








5.8 Discussions and conclusions

It is helpful to think the experimental results presented in Chapter 3, 4 and 5 as a

whole. The large amount of information revealed by the series of experiments can be

summarized as following:

(1) There is ubiquitous electron-boson interaction feature outside the gap in tunneling
spectra, with the mode energy Q defined as the peak in d?I/dV? after gap
referencing w=E-A.

(2) Mode energy is strongly disordered at nanoscale, and average mode energy € has
minimal change with changing hole density.

(3) There is intense modulation in d?1/dV? along Cu-O bond direction with
wavevector p, ~ 27a,[£(0.2,0);+(0,0.2)] £15% , or wavelength about 5ao.

(4) Upon oxygen isotope substitution, the average mode energy Q has a shift of about
-4.0meV from *°0 to *°0.

(5) Local disorder A(r) and Q(r) are anti-correlated, with zero displacement
correlation coefficient~-0.30.

(6) Pairing gap maxima varies co-sinusoidally with bulk supermodulation, or with Cu-
Ouapicar distance da, with gap size anti-correlated with da.

(7) @ is also modulated with periodic unit cell distortion caused by bulk
supermodulation, but roughly 180° out of phase with gap modulation, and the
modulation amplitude is about half of that of pairing gap.

(8) Isotope substitution does not change superconducting electronic structure.

(9) *0/*%0 oxygen isotope substitution systematically shifts the relation Q(g) but

leaves A(¢) unchanged.
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In the following subsections discussions will be made in the attempt to answer some

of the questions arising from previous chapters.

5.8.1 Inelastic Stimulation of Apical Oxygen?

Pilgram, Rice and Sigrist [79] proposed a model where the dip-hump feature is caused

by the stimulation of apical oxygen vibration mode by tunneling current, and hence

irrelevant to CuO, plane electronic property. However, there are several important
experimental facts which are not explained, at least, explicitly, by such model.

(1) The dip-hump feature becomes more prominent with superconducting peak height,
which reveals close link between this feature and CuO; electronic structure, if not
directly to superconductivity. There is also another argument provided by
Weigiang Chen [124], the diminishing dip-hump feature as gap size increases and
coherence peak broadens can also be explained by the suppression of quasiparticle
weight due to inelastic scattering described by [123], and as a result the injected
electrons coupled to the hypothetical inelastic oxygen mode quickly loses
coherence, and produces less pronounced dip-hump feature.

(2) Pilgram et al. [79] also proposed an inelastic tunneling path, which is through
apical oxygen to in plane Cu. According to the simplified picture, there should be
spatial modulation in d*I/dV? at p ~2aa,[0.5,0] (wavelength ~ 2ag) or no
spatial modulation if the inelastic tunneling follows the path in Pilgram’s model
(see Figure 5-15 (a)). However, modulation at the observed wavevector
p, = 27la,[+(0.2,0);£(0,0.2)] £15% (~wavelength 5ao) is observed.

(3) Another more general point is that, according to this line of reasoning, the inelastic
tunneling experiments in break junction experiments over the past 50 years are all
invalid. For example, in the famous SIN break junction experiment on

superconducting Lead [51] which led to the quantitative confirmation of BCS
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theory, the “kink” outside the superconducting gap can also be attributed to the

inelastic stimulation of phonon in the barrier.
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Figure 5-16 Hypothetical inelastic tunneling path and spatial modulation in d®1/dV 2.
(a) The inelastic tunneling path for injected electrons proposed by Pilgram et al. [79].
The electron goes through apical oxygen but does not directly jump to the Cu below,
instead, it is deflected to the neighboring Cu atom. (b) The schematics of inelastic
tunneling picture. Injected electrons stimulate the vibrational mode with frequency Qo

in blocking SrO and BiO layers. (c) Spatial modulation in d®l/dV?(r,w). (d)
Fourier transformed d®1/dV ?(r,w) with p, = 2afa,[+(0.2,0);+(0,0.2)] £15% .  The
model showing in (a) and (b) does not predict the spatial modulation shown by (c) and

(d).

(4) The energy of the boson mode is consistent with the range 50-80meV where the
“kink” is detected in ARPES. Recently, ARPES also observed an isotope shift
[125] of the kink energy at similar energy range and by similar amount of ~4meV
as observed in STM. The consistency between ARPES and STM indicates that the

ohserved boson mode is intrinsic to the material, since the mechanism for
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tunneling and photoemission is totally different, one would not expect electron
ejected by photons, which is at energy of ~eV will stimulate the same mode in the

barrier in the similar way as tunneling electron of ~100meV does.

From the above analysis, the inelastic stimulation picture does not really find

experimental support, but rather a plausibility argument.

5.8.2 Electron-Lattice Interaction as Pairing Glue?

From discussion in 5.5 and Figure 5-9, the systematic shift of Q(g) upon oxygen
isotope substitution while the unchanged relation A(g) , in the simplest way of
thinking, does not indicate simple BCS type theory with electron-boson interaction as

the pairing glue.

However, it should not be forgotten Cuprate cannot possibly be described by simple
BCS interaction. A more realistic approach is to use Eliashberg like strong coupling
framework. A. V. Balatsky [104] has worked out a local version of strong coupling
theory, which can account for the anti-correlation between A(r) and €(r), the almost
zero isotope shift in T. in overdoped Bi-2212, and the isotope shifts in Q. The key
assumption in this model is that the local coupling constant g(r) and mode energy Q(r)
are independent and randomly distributed. The effective coupling constant ges(r) is

found to be
2
r
e (1) = 290 (5-21)

Q(r)

And the T, (gap) is determined by the following BCS equation
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The only difference between this result and previously mentioned BCS equation is that
besides the lattice vibration frequency @, , the effective coupling constant ges also
varies with isotope substitution, such that the effects of @, and gesr cancel each other to
produce minimal change both in Tc and in A. The coupling strength should obviously
be considered in any BCS type theory, but such cancellation is too much coincidence.
To really address this problem, one would need to perform local version of McMillan-
Rowell [126] inversion on 10° spectra to quantitatively determine o’F(w,k) (k
dependence is assumed for anisotropic coupling) and coupling strength
A(K) = I@da). Also, the electron-electron interaction should be taken into
account as in Eliashberg theory. Hence, although we cannot rule out the role of
varying ges in causing minimal isotope shift in T (gap) and anti-correlation between A
and Q, up to this point there is no quantitative evidence from experiment this is the

case.

Pasupathy et al. [127] studied the temperature dependence of pairing gap, the normal
state electronic excitation and local coupling between electron and boson mode. In
this study, the EBI strength A is estimated by the deviation from the weak-coupling
background beyond the superconducting pairing energy, which shows no correlation
with paring gap size. The normal state electronic structure (measured by dI/dV) is also
found to be inhomogeneous, and there is strong correlation between pairing gap A and
a hump feature around -150mV to -300mV in normal state. The conclusion is that the
boson detected in STM is not likely to be the glue for high-T. superconductivity,
instead, the pairing inhomogeneity arises from electronic excitation which is observed

in the normal state. Their reported non-correlation between the coupling strength and
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the superconducting gap size is not consistent with our results, where we show the EBI
feature obviously gets stronger as decreasing gap size (Figure 5-17). Also, Ref. [127]
relies on a few point spectra to draw the conclusion and hence the statistics is not
robust. Although we observed the correlation between EBI strength and gap size
(peak height), the diminishing EBI feature as increasing gap size could be the result of

losing quasiparticle weight (or coherence) due to scattering.
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Figure 5-17 Examples of dI/dV and d?I/dV?. The peak in d®1/dV*diminishes as
the coherence gap size increases and peak height decreases.

To summarize, the doping independence of Q (Figure 3-6) and isotope effect of
Q(g)and A(g) (Figure 5-9) do not indicate the electron-lattice interaction detected in

STM is the pairing glue.
5.8.3 Anti-correlation Caused by Supermodulation?

Although the experimental results do not indicate the EBI observed in STM as pairing

glue, the EBI does present a puzzling feature which suggests the lattice’s relevance to
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CuQO; electronic structure. That is, the anti-correlation between A(r) and Q(r). With
the discovery that both A and Q within a unit cell is modulated by bulk
supermodulation, and their obvious local anti-correlation seen in Figure 5-9, the most
direct deduction is that anti-correlation between A and Q is through separate effects
caused by distortion of unit cell. From a mechanical picture, it is very natural the
lattice vibration frequency would be modified by change of unit cell dimension, for
example, the change of hybridization due to change in inter-atomic distance will alter
the effective spring constant and hence change the natural frequency. To test this
postulate, the correlation between the two anti-correlations C[A(r):Q(r)] and

C[A(#) : Q(¢)]should be carefully examined.

Since the already weak modulation in Q(¢) varies in amplitude from sample to sample,
from FOV to FOV, we can check whether the correlation C[A(r):Q(r)] grows
with Q(¢) amplitude. The amplitude A[Q(g)] is obtained from fit curves (See Figure
5-8 and Table 5-1).
Another more quantitative check is to calculate the normalized correlation from the fit
curves of Q(¢)by

2 (A(8) = A)(Q(4) - Q)

CIA(Y): ()] = == — (5-23)
\/Z (Al) - ) \/Z Q) -Q,)°

Where Aq and Q are the spatial average, ¢’s are the discretized phase with bin size 5°.

Then plot C[A(r) : Q(r)] as function of C[A(¢) : Q(#)] for different datasets.

Figure 5-18 shows the relation C[A(r):Q(r)] vs. A[Q(¢)] and C[A(r):Q(r)] vs.
CIA(9): Q(g)].
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Figure 5-18 The spatial zero-displacement correlation coefficient as function of (a)
modulation amplitude of Q along supermodulation wavevector gsy, and (b) the
correlation calculated from A(¢) and Q(¢) defined by Equation (5-23). The data are
taken from 40504, 41228, 51219, 51225, 60603, 60611, 60614.

The plots in Figure 5-18 are quite scattered. Without forcing a linear fit to run through
the points, one can still see moderate dependence of C[A(r):Q(r)] on the
supermodulation phase averaged Q. The strength of anti-correlation C[A(r): Q(r)]
increases with growing amplitude A[Q(¢)] (Figure 5-18 (a)), and there is positive
correlation between the two anti-correlations, C[A(r):Q(r)] and C[A(¢): Q(4)]
(Figure 5-18 (b)). The above analysis cannot exclusively identify supermodulation as
the only cause of the anti-correlation C[A(r):Q(r)]observed in [100], because (1)
limited number of points do not give robust statistics, (2) a linear fit to the scatter plots
would not be accurate, and hence hard to draw quantitative conclusion. Especially in
Figure 5-18(b), if the anti-correlation C[A(r):Q(r)] is solely caused by

supermodulation, then the points should align quite nicely along the line with slope 1.

Although not quantitatively precise, the puzzling anti-correlation C[A(r) : Q(r)] seems

to be closely linked with co-sinusoidal variation in Q caused by bulk supermodulation.
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There is a paradox though. In heavily overdoped Pb-Bi2212, bulk supermodulation is
suppressed, but there is still anti-correlation between gap and mode energy about -0.3.

This casts doubts on the solely supermodulation explanation.

5.8.4 Summary and Conclusions

The technical advancement is that for the first time, the isotope effects is measured for
the same doping cuprates in both r- and k- space electronic structure at atomic scale;
at the same time a deterministic relation between pairing strength and lattice vibration
is established, such relation is a function of unit cell dimension change, and isotope

effect on this relation is also measured as a function of individual unit cell distortion.

Oxygen isotope substitution at optimal doping in Bi-2212 does not change the average
superconducting electronic structure, including Bogoliubov band minima kg, gap
function, spectral function A(k,®). The average gap size A and gap distribution do
not change either. It is found that mode energy and pairing gap are both modulated by
periodic unit cell distortion. Moreover, their respective modulations are almost 180°
out of phase. The only detectable change by STM is the systematic shift of the
relation Q(g).

Above results may at the first glance lead to the conclusion that electron-lattice is
irrelevant in high-T. superconductivity. However, such deduction is based on the
simple minded assumption that electron-lattice and electron-electron (magnetic)
interactions are mutually exclusive and either one of them is solely responsible for
superconductivity in cuprates. In cuprates superconductor, superconducting transition
temperature T, and pairing strength A are not simply proportional to each other as in

BCS theory, and are controlled by different mechanisms. T is determined by
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superfluid density ps [128] (see the Uemura plot in Figure 5-19), while pairing
strength is affected by various factors such as dopant atoms, change of da, doping
levels. Therefore, non-detectable change in average superconducting electronic
structure by isotope substitution at optimal doping does not mean lattice is irrelevant
in superconductivity, since ‘superconductivity’ in the context of cuprates can have

multi-facet meaning.
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Figure 5-19 Universal relation between T, and ps taken from Ref. [128]. The muon-
spin-relaxation rate o is proportional to superfluid density ps. 214 represents La,-
«SrkCuQ,4, with doping x=0.08, 0.10, 0.15, 0.20, 0.21 in the order of increasing .
2212 represents Bi,Sr.CaCu,0g+5, 123 represents YBa,CuzOy, with increased doping
as increasing o. 2223 represents BiyxPbxSr,CusOq0, Tl,BayCayCus01 and
(TlosPbg5)Sr,Ca,CusOg, in the order of increasing doping. In the underdoped regime,
T, of different families falls onto a straight line as function of muon-spin-relaxation
rate o, or superfluid density ps.

Another probably more profound point is that trying to separate the el-el and el-lattice
interactions may from the beginning be the wrong approach. Trying to understand

isotope effect from BCS framework is not a realistic approach, since in cuprates el-el
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and el-lattice interactions are intermingled together. More importantly, in a system
highly disordered at nanometer scale with strong electron correlation and evolved
from AF Mott insulator, it is hard to imagine that BCS type theory will completely
explain isotope effect. Moreover, the deterministic local relation between pairing gap

A and mode energy Q obviously requires a local theory.

As a matter of fact, some of the contemporary theory of correlated electron system
does put el-el and el-lattice interaction on the equal foot and has local version of el-
lattice interaction in the Hamiltonian. For example, Hubbard-Holstein (HH) model

reads [129]

H= —t<izj>:g(c;cja +¢;,C,)+U Znnnw + Z% +%Ma)§xf +gn,x, (5-24)
The first two terms are Hubbard interaction, the middle two terms are the energy of a
local harmonic oscillator. The last term represents the on-site electron-phonon
coupling due to local lattice distortion. In HH model, electron-phonon coupling and
AF correlation strongly enhances both polaron formation and antiferromagnetism
[130]. The simple physical picture is that (1) AF correlation reduces the mobility of
holes and el-phonon coupling strength is inversely proportional to the kinetic energy
of the holes, hence AF correlation will enhance polaron formation; (2) The el-phonon
coupling enhances AF correlation by decreasing hole motions. In HH model, T. is
predicted to decrease as increasing el-phonon coupling constant4, where A is defined
as 1=29°/(2MwW), the ratio of the single electron lattice deformation energy
E, =9°/(2Mw;) to half of the electronic bandwidth W/2=4t. Also, the isotope
shift in T, as a function of doping is also predicted to be minimal around optimal

doping and increases as going to lower doping (see Figure 5-20).
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Figure 5-20 Prediction from Hubbard-Holstein model. (a) T, vs. A for Hubbard
Holstein phonon (HH), Hubbard-buckling mode (BC) and Hubbard-breathing mode
(HBR), with mp=0.3t and U=8t. Left panel is for 5% doping and the right panel is for
15% doping. Taken from Ref. [130] (b) Isotope coefficient o as a function of doping
(note doping level=1-n). Taken from Ref. [129].

It should be kept in mind that there are well known experiments showing isotope
effect on T. is most prominent in underdoped region in some cuprate family, like in
LSCO [131], and hence it will be important to study isotope effect on local electronic
structure and electron-boson coupling in this doping range in Bi-2212 for future

experiment.
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APPENDIX A

Atomic Resolutiond?1/dV *-Imaging of SrsRu,07

The last one year of my Ph.D. was spent on studying a new type of strongly correlated
electron system, SrsRu,O7 (Sr327). In this appendix | will summarize the main
experimental results from this study. This ongoing project is done with Dr. Jinho

Lee and graduate student Milan Allan.
e Crystal Structure

(b)
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Figure App.-1 Crystal structure of Ti-SrsRu,O;. (a) Side view (b) Top view.
Note the rotation of RuOg octahedra along c-axis in (b). Ti impurity substitutes Ru
atom.

Sr327 has the similar layered perovskite structure as Bi-2212. Figure App.-1 shows
the crystal structure. Sr327 has the similar RuOg as in Bi-2212 with one apical
oxygen sitting at the top apex. There is bulk structural J2x+/2 reconstruction, the
RuOg octahedra rotates 7° about Ru-Ru bond direction. The material we studied is
1% Ti doped Sr327, SrsRuy s Tio0:O7.  Ru is in 4(d*)** state with spin 1 and Ti is in

3(d)* state with spin 0.
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e Important Discoveries in SrsRu,0O;
The two most distinguished property of pure SrsRu,O; are metamagnetism (MM) and

nematicity.

The ground state of pure SrsRu,Oy is paramagnetic close to ferromagnetic instability.
When applying magnetic field, either along c-axis or parallel to ab plane at low
temperature, the paramagnetic state rapidly changes to a more highly polarized state
at high field. Such change is most obviously seen as the superlinear increase in
magnetization when increasing magnetic field (see Figure App.-2(a)). The
characteristic field of MM is about 5.5T when B//ab and about 7.7 T when B//c.
MM is also seen as peak in magnetoresistance as function of magnetic field (see

figure App.-2(b)).
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Figure App.-2  Metamagnetism in SrsRu,O;. Taken from Ref. [132]. (a)
Magnetization of single crystal SrsRu,O; for magnetic field applied in the ab plane.
Metamagnetism is seen under 10K. (b) The magnetoresistance of single crystal
Sr3Ru,0O7 at a series of temperatures under 10K. The peak corresponds to MM
transition.

One very crude explanation for matemagnetism is through Stoner instability type
argument, where the magnetic susceptibility diverges when the product of exchange U

and density of states N(Eg) is close to threshold.
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The other discovery is the electronic nematic fluid [133]. In high purity SrsRu,Oy, in
proximity to metamagnetic quantum critical point, when applying modest in-plane
magnetic field, strong anisotropy in magnetoresistance is developed. The easy and
hard directions of magnetotransport are along a- or b-axis and can be interchanged by
aligning the in-plane field along b- or a-axis (easy direction perpendicular to the
in-plane magnetic field). Figure App.-3 shows the key result. This discovery
shows an example of strongly-correlated nematic electron fluid characterized by a
lowering of rotational symmetry in its itinerant property and is not a simple

consequence of symmetry lowering of the lattice.

A B
3.04 3.0
(\100mK
.{_ .
H
251 V* 1 2.5-
E B
G
3 2.01 1 2.01
(=
--V H // c-axis
1.54 41 1.54

70 75 80 85 00 7.0 75 80 85
uoH (T) H (T)
Figure App.-3 The two diagonal component p,, and p,, of in-plane

magnetoresistivity of a high purity SrsRu,0;. (A) Applied field is parallel to c-axis.
(B) Applied field is tilted along c-axis and the in-plane component is along a-axis.

0. (black) and p,, (red). Taken from [133].
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e Atomic resolution d’l/dV *-imaging on Sr327

The material we mainly studied is 1% Ti doped sample Sr3RujggTigo207. The
reason to use Ti-Sr327 is that it is known that the above two distinctive properties of
Sr327 only exists in high purity crystal. The superlinear rise of magnetization and
metamagnetic peak in magnetoresistance shown in Figure App.-2(b) is smeared out
with only 0.5% Ti impurity [134]. Therefore, it is important to understand what

impurity is doing locally.

In this section 1 will briefly summarize the novel observation in d?®I/dV *study of

Ti-Sr327.

Z-dependence of numeric d/dV/
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Figure App.-4 Distance dependence of differential conductance. V, is z-piezo
voltage. The larger V, corresponds to smaller tip-surface distance d. As d is
reduced, two symmetric peaks around £10mV emerge.
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(1) Distance dependence of tunneling spectra
In Sr327, distance dependence of tunneling spectra is observed. When tip-surface
distance gets smaller, symmetric peak emerges both at positive and negative bias.

Figure App.-4 shows the situation.

There are several possibilities: (a) There is increased overlap of the wave functions

between tip and either one or some ofd,, ,d,,,d,, electronic orbitals of Ru atom. (b)

Xy ! Vyz?
Stark effect induced by increasing electric field due to decreased tip-surface distance.
(c) The two symmetric peaks are from inelastic tunneling. The origin of such

distance dependence phenomena is still under investigation.

Condudance(ns)

Figure App.-5 Fine structure inside unit cell. (a) Upper: numeric dl/dV, with the

arrows pointing to the steepest rise in conductance. Lower: |d?1/dV?*|. Define

the energy of the peaks in second derivative asQ,and Q, (mode energy). (b)

di/dv(r,v=-6mV). Sub-unit cell fine structure emerges with four-fold symmetry
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within narrow energy range aroundQ,andQ,. (c) FFT of conductance map in (b).

Fourier peaks outside the first First Brillouin zone defined by Ru peak are seen.

(2) Fine structure inside a unit cell

Around +4-6mV, a 4-fold symmetric sub-unit cell pattern emerges in dl /dV -map.
This sub-unit cell feature only appears within narrow energy range where peaks in
d?l/dV ?occur and can be seen both in r- and k-space. Figure App.-5 shows the

spatial modulation pattern. A distinctive feature is that those sub-unit cell features

(c)
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Figure App.-6 The spatial phase reversion of fine structure. Conductance map at

energies around Q,andQ,. Equivalent unit cells are added together to increase S/N.

@ di/dv(r,v =-6mV). (b) di/dV(r,v =-11mV). (c) FFT of fine structure at

-6mV. The red circle marks one of the Fourier vectors corresponding to the fine
structure. (d) The complex Fourier transform vector labeled by the red circle in (c)

at different at the mode energies £Q,and+Q,. It is clear that the fine structure is

almost 180° out of phase at the two mode energies. And such spatial phase
inversion is true for both filled states and empty states.
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have four-fold symmetry and pointing along d,, orbital direction. Taking into
account the fact that those fine structures emerges with the rise of the symmetric
peaks in dI/dV when the tip is pushed close to the surface, and occurs at the peak of
d?1/dv?, it is a logical hypothesis that the fine structures is related tod,, orbital
which is coupled to some collective mode and only detectable when the tip is close
enough to the surface to have enough wave function overlap with the orbitals in RuO,
layer. Note that Figure App.-5 only shows the fine structure at the energy around the
primary peak ind®l/dV?. At energy around the secondary peak positionQ,,
similar sub-unit cell pattern also appears. Amazingly the spatial phase of the fine

structure atQ), and Q, is reversed.  See Figure App.-6.

(3) Ti impurity effect on mode energy

To map out the mode energy, we take the similar approach as in d?1/dV %study in

Bi-2212. A mode energy map can be generated by defining half of the energy

difference between the two symmetric peaks ind?l/dV ?as mode energy value (note

in this case we have two mode energies, Q,and(, on each side).

(a)

Q,(r)
Figure App.-7 Mode energy map. Q,andQ,are defined in Figure App.-5. Itis

obvious that the mode energy also exhibits the fine structures similar as that in dl/dV
map.
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Ti impurity replaces Ru atom.  With atomic resolution imaging, we can examine the
local effect of Ti impurity. The primary effect of Ti impurity is to shift both
Q,andQ,to higher energies. When moving away from Ti, the mode energy rapidly
falls down to the average value within one unit cell. More over, mode energy at Ti
site exhibits 4-fold symmetry. Figure App.-8 shows the mode energy map around a
single Ti impurity and the angle averaged mode energy as function of distance to Ti

site.
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Figure App.-8 Distance dependence of mode energy around Ti impurity. The
mode energy falls quickly to background value within a unit cell from Ti atom, and
exhibits four-fold symmetry.

One hypothesis of such local effect on mode energy is that Ti distorted the local
lattice since it has different radius as the neighboring Ru ions, therefore, frequency of

the local mode energy, either lattice vibration or other local mode, is changed.
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In summary, a primary study of Sr327 reveals distance dependent differential
conductance, sub-unit cell fine structure and the local effect of Ti impurity on Sr327
electronic structure.  All the three phenomena are closely connected, primarily
because all the dramatic emergence of new patterns in dI/dV (distance dependence
peak, fine structure) happens in a same and narrow energy range. More over, Ti
impurity locally pushes the energy of the symmetric peaks in dl/dV by about 2mV
(which is about 30%), indicative of the very local nature of the observed new

phenomena in Sr327.
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