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Chapter 7

Nonequilibrium Phase Transformations in

Cuprates’

Tadapted from N. Gedik, D.-S. Yang, G. Logvenov, I. Bozovic, A. H. Zewalil, Science 316,
425 (2007).



209

Introduction

The physical and chemical properties of materials can be altered as a result of the
generation of metastable structures (/), electronic and/or structural modifications (2, 3),
and phase transitions (4). For the latter, much of the work has been done on solids at
equilibrium, namely when temperature or pressure becomes the variable of change. In
contrast, transient structures of nonequilibrium phases, which are formed by collective
interactions, are elusive and less studied because they are inaccessible to conventional
studies of the equilibrium state. Initiated by photons, the structural changes underlying
such transitions involve charge redistribution and lattice relaxation culminating in a
process termed a photoinduced phase transition (5-7). In order to understand the nature of
these optically dark phases, it is important to observe the structural changes with the use
of time-resolved methods, especially ultrafast electron microscopy (8-10), electron
diffraction (/0-12), and x-ray absorption and diffraction (/3-17). In this chapter, the
direct observation of the nonequilibrium structural phase transition in superconducting

cuprates is reported.

Materials and Experimental Section

The material that we chose to study is oxygen-doped La;CuOs4:5 (LCO); although
the undoped material is an antiferromagnetic Mott insulator, doping confers
superconductivity below the critical temperature (7;) and metallic properties at room
temperature. Thin films were grown on a LaSrAlO4 substrate by means of an
atomic-layer molecular beam epitaxy (MBE) system (/8). The films under study were
characterized during growth by reflection high-energy electron diffraction and ex sifu by

atomic force microscopy (AFM), x-ray diffraction, and measurements of resistivity and



210

Fig. 1. AFM image of the topography of the LCO surface. The scan range is 800 nm by
800 nm. The surface of the film is atomically flat except for a few three-dimensional
islands seen as circular white regions in the image. They are cylindrically shaped with a
base diameter of ~50 nm and a typical height of ~20 nm. These structures are small LCO

islands epitaxially aligned with the underlying cuprate film.

magnetic susceptibility as a function of temperature. The products are single-crystal films,
and AFM shows atomically smooth surfaces (root-mean-square roughness in the 0.3- to
0.6-nm range). In few films, we observed some surface roughness, in the form of some
islands with a typical width of 50 to 200 nm and a height of ~20 nm, small enough for
transmission electron diffraction to be observed (Fig. 1). The islands were verified to

have the same crystal structure and conductivity as those of the single crystal, as
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evidenced by measurements of the lattice constants and by electric force microscopy,
respectively. One such film, with a thickness of 52 nm and a critical temperature
T. ~ 32 K, was chosen for the present study.

Ultrafast electron crystallography (UEC) has been established as a method for
studying surfaces and nanometer-scale materials with atomic-scale resolutions. The
sample was photoexcited by 800-nm light pulses (with a temporal width of 120 fs) and
probed by electron packets generated via the photoelectric effect. In order to observe
lower-order Bragg diffractions from the material, the incidence angle of electrons (42) is
set typically between ~1° and 2°. The scheme of pulse front tilting (/9) was used for all
experiments reported here to achieve the necessary time resolution and sensitivity. To
tune the temperature and incidence angle (for rocking curve measurements), we mounted
the sample on a metallic holder coupled to a cryostat that was capable of reaching 10 K,

which in turn was placed on a goniometer with an angular precision of 0.005°.

Results and Analysis

In Fig. 2a, the static diffraction pattern obtained at room temperature is shown
with no excitation. From the observed Bragg spots in s space, where s = (4n/A)sin(42),
we indexed the pattern using the tetragonal unit cell of the cuprate La,CuQOy.5. Analysis
of the diffraction patterns for different zone axes gives lattice constants of a =5 =3.76 A
and ¢=13.1+0.1 A, which are in agreement with the x-ray diffraction measurements
made on the same film (a=b=3.755A and c¢=13.20 A). The error range in the
determination of the absolute values of the lattice constants comes from the uncertainty in
determining the sample-to-camera distance. However, relative changes can be measured

with much better accuracy, reaching below 0.01 A (or 0.001 A through fitting).



213

A 0g 8Y ov

(‘uondes ain31y oy 10§ a3ed 1xdu 22%)

4% rA* 0s

0'}-

(,0L) siuno)



214

'sd O€ [+ pue ([ S} JUAIJIP 0M) Je s9[oid Arsudjur uoroeyJIp Ay} 10§ 31y uonouny 3dA1-1310 A Y} SMOYS
1osur oy, Juotedde are ainonys jJuAISURI) AU} JO YIMOIS QU) pue 2Injonis [enIul ay) Jo uonddop oY) pue ‘AJISUUI 0I9Z JBAU UIIS
Aj1eao st jurod o1)saqsost [einjonns Ay, "3 O0¢ St dInjeroduo) pue Wo/[ul 9° (g SI 90UIN[J Y, "W} dWI} dANELIoU AU} 0} POOUSISFAI
‘SouWII} JUQIOHJIP J8 UONOIIp sIxe-2 oy} Suofe jods 33eig (01 ¢ 0) oY) Jo soqyoid oouaxdyyi(q (q) ~oseyd juaisuer) oy} Jo FULINIONISAI puL
UOIJBWLIO} Y} J0J UONN[OAD [eiodud) JO UONOIIP OY) d)OIPUI SMOLIE YOB[q Y] SUISSOId JNOYIM (O IMIOYS) SanjeA s Ioy3Iy 03 YIys
A[Snonunuod S9AIND Y} ‘AIOA03I 9} 10, "PIAIISAO SI d)els punoi3 ay) 03 yoeq Junmyonnsal 3yl “(sd 00T ‘918 ‘91S ‘997 ‘161 ‘0€I =7
“wo0)0q) 9[eds dwN} IAFUO] YINW € U0 PUe { Y 9.t = § Je Juiod dnsaqsost [exmonns jusurwold e st axoyy (sd 0¢T ‘10T ‘88 ‘6L ‘0L
‘19 “TS “€F “P€ ‘ST 61 ‘€1 ‘L =1 “o[ppru) sd o¢ [ pue , udam1dq :[sd gz pue 61 ‘€1 °L ‘T 0 ‘11— ‘¢~ = (7) own :doy] sd g7 pue ( udsam)aq
:UMOUS dJe SIOIABYQQ JOUNSIP 921U, Y 00 =./ I8 pue drmerodwo) wool je paurejqo 1M SINSAI UOIIOBIJIP JB[IWIS "Pjoenqns sem
(DD oy uo uor3ar dasnyyIp AqIedu e woy A[[euduiodxd paurtiIo)p) punoIdyoeq [ews v "3 Og S omjeroduwo) pue wo/fur 9°(g S

QoUAN[J Y], "SAWI} JUIIJLJIP J& UONIAIIP SIxe-2 Ay Suofe jods 33erg (O 0 0) Y3 JO SA[Joid (B) "dwIl YIIM UOIN[OAd UOIBRLJI(T € *SI



215

Y $0°0 JO 195150 jurisuod e pue sd /(¢
JO jue)suod awn e Ym Aeodp [enuouodxd ue 0} I1J B SI 9AIND AN|q
O], "POAJOAUL ST 9)BIS JUO UBY} SIOW dIdYM UO0IFa1 uonsuer-aseyd
oy ur 3uroeds d01e] SIXE-O 93BIOAR UB SIJBJIPUI dUI[ PAyse
‘(sarenbs yoe[q) 93ueyd JURISUOD ID1IB] SIXE-O A} JO AIOA0INY (q)
‘popnjour jou st d3uer sd-¢ yenmur oy sd /7 Jo juBISUOD
own B 9AIS IS pue ABOIP AJISUIUI AU ], 943 Y} 0} 9pIng Ik soul|
oy L, ‘sarenbs uda13 oy SP[AIA sarenbs par pue yoe[q Ay Jo d3eIdAR
oYL ‘om} AQ POpPIAIP AJISuojul PajeI3aul [€10) Y} ‘SOWI} UJAIZ
18 ‘moys sarenbs uoa13 oy, ‘q¢ "SI Ul UMOUS JOIABYIQ d1ISAGSOSI
[eamonns dy) jo (sarenbs par) osu pue (sarenbs yoe[q) Aeoop

Aysudjur pajer3au] (&) "soSueyd [eINJONNS JO SI[BIS JWIL], *p *SI

(sd) swiy

0GZl 000L 0G. 00S 0S¢ O 0S¢
- LI LEION0)
| sd o€ : 1,
K19n020Yy i a
- “_ {20
i { 1€0
Bulin}oniisoy
(sd) swiy
ooL 6. 08 &2 0 Ge- omw
[ W
47
_ Nawé
19
= uoljisuel]
E =k aseyd m 8

() Asenooal ‘ov

(,01) sluno) pajeibaul

—~
L



216

Structural dynamics of the material were obtained by recording the diffraction
frames at different times, before and after the arrival of the optical excitation pulse. In
Fig. 2, panels b and c, two representative diffraction difference patterns are shown. These
difference patterns display the changes induced by the initiation pulse; they are frames
obtained at the specified times and referenced, by subtraction, to a frame at negative time
(i.e., before optical excitation). At 1.55 eV, the femtosecond pulse only excites the
material because the substrate is transparent to the 800-nm light; the penetration depth of
the laser pulse in the material is 143 nm (20), which far exceeds that of the probing
electron pulse (~10 nm). Therefore, the observed structural dynamics can only originate
from the cuprate film.

After the femtosecond initial excitation, the observed Bragg spots shift downward
(along the c¢ direction), indicating an increase in the c-axis lattice constant. For other
Bragg spots, the shift scales correctly with the order of diffraction. For example, the shift
(As in s space) of the (008) spot is 80% of that of the (0 0 10) spot, in accord with the
relationship Ac/c =—As/s. (We measured no change in the position of the direct electron
beam on the CCD camera.) The observed changes are on three different time scales,
characterized by time constants of 5 ps and 27 ps for the formation of the transient phase
and 307 ps for structural recovery (see Figs. 3 and 4).

The change with time is striking. In Fig. 3a, we plot the vertical profiles of the
(0 0 10) Bragg spot along the ¢ direction at different times. At negative times, the Bragg
peak is centered at an s value corresponding to the equilibrium ¢ value of the lattice:
s=10|c*|=4.80 A", where |¢*|=2m/c=0.480A". The structure at positive times
evolves first in a few picoseconds and then changes drastically in tens of picoseconds; for

example, at 120 ps after the excitation, the peak becomes centered at a lower value
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(s =4.70 A™") corresponding to a huge increase (~2.5%) in the c-axis lattice constant. We
studied the material behavior at three different temperatures, 20, 100 and 300 K.

The unexpected feature of Fig. 3 is that, before restructuring, all of the curves
obtained at different times cross at a single point, s =4.76 A, at the fluence of
20.6 mJ/cm®. What was expected, as observed in semiconducting materials (Chs. 4 and 5),
was that the peak would shift continuously while the intensity decreased with time.
Neither behavior is observed here at the high signal-to-noise level achieved (Figs. 3 and
4). Thus, this intensity sharing with a common crossing point, as shown below, indicates
a structural transition from the initial phase to a new one. Such a crossing behavior in
spectroscopy would be termed an isosbestic point, corresponding to the spectral position
where two interconverting species have equal absorbance; regardless of the populations
of the two states, the total absorption at the isosbestic point does not change.

For the structural dynamics studied, we observe the interconversion between two
structures with different c-axis lattice constants and, for this reason, we term this point
the structural isosbestic point. At this particular s value, the two structures involved are
diffracting equally, and their coexistence is evidenced in the temporal changes. The
influence of the time-independent instrumental response function (from the electron beam
size) has been taken into consideration. For the case of two interconverting structures
with Gaussian intensity profiles, it can be shown mathematically that instrumental
broadening only modifies the widths, but structural isosbestic points remain robust. The
behavior of interconversion is clearly illustrated in Fig. 3b, where we display, as a
function of time, the depletion of the initial structure and the growth of the
transient-phase structure. The data, which was acquired over the same time delays as

those of Fig. 3a (middle), were obtained by referencing all frames to the diffraction
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profile of the equilibrium structure at negative time. In the inset of Fig. 3b, the actual
diffraction profile of the (0 0 10) Bragg spot is shown at two different times, —10 and
+130 ps, with each profile fitted to a Voigt-type function.

The decay of the initial structure and the formation of the new structure are
quantified by integrating the intensity underneath the (0 0 10) diffraction curves. For the
diffraction data obtained in Fig. 3b, the green line in Fig. 4a is the total integrated
intensity divided by two. The fact that it is not changing with time rules out the
involvement of intensity-depletion processes, such as those described by the
Debye—Waller mechanism (Eq. 16 of Ch.2); in that case, the mean vibrational
displacement of the atoms would have increased and caused a decrease in diffraction
intensity, contrary to what is observed. Moreover, because the linear expansion
coefficient is o, < 1.0x10° K" (21), a 2.5% increase in the lattice constant would
correspond to an unphysical rise of 2500 K in the lattice temperature. The black and red
curves are the total integrated intensity to the right and left of the crossing point in Fig. 3b,
respectively. They reflect the population change of the initial structure and that of the
new one. The population of the initial structure (black curve in Fig. 4a) decays with a
time constant of 27 ps, describing the growth of the transient phase.

The restructuring at longer times is depicted by Ac as a function of time in Fig. 4b.
The dashed line near time zero represents an average value of ¢ for the structures that are
present. With no crossing, the value of Ac decreases and reaches an asymptote at ~1 ns.
This restructuring after the phase transition can be described by an exponential decay
with a time constant of 307 ps with an offset of about 0.04 A. Accordingly, even after
1 ns, the restructuring is incomplete and, for complete equilibration, a much longer time

scale is required. Some contribution from a temperature rise induced by the laser pulse
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may be present; the 1-ms delay between pulses is sufficient for the cooling of the sample.

Another notable feature of this structural phase transition is its dependence on the
fluence of the initiating pulse. The maximum lattice constant change, Acmax =
c(130 ps) — c(—85 ps), is shown in Fig. 5, panels a (for the profiles at three typical
fluences) and b (for all the fluences studied). A threshold at 5 mJ/cm? is observed, below
which no structural change can be detected. Above this fluence value, the basic picture
described above—a crossing point at initial times and continuous restructuring at long
times—is robust (see Fig. 5a). The time scales do not change either. However, the lattice
constant (¢) of the transient-phase structure changes with the laser fluence (F) [i.e.,

Acmax = p (F — Fi,), where the slope p = 0.02 A/(mJ/cmz) and Fy, is the threshold fluence].

Discussion: The Physical Picture

From the results of structures and dynamics observed in the cuprate
superconductor, the following simple model is suggested. At 1.55 eV, the excitation pulse
induces a charge transfer (Fig. 6a) from oxygen (O*) to copper (Cu*") in the a—b
copper—oxygen planes (22). With the lattice relaxation being involved, the excitation is
shared microscopically (exciton-type), and finally a transition to a transient phase is made
(macroscopic domain). This transient phase requires a three-dimensional lattice ordering.
The net charge distribution in the transient phase results in the weakening of interplanar
Coulomb attractions, leading to expansion along the ¢ axis. The behavior is nonlinear in
that when the number of transformed sites is below a critical value, the macroscopic
transition is not sustainable. The threshold, which has also been observed in organic
crystals (7), reflects this need for cooperativity at the macroscopic scale. The crystal

domain is at least 20 nm” (from the apparent peak width, Asy, which gives the minimum
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coherence length); the maximum is determined by the 800-nm wavelength used.
Symmetry breaking is not evident because charge transfer is in a plane perpendicular to
the c-axis expansion, whereas, in Ref. 7, charge separation is along the axis of expansion.
At any fluence above the threshold, the interconversion is between two phases
(isosbestic point). In order to account for the large magnitude of the expansion and its
dependence on the fluence, a uniform charge distribution was considered, after the
in-plane charge transfer from oxygen to copper. In the domains of the transient phase, the
charges on copper and oxygen become Q(Cu) = 2 — &, and Q(O) = -2 + /2, respectively,
where &, is the transferred fractional charge determined by the number of photons
absorbed per copper site; the changes refer to the copper—oxygen planes with the valence
of all the other atoms remaining the same. The ionic cohesion energy U(ri, ..., ry, &),
where r; (i =1, ..., N) are the coordinates of the atoms in the unit cell, was then calculated
as the sum of the Madelung energy and the core repulsion energy; the latter was modeled
as the sum of binary repulsion terms in the standard Born—-Meier form of 4;exp(—r;/dgwm),
where the index j enumerates the relevant nearest-neighbor pairs (O-O, Cu-O, and
La—0O), and 4; and dgm are the pair-wise atomic constants (23). For the equilibrium
structure (&, = 0), the parameters were optimized to match the experimentally determined
equilibrium distances and the known lattice elastic constants. For a given fluence
(equivalent to &), the cohesive energy U(ri, ..., rn, 0,) was then calculated to determine
the new crystal configuration by minimizing the potential energy. The calculations give
the observed magnitude for the change along the ¢ axis and the linear dependence on
fluence, as shown by the green line in Fig. 5b. The agreement of the slope confirms the
role of the charge distribution in the formation of the transient phase. A full dynamical

theory must consider such a distribution as the system evolves in time. Electron transfer
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theory predicts that an increase in free energy will lead to a shift of the potential (24) and
to a further increase of the expansion (Fig. 6a).

The dynamical nature of the energy landscape is determined by these changes in
the electronic distribution and by the nuclear motions. For other materials exhibiting
neutral-to-charged domain transitions, Nasu (5) has elucidated the origin of local and
global minima, which are reminiscent of macromolecular structures (25-27), on the
ground-state potential surface. More than one local minimum state may exist as a result
of nonadiabatic “covalent-ionic” interactions (28) between the two potentials involved (5,
6). The multidimensional nature of the landscape requires consideration of dynamical
trajectories and the possible bifurcation (29), in this case with the c-axis changes defining
a unique coordinate. In our results, the disparity in yield for the 5-ps and 27-ps time
regimes may suggest that the dynamics involve bifurcation with two types of trajectories,
those that are direct and lead to a large c-axis structural change (low yield), and those that
concurrently involve expansion and lattice relaxation (high yield) (29).

Figure 6b depicts the observed trajectories in momentum—time space and the two
structures, only with c-axis expansions. The anisotropy of expansion is due to the fact
that the sample is free to expand along the surface normal direction, whereas in a—b
planes, the laser-excited region is constrained by the surrounding unexcited region.
Moreover, for in-plane charge transfer, the Coulomb repulsion is mainly interplanar,
which results in a substantial expansion along the ¢ axis with essentially no lattice change
in the a—b planes.

Unlike the phase formation dynamics, the recovery is a continuous process of
shrinking the c-axis value without crossing. In other words, after the femtosecond initial

excitation and charge separation, the photoinduced phase transition can only recover
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toward the equilibrium structure by charge recombination and lattice relaxation (Fig. 6a
and Refs. 5-7). For electron transfer processes (24), the recombination occurs on a much
longer time scale than that of the charge transfer. For the cuprate, the time scale is more
than an order of magnitude longer than the formation time of the transient phase. Optical
phonons may be involved, but when the temperature was lowered from 7'= 300 to 100 or
20 K, we observed essentially the same recovery time. These observations suggest the
involvement of lattice (acoustic) phonons, because the Debye temperature for this
material is 163 K (30). The observed decay time of 307 ps is very close to the lifetime
(300 ps) of coherent acoustic waves observed in the same material (37).

Finally, the meaning of the threshold value for the cuprate is addressed. What was
not expected was the absolute value of the threshold in relation to charge distribution.
Knowing the value of the threshold (5 mJ/cm?) and the absorption coefficient at 800 nm
(a=7x10" cm™") (20), we obtained a value close to 0.12 photon per copper site. For the
doped material used, the fractional charge on a copper site is 0.16 at the optimal doping
level for superconductivity. The implication of this similarity is that chemical and
light-induced carrier doping may be related. If general, this implication is important for
the prospect of light-mediated control. When cuprates are doped chemically, the optical
conductivity shows that the spectral weight of the charge-transfer gap is transferred into
the intragap region (Mott transition); the photoinduced optical reflectivity and absorption

display a similar behavior (22, 32).

Conclusion
The combined atomic-scale spatial and ultrafast temporal resolutions of UEC

enabled the direct observation of structural nonequilibrium phase transitions in
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nanometer-scale materials. The macroscopic transient structures are undetectable by

optical probes with wavelengths longer than lattice spacings; the time scales of optical

response and structural changes are also very different. For the cuprate studied, the

observed phase transition is the result of electronic charge redistribution and lattice

collective interactions that form domains. The similarity of the apparent threshold for

photon doping and the chemical doping required for superconductivity may have its

origin in the nature of the photoinduced inverse Mott transition (33). With UEC, it is now

possible to explore these phenomena for different chemical and photon dopings and in

materials of varying structures (see Ch. 8).
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