

1.1. Pairing  Symmetry in Cuprate  Superconductors 

The purity  of  pairing  symmetry in cuprate  superconductors  has  been  an  issue of intense  investigation  and  heated  debate in 
recent years"". Despite  overwhelming  experimental  evidence  supporting the 4 2 - 9  symmetry as the  predominant  pairing 
component'18,  whether  there may exist  a  secondary  pairing  component,  particularly  one  that  results in the braking of  time- 
reversal  symmetryl"'s,  remains  controversial.  Theoretically,  pairing  mechanism  based on the  antiferromagnetic  spin 
fluctuations  would require a dJ-9 pairing symmetry",  whereas anion  superconductivity  would  favor  the (d,2,2+idv) pairing 
symrnet$'"=,  yielding  time-reversal  symmetry  breaking.  It has also been  conjectured  that  the  dominant dx2,2 pairing 
channel may be suppressed  within  approximately  a  coherence  length  of  a  surface that permits the  formation of Andrew 
bound  states,  yielding  a  local  time-reversal  symmetry  breaking  and (d+is) pairing qmmetry  even in the  absence of any 
magnetic field''*'2. This "surface-induced  time  reversal-symmetry  breaking"  effect  would  result in the splitting of the  zero- 
bias  conductance peak (ZBCP) as the  result  of  Doppler  shif?  of  quasiparticle  energies.  and  the  magnitude of such  splitting 
would  increase  linearly  with  increasing  magnetic field''.  However, the  lack  of  universal  experimcntal evidence for  the  time- 
reversal  symmetry  breaking  phenomena  in  both  zero  and  finite  magnetic  fields in a  vast  quantity  of experimental data1-8*1s 

casts concerns on the  scenario of surface-induced  time  revcrsal  symmetry  breaking.  Recent  theoretical  investigation16 of 
competing  superconducting  pairing  channels  bascd  on  a  lattice  model  with a pairing k e d  involving onsite repulsion  and 
nearcst-neighbor  attraction  on a square  lattice has suggested  that  the  d-wave  pairing  channel  generally prevails if the  single 
particle  density of states  is  close  to or more than half-filling16.  Furthermore,  a  number  of  theoretical  calculation^'^''^ have 
demonstrated  that  surface  impurities  can  significantly  influence  the  local  quasiparticle  spcctra  of  cuprate  superconductors. A 
recent  comprehensive calc~lation'~ for  the  ground  state  of  doped  antifcrromagnetic  insulators  suggests that while dx+2 is  the 
pairing  symmetry  for  the  ground  state,  the (dx2-,,2+i4,,) pairing may be a  short-lived  meta-stable  state  that can occur through 



either Uicrmal excitations  or  existcnce of impurities. All these unsettled  issues  obvious  require firthcr experimental  and 
thcoretical  invcstigation. 

1.2. Spin and Charge Channels in the Normal and Superconducting States of Cuprates 

Anotllcr  central  issue of debates  is  the  physical  origin  of  a  “pseudo ap” and  the  non-Fermi  liquid  behavior in the normal state 
of underdoped  and  optimally  doped  cuprate superconductors’4”’. That is,  there  exists an energy scale comparable  to  a 
characteristic  temperature T*, below  which  the  density  of states in the normal  state  is  suppressed,  indicating  the  opcning of a 
pseudogap.  The  pseudogap  temperature T* increases  with  decreasing  doping  level (x) and  is  nearly  independent of the 
temperature (T). Further,  experimental  evidence  suggests that T* is related  to  the  occurrence  of  a spin gap in the cuprates,  and 
T*. is significantly  above  the  superconducting  transition T, for  the  underdoped  cuprates.  The  general  consensus  is that the 
non-Fermi  liquid  behavior of the cuprates  for  temperatures  between T, and T* is  the  result  of  different  behavior in the s in 
and  charge  channels, known as the spincharge ~eparation~~”~’.  In addition,  the  absence  of  long-range  phase c o h e r e n ~ e ~ ~ ~ i n  
these  “doped  Mott  insulators“  between T, and T* is  believed  to  contribute  to  the  unconventional  normal  state  properties. This 
view  also leads to  the  proposed  dynamic  and  Josephson-coupled  “stripe  phases”  in  the  cuprates  that  may be responsible  for 
the  existence  of  a  quasi onedimensional Luttinger  liquid,  the  latter is known to  result in spin-charge  separation  phenomena 
in lowerdimensional physical  systems. 

To krther elucidate the issue of  spin-charge  separation  below T*, it is important  to  design  experiments  that can directly 
assess  the  characteristic  lengths  and  times for the  spin  and  charge  channels”.  Our  approach to this investigation  is  to 
rrform spin  injection  experiments on perovskite  ferromagnet-insulator-superconductor (F-I-S) thin-film  heterostructured” 

. By characterizing how pair-breaking  effects  due  to  spin-polarized  quasiparticles  depend on the temperature  and  the 
thickness of the  superconducting  layer, we are  able  to  deduce  the  spin diffusion length &T,) along the c-axis of Y B ~ ~ C U ~ O , ~  
in  its  superconducting  state. In addition, by considering  the  pair-breaking  efficiency and transmission  of  spin-polarized 
quasiparticles in YBa2Cu3074, we are able  to  demonstrate  signatures of nonequilibrium  superconductivity in d-wave 
superconductors  for  the  first  time. 

2. QUASIPARTICLE TUNNELING SPECTRA OF CUPRATE SUPERCONDUCTORS 

2.1. Sample Characterizations and Surface Preparations for STS Studies 

The  samples  used for our STS studies  include  optimally  doped  and  underdoped  pure  YEla2Cu3074 single crystals with 
superconducting  transition  temperatures of 91 f 1 K and 60 f 3 K,  one  nearly  optimally  doped  YE3a2Cu3074  single  crystal 
with  controlled 0.26% Zn and 0.4% Mg  impurities,  and  underdoped  a-axis  oriented Laz., SrxCu044 films with x = 0.15, 
0.125, and 0.10. The  samples  for  the STS studies  have  been  characterized by  x-ray refraction (XRD). The crystalline  axes of 
the  single  crystals  selected  for the tunneling  studies  are  determined by optical  microscopy,  and  those of the oriented films are 
based on the XRD information The  technique  used  in  this  investigation  involves  a  low-temperature scanning tunneling 
microscope (LT-STM) for studying the  directional  tunneling  spectroscopy  of  cuprate  superconductors  along  various 
crystalline  axes.  The  tunneling tip is made  of Pt(85%)-Ir(15%), and  the  highest  voltage  resolution at the lowest temperature 
is 200 pV. The  temperature  range  covered in this work is between 2.4 K and 10 K. 

The  surface  preparation is very  important  for STS and STM studies,  because STM is  a  surface  sensitive  probe  with  a  depth 
no more than 10  nm.  Consequently,  it  is  necessary to reduce  any  appreciable  non-stoichiometric  surface layers in order  to 
obtain  reasonable  information  for  the  generic  properties of the  materials  to  be  investigated.  For the single  crystal  samples 
used  in our experiments,  they  were first cut  to  reveal  the  desirable  crystalline  plane,  polished to optical  flatness,  and  then 
annealed  at  proper  temperatures  under  a gas flow  of  different olygen partial  pressure  to  yield the necessary doping level.  The 
sample was  subsequently  chemically  etched with 1% Br2 in  pure  ethanol (or 0.5% Br2 in  pure  ethanol  for thin film  samples), 
and  then  thoroughly  rinsed  in  pure  ethanol. This process has been  demonstrated by X P S  studies  to  yield optimal electronic 
properties  at  the  surface of various  cuprate  superconductors42~”,  and to  passivate  the  surface  to  prevent  degradation  in air 
over  an  estended  period of  time (-tens of minutes).  Hence,  the  sample  could be properly  transferred to the STM cryostat  to 
achicve  high  vacuum  and  low  tempcrature  condition  to  ensure preservation of the surface  quality  before  experiments. 

2.2. Optimally Doped and Underdoped YBazCu,074 Singlc Crystals 
Following our previous  investigation, we cmploy the generalized BTK by Hu9, Kashiwaya  and  Tanaka’’ to analyze 
the  directional  tunncling  spectra.  The  relevilnt  physical  quantities thus derived  include  the  percentage  of  possible  secondary 



pairing  components,  the  maximum  gap Ad, lifctime  broadening  pnrumetcr I-, and  the  lunncling  impcdance Z .  More  explicitly, 
we consider  thc  tunneling  current (INs) from a normal metal  to a superconductor  can be described  in  terms of the generalized 
BTK theory as a  function of the bias  voltage (V) using the following f~rmula~.~*" :  

1, = G N N / / e x p [ -  fit/D21 &kt x / d E k [ l + . A @ L & Z )  i ~ ( E ~ ~ ~ Z ) ~ ~ ~ k ~ ~ - f ~ ~ l ,  (1) 
Here GNN is proportional  to  the  normal-state  junction  conductance, A and B are the  Andreev-reflection  and normal reflection 
probabilitie~~*'~, f is  the  Fermi fhction for quasimcle distnbutions, Ek is  the  quasiparticle  energy,  and /3 is the  tunneling 
cone  width  that  measures  the  effective  spread  in  the  transverse  quasiparticle  momentum (kt) and  the  surface  roughness3. To 
estimate  the  possible  contribution  from  different  pairing  components, we assume  that  the  pairing  potential is given by Ak = Ad 
cos(26J + id, for (dfis), AC = Ad cos(26k) + iA'sin {26& for ( h i d ' ) ,  and Ak = Ad cos(26J f A, for (dks). 

The fitting parameters  for  different  junctions  of  both  optimally  doped  and  underdoped  Y13a2Cu3074  single  crystals are 
summarized in Table 1.  In particular, we note that the  zero-bias  conductance peak (ZBCP) for the { 1 lo} junctions taken at 
temperatures  between  2.4 K and 4.2 K do  not  reveal  any  splitting  down  to  a  voltage  resolution of - 0.2 meV, as exemplified 
by a representative  set of data in Figure 1. Within  our  experimental  resolution,  the  absence of any splitting in the ZBCP for 
many tens of { 1 lo} tunneling  spectra  investigated  in  our  studies  places an upper  bound - 5% for the existence of  any time- 
reversal  symmetry-breaking  component,  Furthermore, we  note that  the maximum conductance  of the ZBCP in our work is 
nearly one order of magnitude  larger than the background nonnal conductance. This is in sharp contrast  to the typical ZBCP 
signals  reported in planar  junctions,  where  the maximum  conductance is generally  between 0.1% to 1% of the background 
normal cond~ctance"*'~. This contrast is likely  due to the  large  differences  in  the junction weas, where the area of a typical 
planar junction is about lo-' - 10"O m2,  and  that  of an ST"  tunneling junction is 10"' - m2. In addition,  the  differences 
in the tunnel  barrier  for  the  STS  studies,  which is a  vacuum  gap,  versus  those for planar junctions, which  typically  consist of 
polymers andor oxide  layer^^'.'^^'^, may have  important  effects on the  resulting  quasiparticle  spectra. 

Our  results on optimally  doped  and  underdoped  YE3a2Cu307d  single  crystals are consistent  with  a  number of experiments  from 
other  research  groups on various  forms of YBa2Cu307d, including  experiments  performed  directly  on  the  cuprate 
superconductors  using  techniques  such as STM on { 110) oriented  films  for  temperature  down  to 80 mK and in a  field  up  to 7 
Tesla', grain-boundary junctions for temperature  down to 0.1 K and in a  field  up  to  12  Tesla',  and  scanning SQUID 
microscopy on tricrystals of YBa2Cus07a films in zero  field  from 0.5 K up to 90 K6. None  of these studies  revealed  any 
evidence  of  spontaneous  time-reversal  symmetry  breaking,  with an upper  bound  for  a secondary pairing  components  lowered 
to 0.  I%, according  to  the STS studies of { 110) oriented  YBa2Cu3074  films. In addition,  recent  point  contact  measurements 
using InOz on YBa2Cu307d oriented  films also find  that  there is no ZBCP splitting  in  the  zero  magnetic  field in either 
optimally  doped or underdoped  limit".  Only  YBa2(Ca,Cu3.,)07.6  oriented  films  that  are  overdoped  cuprates  exhibit finite 
ZBCP  splitting in zero  magnetic  field".  Furthermore,  the  magnetic  field  dependence  of the ZBCP  splitting  appears  to  be  very 
different  between the optimally  doped  and  overdoped  samples".  These  results  obviously call for reevaluation of the relevance 
of Doppler  shift  to  the  time-reversal  symmetry  breaking. 

-100 -50 0 50 100 
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Fivure 1 Normalized quasipartxle tunneling spectra of a nearly optimelly doped Y13a2Cu307-a single crystal at 4.2 K, showing the ZBCP 
for the (1  10) junction in the tunneling limit (main panel), and t h a t  in the point contact limit (left inset). The magnitude of the maximum 
ZBCP is nearly  one order of magnitude  larger than the background normal conductance, which is about two to three orders of magnitude 
larger than typically ZBCP signals in planar junctions. The absence of any splitting down to 2.4 K and with a voltage resolution - 0.2 meV 
pleccs a 5 YO upper bound for any time-reversal symmetry breaking component. 



In addition to thc consideration of pairing  symmetry, it is also intcresting to  compare  the  c-axis  tunneling  spectra  of  both 
optimally  dopcd  and  underdoped  samples. As illustrated in  Figure  2,  the  averaged  d-wave gap as indicated by the  position of 
thc  coherence  peaks  at f Ad decreases with  the decreasing T,. In addition, we  note  that similar  satellite  features  exist  in  both 
samples,  and  the  energy  scalc  of each feature  appears to scale  with  the  energy  gap.  We  note  that  observation of satellite 
fcatures  have also been  reported  for  the  c-axis  quasiparticle  tunneling  spectra of  Bi2Sr2CaCu20g,  single crystals4547, and  the 
“dip” and  “hump”  features at energies Qjp and Q,,,,,,,,, have  been attributed to many-body  effects  of  quasiparticle  interaction 
with  the  background spin e x ~ i t a t i o n s ~ ~ . ~ .  We shall come  back  to this  issue  later in subsection  2.4. 

Table 1 Summary of the fitting results for  the  YBa2Cu307d and La2.xSrxCuOu  samples using the  generalized BTK  theory, with Ad being 
the maximum dd.y2 gap, Z the  tunneling banier parameter, Tthe lifetime broadening  parameter, and p the  hole  concentration per CuOl.  The 
eriors are given to account  for  all  spectral  variations,  instrumental  resolutions, and numerical fitting uncertainties. 
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2.2. Optimally Doped and Underdoped La2-rSrrCuOQa Oriented Films 

We  have also investigated  a Merent family of high-temperature  superconducting  cuprates, the a-axis  oriented La2.,SrXCuO44 
films,  in  order  to  evaluate  the  purity of d-wave  pairing  symmetry  in  these  samples  that  exhibit  a  larger  electronic  anisotropy 
than that  in YBa2Cu30,4 and  consist of one Cu02 layer  per  unit  cell. The samples  include  optimally  doped and underdoped 
La~-xSrxCu04~ a-axis films with x = 0.1, 0.125  and  0.15, and T, = (10f5), (17h5),  and (28f5) K, respectively. In all these 
samples,  ZBCP has been observed, and none  of  these  spectra  exhibit  any  visible  splitting  within our experimental 
resolution4”.  Due to the  larger  transition  width and more  significant  disorder  in  these  oriented  films,  we  place an upper  bound 
for any  secondary  pairing  component in La2.xSrxCu044  at - 10%. 

The  above  analysis suggests that among all samples  of  our  investigation,  there  is no discernible  evidence of mixed pairing 
components,  regardless  of the temperature,  doping  level,  and  even the degree of disorder.  The  fact  that only experiments 
involving  some planar junctions (with  dissimilar  materials  placed on top  of the cuprate  superconductor) have revealed  signs 
of  mixed  pairing c~mponents”~’~*’~ suggests  that  more  cautious  reevaluation of  the status of experimental  evidence  for  the 
surface-induced  time-reversal  symmetry  breaking will be  necessary.  Furthermore,  a  number  of  theoretical  calculations””* 
have  suggested  that  surface  impurities  can  significantly  influence  the  local  quasiparticle  spectra  of  cuprate  superconductors. 
In particular, it is  found  that  the  quasiparticle  spectra  of  d-wave  superconductors  are far more  sensitive to non-magnetic 
impurities than those of  conventional  s-wave superc~nductors’~”~. Given  the  fact  that  planar junctions generally  cover  a  large 
junction area and involve  dissimilar  materials as the  tunneling  barrier,  it  is  difficult to entirely  rule  out  the role of impurities 
in the observed  splitting of ZBCP. In particular,  recent  theoretical  analysis on doped  antiferromagnets  has found that  while 
the  pure d+?-pairing is the  ground  state,  a  time-reversal synmetry breaking  state (d,z,z+id,) may exist as a short-lived 
metastable state’’, the  latter  could be thermally  excited or stabilized by the  presence  of  impurities.  It seems that  mounting 
theoretical  studies  have  led  to  the  suggestion  that  the  time-reversal  symmetry-breaking  state, if csists in the cuprate 
supcrconductors,  is  more  likely to be in tile form of  (dx2-,,2+ic4,,) pairing  symmetry  rather than (dx2-,,2+is). However, this issue 
remains  controversial  and  will require in-depth  experimental  and  theoretical  investigation. 



Another  interesting  aspect  that is worth  noting in our studies  is that the ratio of (2Ad'kBTc) for  both Laz-xSrxCu04d and 
YBa2Cu307a  increases  rapidly  with  decreasing  doping,  and  the  ratio  well  exceeds  the  mean-field  value (- 4.3) for d-wave 
superconductors. as listed in Table 1. These  results  obtained  in  the  superconducting  state  appear  to be consistent  with  the 
unconventional n o d  state  properties of underdoped  cuprates,  suggesting  that  the  underdoped  regime is consistent  with  a 
strongly  interacting many-body  system. 

2.3. Comparison of C-Axis Quasiparticle  Tunneling  Spectra of YBa2CuJOrs and Bi2Sr2CaCuZ08+r  Single  Crystals 

As shown  in  Table 1, our  tunneling  studies  indicate  that  in  optimally  doped  and  underdoped  YBa2Cu307s  and a-axis oriented 
Laz, S ~ , C U O ~ ~  films,  the  maximum  d-wave gap (Ad)  appears to scale  with T,. This finding is in  contrast  to  the  c-axis 
k e l i n g  and ARPES spectra of  BizSr2CaCu2Q, single crystals, which  exhibit  increasing gap values (A*)  with decreasing 
doping4w7. In addition,  the  satellite  features in both  optimally  doped and underdoped YBa2Cu307d appear  to  scale  with Ad, 

as shown in Figure 2; whereas  those  in Bi&CaCuzO8, scale  with A* 47*48. We  note  that the  gap  features  at V = f (A*/& in 
Bi2SrzCaCU2O8,  have  been  determined by various  techniques,  including STS6, and SIN and SIS point contact 
measurements4', and ARPES4'*". It is found  that  these gap features at V = f @*/e) do  not  close at T, from STS studies6, 
resembling  a  pseudogap and in contrast  to those in YBa~Cu~0~d .  
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Fieure 2 Comparison of the normalized  c-axis  quasiparticle  tunneling spectra of nearly  optimally  doped and underdoped YE3a2CuJ0,4 
single crystals at 4.2 K. Note that the satellite features scale in energy with the superconducting coherence peaks at V = f (&/e). 

On the other hand, if  we compare  the  satellite  features  at f (a,,) and f (32-4 relative  to the c-axis  tunneling gap of Ad (A*) 
in YBa2Cu307d (Bi2SrzCaCuz08,),  we find that  these  features  scale almost linearly  with  their  corresponding  gaps, as shown 
in  Figure  3(a).  It  remains an open  issue  why  the  c-axis  gaps  obtained fiom tunneling  measurements  have  different  doping 
dependence  in  YBa2Cu307.8  and in BizSrzCaCu2Q,, as shown  in  Figure 3(b) where  the gap versus  hole  concentration @) per 
unit C u a  exhibit  very different behavior. We note  that  the  data  for  the  overdoped  YBCO  system is taken from a  (Zn,Mg)- 
doped  YBazCu3Q4 single  crystal  described  below. 

2.4. (Zn,Mg)-Doped YBa2Cu307a  Single Crystal - Investigation of the Effects of Non-Magnetic Impurities 

It is well known  that  non-magnetic  impurities  in  s-wave  supcrconductors  do  not  incur  any  effect  on  the quasiparticle spectra, 
in  contrast to  the  significant  pair-brcaking  effects of magnetic impurit ie~~~-~' .  On the other hand, recent theoretical 
calculations  have shown that  strong  pair  breaking  effccts of non-magnctic  impurities can exist in pure  d-wave 
 superconductor^'^*'^. The effects of both  magnetic  and nonmagnetic impurities on the  quasiparticle spectm of d-wave 
superconductors  have bcen confirmed by recent experiments on Ni and Zn-doped Bi2Sr2CaCu20s+, single  crystal^'^^^. In 
particular,  spatially  resolved  imaging  and  spectroscopy takcn with  a  high-resolution scanning tunneling  microscopy" reveal 



that  Zn impurities  are  strong  scattering  ccnters  that  completely  suppress  the  superconducting  coherence peaks, and  the 
scattering  energy  at  the Zn site is R- - 1.5 meV.  In  contrast,  Ni  impurities  yield  excess  resonance  scattering peaks in  both 
the  hole-like  and  electron-like  branches of the  quasiparticle  spectra  without  significantly  perturbing  the  superconducting 
coherence peaks that are  characteristics of pure  Bi2SrZCaCu208+x.  Furthermore, the quasiparticle spectra around Ni impurities 
exhibit  oscillatory  variations".  Such  behavior  has  not  been  considered by existing  theories for impurity  scattering  in  d-wave 
superconductors. We note  that  the  oscillatory  quasiparticle  distribution is in  fact  analogous  to  the  well-known  Friedel 
oscillations9 of the  carrier  distribution  near  a  charged  impurity in a  metal.  Therefore  a  complete  theoretical  analysis  should 
reveal  such  a  phenomenon. The finding that Zn-impurities  appear  to  be  stronger  pair-breakers than Ni-impurities  is  consistent 
with  neutron  scattering  and  optimal  measurements on the bulk properties of similar s y s t e r n ~ ~ ~ - ~ .  However,  theory  predicts 
particle-hole  symmetry  in  the  quasiparticle spectra associated  with  nonmagnetic  scattering  sites  such as Zn'7*'8. The absence 
of resonant  scattering peak in the  electron-like  branch of the  quasiparticle spectra near  Zn-impurities seems to imply 
additional  effects  that  breaks  the  particle-hole  symmetry. 
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Figure 3 Comparison of the satellite features obtained from the c-axis quasiparticle tunneling spectra of YBa2Cu30,b single crystals and 
those of Bi2Sr2CaCu20g+, at 4.2 K. Note that the satellite features scale in energy with Ad for yBa2CuJ07d and with d*for 
Bi2Sr2CaC~208+x. The data for Bi2Sr2CaCu208+,  are taken from Refs. 46 and 47. 

On the other hand, the p d i n g  contrast  between  the  c-axis  tunneling spectra of  Y13a2Cu3074 and Bi2Sr2CaC~2G+x single 
crystals  suggests  that  the  quasiparticle spectra near  impurities in YBa2Cu307a need  not be the same as those in 
Bi&3r2CaCu208+x. In addition,  studies of spatially  resolved  quasiparticle spectra have  only  focused on the effects of non- 
magnetic  impurities that do not  contribute  to  doping. It is therefore  informative if similar  spectroscopy  studies  can be 
conducted  near those impurities  that  affect  the  doping  level of the cuprates. 

To investigate  these  issues, we  have  conducted  preliminary  tunneling spectra on Zndoped  YBa2Cu3074 single crystal (with 
0.26% Zn and 0.4% Mg). The c-axis  tunneling  spectroscopy  on  the  ab-plane of the single  crystal at 4.2 K reveals 
reproducible  spatially  varying  quasiparticle  spectra,  depending on the  position of the STM tip relative to either Zn  or  Mg 
impurities. When the STM tip is su8ficiently far away  from  impurities,  the  quasiparticle spectrum is consistent with  the 
standard  c-axis  tunneling spectra of d-wave  superconductors, as indicated by Curve "0" in Figure 4. The spectrum 
corresponds to an average  gap  value  of (2432) meV,  which is consistent  with our previous studies on pure YBa$h307-a 
single crystal. As the STM tip  approaches  an  impurity  site, we observe  two  typical types of spectral evolution, corresponding 
to  two  types of scattering  centers,  although  the nature of each  is  yet  to be identified. The "type," scattering center is 
associated  with  a  sharp  resonance  scattering  at an energy of - +2 meV,  and  the  spatial  evolution of the spectra as the  tip 
approaches  the  impurity  center A can be illustrated by considering  the spectra in the  order of Curves 0, A-1 , A-2, and A-3. 
We note that with  thc  initial  increase  in  the  intensity  of  the  impurity  resonance  scattering peak at - +2 meV,  the 
superconducting  coherence peak in the electron  branch (- +24 mew first  diminishes  noticeably, and then both the  electron- 
and  hole-branch  coherence peaks vanish as the  impurity  resonance  becomes  dominant. This suggests  that type4 scattering 



center  is  a  strong  pair-breaker,  similar  to  the finding in thc Zndoped BizSrzCaCuzOsh. We also note  that  occasionally 
resonant  scattering has been observed  at an energy  of - -2 meV,  although  the  frequency  of  occurrence is several  times  less 
than that for  resonant  scattering  at - +2 meV. 

Similarly spatial evolution of the quasiparticle  spectra  is  also  observed for the  other  type  of  scattering  center B, as manifested 
by Curves 0, B-1, B-2  and  B-3. The only difference in  these  two  types  of spectra  is  the  energy of the impurity  resonance. 
One  corresponds  to  a  repulsive  scattering  potential - 2 meV,  the  other  is  associated with a higher  repulsive  scattering 
potential L?B - 10 meV.  Judging from the  frequency  of  occurrence, we tentatively  assign  the  A-site  to  Zn  and  the  B-site  to 
Mg. We note  that  the  scattering  potential  for Zndoped Bi2SrzCaCuZ08+x has been  reported  to be primarily  negative, with R- 
(-1.5M.5) meVs7.  More  investigation  appears  necessary  to  understand  the  differences  between  the  systems  of Zndoped 
YBazCu307-a and Zndoped Bi&3zCaCu208h. 
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Figure 4 Quasiparticle tunneling spectra of a (Zn,Mg)-doped Y13a2Cu~0,..~ single crystal at 4.2 K. showing the spatial evolution of the 
normalized differential conductance versus bias voltage (0. Curve 0: typical spectrum away from impurities. Curves A-1 to A-3 illustrate 
the spatial  evolution of the spectra upon approaching scattering center .4, while Curves B-1 to B-3 illustrate the spatial evolution upon 
approaching scattering center B. 

3. NONEQUILIBRIUM SUPERCONDUCTIVITY AND C-AXIS SPIN-POLARIZED 
QUASIPARTICLE TRANSPORT IN D-WAVE SUPERCONDUCTORS 

As stated in the  introduction, the spin and charge  relaxation  processes of quasiparticles  in  the  cuprates are of fundamental 
importance,  because of their  relevance  to  the  underlying  pairing  mechanism  and  the  possibility of spincharge separation  in 
high-temperature  superconductors. A novel  approach to derive such informtion is to  study the nonequilibrium 
superconductivitym  in  these  cuprates by injecting  either  simple  or  spin-polarized  quasiparticles. The injection of spin- 
polarized  quasiparticles is of particular  interest,  becausc  the  resulting  effects  nay be compared  with  those of static magnetic 
impurities that incur  time-reversal  symmetry-breaking in supercondu~tors~~"~'. On the  other hand, there has been  limited 
theoretical  understanding  at  the  microscopic  level  for  the  spin-pol;lrized  quasiparticle  transport in superconductors.  The  only 



tlmretical studies  have  emphasizcd on either  the  transmission  of spin-polarized quasiparticles  across  the 
fcrromagnetlsuperconductor i n t ~ r f a c e ~ " ~ ~ .  or possible  esperimcntal consequences under esccss spin  diffusion  along  the 
{ 100) and { 1 IO} direction  of  a  d-wave  superconduct^?^^'. The  lack of microscopic  understanding is largely  due  to  the 
complications of combined  magnetic pair-breakix~g~~-~' and  nonequilibrium  effectsm  induced by spin-polarized  quasiparticle 
currentsM4. In this section, we briefly  review  the hndamentals of nonequilibrium  superconductivity and magnetic pairing 
breaking  effects of static  magnetic  impurities,  and  describe  latest  experimental  status of spin injection  studies in cuprate 
superconductors. We then  present  new  results  that  provide  direct  evidence  for  nonequilibrium  quasiparticle  distribution  due 
to  quasipamcle  injection, as well as direct  experimental  determination  of spin diffusion  length 4. The physical  significance 
of these  results  will be assessed. 

3.1. Magnetic Pair  Breaking  and Nonequilibrium  Superconductivity in Superconductors 

The  presence of microscopic  magnetic  fields in a  superconductor is known to  degrade  superconductivity  due  to  the  breaking 
of  time-reversal  symmetry  of the Cooper  Traditionally,  magnetic  pair-breaking  effects  were  studied  by  doping the 
superconductor  with  paramagnetic  impurities  that  act as local magnetic m ~ m e n t s ~ ' ~ ~ .  The  subsequent  experimental 
development of spin-polarized  electron  tunneling  from  a  ferromagnetic  layer  through  a  insulating  barrier  into a 
 superconduct^?*^^ has inspired  a new direction of research  involving  the  dynamic  process of spin-injection in 
superconductors  and in magnetic  materialsa.  Despite  interesting  experimental  observation in the  past two decades,  not  much 
theoretical  understanding of the physics  of  spin-polarized  quasiparticle  transport in superconductors has been  developed at 
the  microscopic  level,  except  reasonable  understanding of the transport  properties  at  the ferromagndsuperconductor 
interface6143. The lack  of  microscopic  understanding is largely  due  to the complications  of  combined  magnetic  pair-breaking 
and  nonequilibrium  effects  induced  by  spin-polarized  quasiparticle  currents in a  superconductor.  Recent  theoretical  work 
based on a  mean-field,  quasi-static  description of excess  spin-polarized  quasiparticles  in  s-wave  superconductors has 
predicted  interesting spatial variations in  the  superconducting  order  parameter  and  the  formation of solitons with net  spins"'. 
However,  such  quasi-static  description  does  not  address  either  the  dynamic  nature  of the excess  quasiparticles or the  phase 
variation in the  order  parameter  under  the  presence of a finite  quasiparticle  current. In the case of cuprate superconductors, 
the  effect of spin-polarized  quasiparticle  currents on superconductivity  may  be  further  complicated  by the intrinsic spatial 
variations  in  the  superconducting  order  parameter due  to the  predominant  d-wave  pairing  symmetry. 

Many  novel  phenomena  associated  with  nonequilibrium  superconductivity  have been investigated  extensively  since the 
1 9 7 0 ' ~ ~ .  Nonetheless,  these  studies  have  primarily  focused on the effects of simple (spindegenerate) quasiparticle  injection 
and  extraction  in  conventional  s-wave  superconductors. In the  case of simple  quasiparticles,  both  enhancement  and 
suppression of superconductivity  have  been  observed,  and  the  phenomena  can be generally  described in terms of a 
nonequilibrium  energy  and an excess  quasiparticle  charge  density  (e*)". In the  case of injection of spin-polarized 
quasiparticles,  it  has been demonstrated  that  electrical  currents  can  become  spin  polarized after passing through 
ferromagnets64.6s,  and the spin-polarized  current  with  sufficient  injection  energy  may  tunnel  through an insulating  barrier  into 
a  conventional  superconductor,  giving  rise  to  suppression  of  superconductivitym.  Recently,  various  research  group^^^-^ have 
extended  investigation of the effects of  spin-injection  to  perovskite  ferromagnet-insulator-superconductor (F-I-S) 
heterostructures. As discussed in our recent  publications36, earlier  reports of monotonic  suppression in J, with increasing dc 
injection  currents3738 appear to  have been influenced by the effects  of  Joule  heating.  Hence,  genuine  effects  associated with 
spin-polarized  quasiparticles  may  have been obscured. We  have  overcome  this  problem  by using a  pulsed  current  technique 
for studies of macroscopic  and  microscopic  physical  properties of perovskite F-I-S heterostructures,  and  have  demonstrated 
the  effect of dynamic  pair-breaking of spin-polarized quasipa~ticles~~'~.  

3.2. Review of Experimental Status 

New  phenomena  manifesting  nonequilibrium  superconductivity  and  pair  brcakin  induced  by  spin-polarized  quasiparticle 
currents in perovskite  F-I-S  heterostructures  have been reported  in  our  recent work'4-x. Using a  pulsed current technique for 
measurements of  the critical  current  density J,, we are  able to minimize  Joule  heating  effects  to  less  than  10 mK for the 
maximum  injection  current (I,,, - 300 mA)  from  the  ferromagnetic  layer  to the superconductor,  and  have been able  to  reveal 
several novel  phenomena.  For  instance,  a  monotonic  decrease in J,  with  dccreasing  insulator  thickness is observed;  and  for F- 
I-S with  suniciently  thin  insulating  barriers,  a  slight  increase  in J,  is  observed  under small injection current from  the 
ferromagnet,  followed by a strong supprcssion of./, under  large  injcction  current. In contrast, no effect of injection on J,  can 
be detected in eithcr  the N-I-S control  sample  or F-I-S samples  with  thick  insulating bamer. These  phenomena are consistent 
with  the  pair  breaking  effects  induced  by  spin-polarized  quasiparticles. 



In addition to the  studies  of Jc, we Live also  investigated  the  c-&\is  quasiparticle  tunneling  spectroscopy  of  perovskite F-I-S 
heterostructures  comprising  YBazCu307.a  and L a ~ . ~ c a , , ~ M n O ~  at 4.2 K 3536. The  spectra  were  consistent  with  the  d-wave 
pairin$ gmmetry of YBa2Cu3074, with a gap maximum & = 22 meV,  under an injection  current  up  to at least 35 mA ( 7 x  lo3 
Ncm-) ’*%. Spectral  smearing  observed at higher  injection  currents  could be fitted  to  an  elevated  effective  quasiparticle 
tcmpcrature (- 60 K), even though negligible  sample  heating  was  detected  with  our  in-situ therm~met$~*’~. The  overall 
spectral  evolution  with  the  injection  current  appears to be  non-thermal  in  character,  showing  a  non-monotonic  change  in  both 
the  zero-bias  tunneling  conductance  and  the  area  under  the  conductance  spectrum. In contrast, no detectable  effects of 
injection were  observed in the N-I-S  ample'^. 

3.3. New Results from Transport Studies 

Although we  have  demonstrated  both  macroscopic  and  microscopic  evidence for dynamic pair breaking by the  injection  of 
spin-polarized  quasiparticles  into  cuprate  superconductors,  more  quantitative information associated  with  the  nonequilibrium 
nature of the  system still needs to be established. For instance,  it  is  important  to detennine the  magnitude  and  temperature 
dependence of the spin  diffusion  length  and  spin  relaxation  time. In addition,  experimental  determination of the 
nonequilibrium  quasiparticle  distributions  under  spin  injection  will be helpful in reaching  better  understanding  for  the 
quasiparticle  excitations in cuprate  superconductors.  Finally,  the  microscopic  mechanism for pair breakin induced by the 
spin-injection is still  not  well  understood.  One  possibility  may  be  related  to the Paramagnetic effecF of the excess 
magnetization  induced by the injection of spin-polarized  quasiparticles. It is therefore necessary to consider the relevance of 
paramagnetic  effect  to  the pair-breaking mechanism. 

We have  attempted  to  address  these  issues  by  empirically  investigating the temperature  evolution  of  pair-breaking  effects in 
F-I-S heterostructures of a range of  thickness in the superconducting  layer. The samples  used in this investigation  include 
three  samples of different  thickness  for the superconducting  layer,  and of identical  thickness for the insulating  and 
ferromagnetic  layers.  The  chemical  compositions for the  heterostructures are F:  La&rO.,MnO3 (LSMO), I: SrTiQ (STO), 
and S: YBazCu3C.l,4, and the thickness for the  YBCO  layers  are  50nm, 100 nm, and 200 MI. 

To illustrate  the  physical  concept for our data analysis,  we first define  relevant  physical  quantities that have  been  investigated 
in this work.  Consider  the  inset in Figure 5, where  the  current  applied  to  the  ferromagnet is I,,,, and the total  current  injected 
into the superconductor is denoted as Ihp The transmission of  spin-polarized  quasiparticles  across the F-I-S  junction is 
therefore  defined as T s  Iini / I,,,. The injected  current (Iini) can be determined  empirically from the current-voltage (I-V) 
characteristics of the superconductor, as shown in the  main  panel  of  Figure 5, where an I-V curve taken at a  constant 
temperature  becomes  offset in the presence of Iinp In addition to the offset, the initial  critical  current I:v) becomes 
suppressed by the  injected  spin-polarized  quasiparticle  current,  yielding  a  new  critical  current I&”,IinJ that  depends on both T 
and Iinj Hence,  we define  the  “pair-breaking  efficiency” (q )  of spin-injection as 

q(T,Ii,,,) =AIdT. l i r4) / I in i=[I~( lJ  -Ifl,Ii,,,)]/Iini. (2) 
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Fimre 5 Muin p e l :  examples of the current-voltage  characteristics of YBa2Cu,07a in the F-I-S heterostmcture at a constant  temperature. 
The critical current in the absence of injection current  is denoted as I:, whereas that under a finite  injection cment I, is denoted ns I,. 
Inset: schematic  illustration  of  the si& view of the F-I-S heterostructures,  showing the applied current I, through the ferromagnet  and the 
actual current injected I,,,, into the supcrconductor. The superconductor thickness is d, and the injection direction for currents is along z. 



Next,  we consider  the  relationship  between  the  excess  magnetic  moments m in  the  superconductor as the  result  of I,,, ,  If we 
define  the  longitudinal  spin  relaxation  time as TI, and the diffusion  constant as D,, then  the following m s i o n  equation  and 
boundary  conditions for m(7kIin,) in the steady  state are satisfied: 

D,dnd& = m / TI ; D s  Ma I z -0 = lin&de) ; D,M&lZ,,, 0. (3) 

Here ,LIB denotes  the Bohr magneton.  Assuming  complete  spin  polarization for the  injected  quasiparticles,  the  spatial 
dependence  for m(z) and  the  spatial  average (m)  can be given by the following  expressions: 

m(z) = (T,/& I,, (pde) cosh[(d-rys,] / sinh(d/b;l; (m) = (Tl/41id @de); 6, = (D*TJ'". (4) 

It is reasonable  to  assume  that the pair-breaking  efficiency t7 is proportional  to (m). Hence,  we  expect  that q increases  with 
increasing  spin  relaxation  time TI and  the total injected  spin-polarized  quasiparticle  current Iiw, and q decreases  with 
increasing thickness of the  superconducting  layer d. However, this consideration  only  takes  into  account of the quasi-static 
effect of excess  magnetic  moments. To fully  incorporate  the  nonequilibrium  effects  under  spin-injection, we consider  the 
nonequilibrium  quasiparticle  distribution function& (TJ,,J, which is different  from  the  equilibrium  distribution  functionfm 
(0. That  is, 

~ ( T J ~ ~ ~ ) ~ l I / l + e x p [ ( E ~ - p * ) / F ~ ~ l l ,  f . b ( n ) = 1 / { 1 + e x p [ E k / ( k s l ) ]  1% (5) 

where p = p*(lini) is the chemical  potential shift as the result of injected  quasiparticles,  and E k  is the quasiparticle  energy in 
thermodynamic  equilibrium,  where E: = 6; + A;, and is the  normal-state singleelectron energy  measured  relative to the 
Fermi  level.  Knowing the average  magnetic  moment (m) and  the  nonequilibrium  quasiparticle  distribution fdTJhj), the pair- 
breaking  efficiency 9 can be expressed in terms  of (m) andh as follows: 

7 - W & (  1 - h), (6) 

where .& indicates the sum over all relevant k values  in  the  momentum  space. The chemical  potential shift p* is expected  to 
increase  linearly with increasing Iiq for small injection currents,  and then gradually saturates for large Iirii before the critical 
current in the  superconductor is completely  suppressed  to  zero.  Consequently,  from  Eqs. (2), (4), ( 9 ,  and (6), we find that the 
pair-breaking  efficiency 7 increases  monotonically  with  increasing Iw in the  high-temperature  limit,  whereas q drops 
precipitously  with initial increase in Iini at low  temperatures. As shown in  Figure 6, the  empirical  results  for q-vs.-& taken at 
various  constant  temperatures for a heterostructure YBCO/STO/LSMO (with  thickness of individual  layers  given  by 50 nm/2 
d l 0 0  nm) are  indeed  consistent  with this consideration. 
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Figure 6 The pair-breaking eficiency r] as a function of the injected spin-polarized quasiparticle current lUy taken at various temperatures 
for a YBCO/STO/LSMO (50 nm/2 n m / l O O  nm) heterostructure. Note that for (T7Tc) << 1, q decreases npidly with the initial  increase  in 
I,@ In contrast, t ]  increases  monotonically Z,,,, for ( T'I'~'~) -+ 1. 

Knowing  the  magnitude (m)  for given  experimental  conditions, we can  estimate  the effective magnetic  induction Elg in the 
superconductor.  That  is, 

B,ff PO (0. sample  volume, pa: vacuum  permeability) (7) 



Finally, we consider  the S e c t  of temperahuedependent spin diffusion  length 6,(7',) on  the  pair-breaking  phenomena as 
observed  in  the transport measurements. As shown in  Figures  7(a)  and 7(b) for two F-I-S samples of YBa2Cu3074 thickness 
50 nm and 200 nm, respectively,  suppression  of  critical  currents due to  spin-polarized  quasiparticles for the  thinner 
superconducting  sample is already  very signifcant at  low temperatures,  whereas  that  for  the  thicker  sample  only  becomes 
substatial at temperatures  very  close  to T,. Assuming that the  spin  diffusion  length  becomes  comparable  to  the  thickness of 
the sample  when  the critical current I d  is suppressed by 90% under a given  injection  current,  we can estimate S,(l3 by 
studying F-I-S heterostructures  with a range of thickness in the superconductor, as shown in Figure 8. We note  that 6,p) 
increases  rapidly  near T, consistent  with  rapid  decreasing  condensate  and  increasing  lifetime of spin-polarized  quasiparticles. 
However,  the  divergence  is  much  more  rapidly than the  mean-field  prediction,  which  may be related  to the unconventional 
nature of the  cuprate  superconductor.  More  accurate  temperature  dependence of 6fl) awaits  studies of additional F-I-S 
samples  with  different  thicknesses in the  superconducting  layer. 

0.8 

4 0.6 
0 

\ 

4 
0.4 

0.2 

0 

1 

% TIT,"= 0.46 

0 0.01 0.02  0.03 
Iinj (A) 

1 

0.8 

0.6 

0.4 

0.2 

0 
0 0.01 0.02 0.03 0.04 0.05 

Iinj (A) 
FiPure 7 Normalized  critical  current (IJZco) vs. injection current (Iw) in two YBCO/STO/LSMO heterostructures: (a) sample thickness: 50 
nm/2 nm/IOO nm; (b) sample thickness: 200 nm/2 d l 0 0  nm. Note that significant  suppression of critical  current in (a) already occurs at 
relatively low temperatures, whereas no suppression in critical current takes place in (b) until (T/T)  + 1. 

250 i 200 f 

0 1  
0 0.2 0.4 0.6 0.8 1 

TfL 
Finure 8 Estimated spin diffusion length (6,) as a  function of the  reduced  temperature ( T n J  from this work. The error bars indicate  the 
uncertainty  in  the YBCO thickness. Note the strong divergence of 8, as (?ITc) 3 1 .  



4. SUMMARY 

Dircctional  quasiparticle  tunneling  spcctra  on  cuprate  superconductors  have  been  investigated as a  fknction of  the  doping 
level (x)  and  tempcrature (0, using  a  low-temperature  scanning  tunneling  microscope.  The  samples  studies  include  optimally 
doped  and  underdoped  Y13azCu307-a  single  crystals,  (Zn,Mg)-substituted YBazCu307.8 single crystals with  excess  holes  due 
to the  presence of  Mg, as well as optimally  doped  and  underdoped  a-axis  oriented  Laz.x SrxCu044 films  with x = 0.15,  0.125, 
and  0.10. We find that  the  pairing  symmetry  for  all  samples  investigated is predominantly d,2$ pairing, with  no  discernable 
presence of  any  time-reversal  symmetry-breaking  component  within  our  experimental  resolution. The spectra are analyzed 
using  the  generalized  BTK  theory,  and  the  maximum of the  d-wave  superconducting  gap d d  is  found  to  scale  with T,, while 
the ratio of (2dd /ke T,) increases  with  decreasing  doping.  These  results  are  compared  with  the  c-axis  tunneling spectra of 
Bi2Sr2CaCu20sh,  where  the  measured  gap A* appears  to  increase  with  decreasing  doping,  and the ratio of (2d*/kBT*) is 
nearly  independent of doping. On the  other hand, the  satellite  features  found in  the  quasiparticle spectra of both YE3a2Cu307a 
and Bi2Sr2CaCu2&, appear  to  scale  with  their  corresponding  gaps. We have also conducted  preliminary  studies of spatially 
resolved  quasiparticle  spectra on a (Zn,Mg)-substituted  YBazCu3074  single crystal, and  have found two types of  positively 
charged  scattering  centers,  one at OA - + 2 meV  and  the  other at f& - + 10  meV.  Finally,  empirical  revelation  of 
nonequilibriurn  quasiparticle  distributions in Yl3a~Cu~O7~ under  spin  injection has been  demonstrated  for the first time in 
perovskite F-I-S heterostructures.  The  magnitude  and  temperature  dependence of the spin  diffusion length 6 . 0  are 
determined.  It is found that &(Z) diverges more rapidly than that in conventional  superconductors  near T,. More  in-depth 
investigations are being  conducted  to  elucidate the significance of &(n to  the  quasiparticle  excitations in the spin and  charge 
channels of cuprate  superconductors. 
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