Periodic Lattice Distortions in YBa,Cu;0, (YBCO) 50 nm Film on SrTiO;
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ABSTRACT

X-ray diffraction (XRD) and absorption (XAS)
measurements have been carried out at the Stanford
Synchrotron Radiation Laboratory (SSRL) on 50 nm c-axis
oriented YBa,Cu;0; (YBCO) films prepared at the
Complutense  University. The XAS show the
similarities/differences of the film versus YBCO single
crystals. The presence of periodic lattice distortions (PLD)
in a YBCO film have been confirmed for several
diffractions, at room temperature, using different incident
X-ray synchrotron flux. The PLD usually appear in low
dimensional solids near a phase transition, e.g., metal to
insulator transitions. The XRD PLD and the dependence on
flux is explained using the established theory for XAS and
XRD-PLD. Understanding the structure and distortions of
YBCO films grown in this geometry is important for
superconducting device fabrication (e.g., SQUIDs,
batteries, etc).

Keywords: Superconducting nano-films, X-ray absorption
and diffraction using synchrotron radiation.

1 INTRODUCTION

Investigations on the nature of interactions in high
temperature superconductor nano-films are important for
fundamental and technological research. Recent studies by
one of us show how defects present in the films influence
the transport behavior of YBCO films with Josephson
junctions [1]. The structure of YBCO thin films and single
crystals has been ascertained by many different techniques
[2, 3]. XRD has been employed to investigate mainly (00L)
diffractions which can not detect the presence of PLD. In
order to complete these studies and considering the crucial
role played by the CuO chains and CuQ, planes in the
YBCO electronic structure, in this paper we present
synchrotron XAS and XRD experiments of YBCO on
SrTiO; (STO) bi-crystalline substrates.

2 EXPERIMENTAL

A YBCO 50 nm thick film with c- axis orientation
was deposited on a STO bi-crystalline substrate (100
orientation) with a symmetrical tilt angle of 24 degrees. The
technique used [1, 4] gives high-quality films deposited on
single crystals substrates and on bi-crystalline substrates.
Measurements were carried out at room temperature at the

s023 and s072 stations of SSRL The s072 X-ray beam line
was focussed to a 1 mm’ aperture, incident far from the
grain boundary. Al filters of different thickness (t = 0 to 10
mil) were used. Figure 1 shows the XAS near the Cug_egg.
Figures 2 to 4 show the XRD for 5 diffractions (hkl) =
(222), (1-12), (111), (114), (005).
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Figure 1:  Comparison of Cug e absorbance for a single

crystal: Copysial Ex.rays - W2= 0 and YBCO film with ¢ Ex.rays =
/4. The two peaks resolved for the single crystal [2]:

15..3d",S 15..3d"np,.,, P (Cu(2), Cu(l) with arrows)
are not distinguished in the film, i.e., the a and b-axis are mixed.

3 RESULTS AND DISCUSSION

The c-axis orientation is determined by the mosaic
spread for the 005 diffraction of less than 0.2 DEG (Fig. 2)
and by the transitions observed for the film (Fig. 1). Here:

15%..3d",S <->1s..3d"’np,,P

near 8990 eV for the crystal in transmission and for the film
in fluorescence Cerysta fitm Ex-rays = M/4 identifies the excited
states near the edge [5].

The observed PLD arise from lattice displacements of
the strongest scattering elements/layers, for a given hkl
diffraction. It is described by a wave [6-8]:

u exp(i2TR.q+9)) N

which gives the displacement of an atom at the lattice site
R, u is the amplitude, q = iqy+jqytkq, in the reciprocal
lattice and 1/q is the wave length. A PLD indicates a
displacement from the equilibrium position at R, of:
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Figure 2: XRD for 5 diffractions of YBCO 50 nm film versus
S=Spg = 2 [sin(@)-sin(Guy) J/A, t(Al) = 4 mil. The inserts show
the presence of a second sideband for the (222) diffraction
but not for the others. The 005 diffraction full width at half
height FWHH ~ 0.2 DEG gives the c-axis mosaic spread.

8, =Real [u q/lq exp(i 2nR;.q + ¢)] @

when q/|q] is the unit vector along the distortion (in a
longitudinal acoustic, LA wave). The phase ¢ determines
the origin. The Fourier expansion of the lattice potential
V(R) in terms of the reciprocal lattice vectors g [6-8] is:

V(R)=Zatice sites 12g V1(g) eXp(i2TR.g+4:) = LiZg Si(g). (3)

It obtains for real u the scattering amplitude, when g =s =2
sin (B)/A in the reciprocal lattice, 6 is the Brgg angle, A =
1.5406 A in Fig. 2-4, and by definition Vi(g) = fi(hkl) for
diffraction by the atom at Ry, i.e.,

S(s+q) = Zsites 1 fihkl) exp(i(2ms.(R; +8p)+9)). “)

Then the scattering power:

IS(s+Q)? = | 2ugies1 Fi(hKI) exp(27 i .R )
* YTz exp(-iZon2ug R )’ (5)

is different from zero for all integers m = s.R; -
Zn(q.Ri+¢y2m). J,(z)) are Bessel functions of the first order
and zgg =2 Ty [smdl cos(su™q). Diffractions from the
10" unit cells (or ~10 *0xqyq, macromolecules produced
by the PLD) in the path of one mm? incident beam should
then appear at scattering vectors s + nq with total integrated
intensities proportional to |S(s + q). q is determined from
the values for the scattering vector s = 2 sin(@)/A at the
positions of 3 (hkl + q) diffractions in Figure 2, and
confirmed by the other two using the relation:

s’(sby)-s*(sb.)) = 4(hq,/a® +k q, /b* +1q,/c?), or
Shuitq - St ~ £ (h g5 /a° + k qy /6% + 1 q, /)5, (6)

The crystallographic parameters for YBCO at room
temperature [9], and the data shown in Figure 2, obtain at
room temperature (i) g = (1/12, 0, 0) in reciprocal lattice
vector units with a mean absolute deviation error (MADE)
for all diffractions observed of 0.54%; or (ii) g = (0.088,
0.005, 0.02) with 0.55% MADE. Better accuracy and
sharper line widths will be necessary to distinguish between
the two. Both are nearly parallel to the a-axis which is
consistent with the corrugation observed by TEM in other
cuprates. The latter g direction however, is more realistic,
because it is essentially parallel to the Cu(2)-O(3A) bond
direction in the undistorted unit cell orthorhombic Pmmm
lattice (D,*) [8] i.e., bent from the (100) direction and is
expected to depend on the film and perhaps the substrate.
This needs to be investigated as a function of substrates and
temperature. We can not distinguish which sites lead to q.
The line widths and the relative areas (Figures 2-4)
depend on the amount of flux incident on the samples and
for that reason Al filters with a thickness t(Al) = 0 to 10 mil
were placed in front of the beam with incident flux: fo~ 10°
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photon/s. Such observations are reproducible over an entire
cycle indicating that permanent distortions produced by
lattice heating do not occur (Figure 3). The established
theory of PLD [6-9] shows that the amplitude of the
sidebands is determined by the largest fi(hkl) in V(R), and
u; can be estimated, in first order approximation from the
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Figures 3, 4: XRD intensities for the (1-12) and (222) diffractions
in 50 nm YBCO film, for different incident flux when Al filters of
thickness t(Al) = 0 to 10 mil (f0 to f10) were used.

ratio of the areas under the sidebands (sb.,) to the center
band (cb), and then checked for the different hkl:

Area(sb.,)/Area(cb)=Area(sh, )/ Area(cb)~|J.(z)/Vo(z)P (7)

obtains for all the diffractions u = 0.08 nm. The agreement
obtained for all the diffractions of 10% (Fig. 5) indicates
that the distortion is uniform in first approximation. At
lower temperatures this may be different. The dependence
of scattering intensity with flux changes for the (222 + q) in
the opposite direction as for the (1-12+q) diffraction (Fig.
5) but this again is explained by the theory [6-8] because
Wo(z220) increases as z,,, increases while a broad second
sideband |Jz(z222)|2 dominates the diffraction. Figure 5
shows how Ln(J(2)/Jo(2))* versus z is used to obtain u.
Thus diffraction measurements using coherent synchrotron

radiation offers still another tool to ascertain the effects of
radiation on nano-scale films. All the observations are
important to establish the behavior of nano-films for useful
applications.
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Figure 5: Determination of u for t(4l) = 4 mil. Numerical
analysis (Mathematica) was used to plot Ln(J,(z)/Jo(z))? versus
z for different zyy. The value u = 0.084 + 10 % nm is obtained
by fitting the 4 data points shown to the plots.

Thermodynamic relations in nano-films need to be
established considering that all observations at this scale of
matter are affected by the measuring perturbation and may
not necessarily follow the statistical laws of averages
expected for bulk materials where the laws of
thermodynamics were established. The fit of the observed
diffractions to two equally probable sub-lattices (Fig. 2)
with a separation 2n[s(cb)-s(cb’)] = 0.008 to 0.02 A, as a
function of incident flux, also suggests that core excitations
of the component elements in YBCO are possible when the
number of incident photons is greater than a given limit.
The edge energy data: E(Bapz.cage) "E(Y11-c4ge) = 8000.3 €V
and E(Bay _cqge) *E(Y13-cge) = 8075.4 €V with a sum total of
2* 8038 eV suggests that spin-orbit interactions can arise
by the coherent absorption of two photons. The creation of
2py, and 2p;;, holes (by Bapscage and Yi;.qee €Xcitations,
respectively) can cause magnetic interactions that may be
responsible for the observed lattice splitting [10]. The two
sub-lattices coalesce when the flux falls below a given
value at 8048 eV.

4 CONCLUSIONS

The presence of PLD in YBCO has been surmised by
reversed bias scanning tunnelling microscopy, STM [2]. A
corrugation repeating every 1.3 nm has been observed.
This can be explained by non-zero interactions between
Bloch states (k> and |k+g> in (3) [11-15], i.e.,

Vg = <KV(R)[k+g> = Ziatice sites Vi(Q) exp(i27R1q 7). (8)

The electron-phonon coupling that drives the transition in
intercalated LDS is based on the Frolich Hamiltonian [15].
A transition from a commensurate PLD in 1T-TaS,. q =
(3,1,0)/13 to g; = (-1/2,1/4,0) in the plane of the hcp lattice
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upon intercalation is due to q straddling the Fermi surface
[6, 16]. In the cuprates the conducting layers are
intercalated between donor layers and these can give rise to
the PLD. The bond order is determined by the bond
distances and these have been calculated [16, 17] for the
[CuO,]s plaquette in the crystal field of the ions in layered
cuprates. A metal to insulator transition may occur during a
film deposition, but the constant product of critical current
times normal resistance (IcRy) for all films indicates that
grain boundary introduced defects are localized at the
interface [1].

The properties of the Bessel functions [8] indicate
that for the (1-12) diffraction, the center band (proportional
to Jo?) is the dominant harmonic for z;. 12 and, decreases as
Z,.12 increases (Fig. 5). J; and J, are the dominant harmonics
for the (222) diffraction (J, is broadened due to disorder
giving rise to a broad background), and Jo(z2,)| has passed
through the first zero, increasing as z,,, increases (Fig. 5) as
is indeed observed in the data. The (1-12) diffraction
dependence on flux, f and the properties of J, [8] obtain:

dIn[S(sb4;)/S(cb)}/dIn(f) ~
din[J/Jo)*/din(f) = z [Jo/J; — Jo/T; +2 J1/Jo] din(u)/din(f), C)

and give an initial second order dependence of u on flux, f:
u (nm) = 0.0147 (f/f,)> + 0.089 (with a fit R? = 0.9994) from
f/fo =110 0.1, at 8048 eV. The effect vanishes for f/f;, < 0.1
at E = 8048 eV. The dependence of u on (f/f,)” suggests that
the rate law involves two photons, i.e.,

rate = daproaued/dt = ki.12* (F66)** aysco, (10)

where k., is the rate constant, the activity for the pure
YBCO is, aygco = 1, and a,,,(,duct o u. Since the system
response is of the order of 107'%s, and since when the rate
(10) is reduced by two orders of magnitude, the effect is not
detected its relaxation time is estimated to be 1 = 1/k;.;» ~
107"% 5. The effect is only observed for two diffractions: z;.1»

= 14.6u and zy,, = 35.3u (u in nm) i.e., there is a directional
dependence, that is not obvious by XRD measurements
alone at this time.

The questions that remain unanswered are: (i)

How far from the grain boundaries will the stress produced
by the 24 DEG tilt in the bi-crystal be responsible for
creating the PLD in the film at deposition? (ii) Are PLD
formed by aggregation, if so what is the influence of the
substrate? (iii) Can PLD be formed artificially, and if so
can they be tailored to produce a metal to insulator
transition in LDS nano-films? The concern for useful
applications is the response of a nano-film to the high
density photon flux at synchrotron facilities as SSRL.
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