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X-ray diffraction measurements of the c-axis Debye-Waller factors of YBa2Cu3O7
and HgBa2CaCu2O6
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We report an application of x rays to the measurement of the temperature-dependent Bragg peak intensities
to obtain Debye-Waller factors on high-temperature superconductors. Intensities of (0,0,l ) peaks of
YBa2Cu3O7 and HgBa2CaCu2O6 thin films are measured to obtain thec-axis Debye-Waller factors. While
lattice constant and some Debye-Waller factor measurements on high-Tc superconductors show anomalies at
the transition temperature, our measurements by x-ray diffraction show a smooth transition of thec-axis
Debye-Waller factors throughTc . This suggests that the dynamic displacements of the heavy elements along
the c-axis direction in these compounds do not have anomalies atTc . This method in combination with
measurements by other techniques will give more details concerning the dynamics of the lattice.
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The majority of efforts to understand the mechanism
high-Tc superconductivity~HTSC! have been in terms o
pure electronic effects, primarily because of the conject
that electron-phonon coupling alone cannot give such a h
Tc . However, there have been persistent efforts to study
role of the lattice in HTSC.1–7 In addition to the fact that the
structural information provides important information abo
the materials, the lattice can still play an important role a
affects both the hopping~t! and magnetic exchange~J! ener-
gies of these materials, the two most important paramete
the physics of these correlated systems. Indeed, there
been theoretical efforts to study the role of lattice vibratio
in the cuprates.1,2 Therefore, experimental investigation o
the temperature-dependent lattice vibration in these ma
als, especially the critical behavior aroundTc , is essential
and can provide vital information concerning the low-ener
degrees of freedom.

Experimental evidence that shows a clear correlation
tween the critical behaviors in the electronic and crys
structures are anomalies in lattice constants atTc . These
have been observed in various HTSC materials by x-ra3,4

and more accurately by capacitance dilatometry methods5–7

They have shown that the lattice constant generally decre
at a much faster rate atTc than at other temperatures as t
temperature decreases. Subsequently, the thermal expa
coefficienta shows an anomaly that is of a similar shape
the heat capacity anomalies observed atTc . This enhanced
decrease in the lattice constant has been related to the
cific heat capacity through the thermodynamic Ehrenf
relations.7 Yet the microscopic reason behind such a latt
anomaly is not well understood. One natural question is
is related to the dynamic properties of phonons. It will the
fore be interesting to measure the Debye-Waller fact
~DWF’s! of HTSC materials.
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In complex materials, the DWF’s are usually measured
extended x-ray absorption fine structure~EXAFS!. In the
HTSC’s there have been efforts to measure the tempera
dependent mean-square displacements2(T) ~which is in-
versely related to the DWF! by EXAFS,8–10 with essentially
only Hg-based samples showing anomalies atTc .10 EXAFS
measures local coordinates at a certain atom and there
has an important advantage of being element specific
however, measures only relative atomic motions~for ex-
ample, O relative to Cu or optical phonons in the Cu
plane! and is insensitive to collective motions of the atom
for instance, the low-frequency acoustic phonons. To see
effect in the phonon population, the necessary condition i
have ample phonons in the first place. This may be diffic
for optical phonons as their energy scale is usually very h
compared to the experimental temperature scales~which are
set byTc). This may be related to the fact that EXAFS r
sults largely show no anomalies. In contrast, even tho
they have their own disadvantages which will be discus
later, diffraction techniques in principle measure the in
grated phonon effects.11 Here we report a novel applicatio
of x-ray diffraction that can in principle measure DWF’
This is to our knowledge the first application of this meth
by x rays to complex materials like HTSC’s. We have me
sured the temperature dependence of the Bragg peak in
sities, a quantity that can be related to the dynamic lat
motion. The results are discussed along with various asp
of x-ray diffraction and possible future experiments.

The experiments were performed at beamline 2-1 of
Stanford Synchrotron Radiation Laboratory~SSRL! which is
equipped with a two-axis Huber diffractometer. The diffra
tometer has an open-cycle He cryostat.hn58.8 keV x rays,
just below the CuK edge, were used to reduce the bac
ground from the fluorescent light. For the reasons explai
©2003 The American Physical Society08-1
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below, intensities of the (0,0,l ) peaks of YBa2Cu3O7

~YBCO! and HgBa2CaCu2O6 ~Hg1212! thin-film samples
grown on SrTiO3 substrates were taken. These materi
were grown according to procedures describ
elsewhere.12,13 The YBCO film hasTc of 90.5 K with DTc
less than 1 K. The Hg1212 sample hasDTc less than 1 K
locally but shows distribution ofTc’s from 123 K at the
center to 118 K at the edge.

In order to obtain highly reliable intensities, it is essent
to reduce the errors from the beam and sample instabil
and detector nonuniformity. The beam drifts were monito
in the I 0 section and corrected for before each measurem
The biggest effect came from the motion of the cryohe
during the temperature cycle. To reduce such effects, a
cial manipulator has been designed as shown in Fig. 1.
sample holder is in weak thermal contact with the cryohe
and has its own temperature sensor and heater. The the
contact is weak enough so that the temperature of the sa
holder can be varied between 10 K and 200 K with the te
perature of the cryohead maintained at 10 K. This remo
most of the sample motion and greatly improved the rep
ducibility of the data.

The special manipulator did not completely remove
sample motion with respect to the beam during tempera
cycling. If the sample was completely homogeneous, t
the relative motion of the sample will have no effect on t
measurement. In our experience, the only high-Tc samples
which are homogeneous to a highly collimated and mo

FIG. 1. ~a! The schematic of the cryostat designed for the
periments. The sample holder is in weak thermal contact with
cryohead with its own temperature sensor and heater. Due to
weak thermal contact, the temperature of the sample holder ca
varied between 10 K and 200 K while the temperature of the cr
head fixed at 10 K.~b! Illustration of the experimental configura
tion. The detector is fixed at the 2u position whileu is scanned. The
detector slit is wide enough to accept the whole Bragg peak
illustrated unlike the conventional setup. The 2u position is ad-
justed at each temperature so that the same part of the detec
used.
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chromatic synchrotron beam are fine grain powders. Ho
ever, in a powder sample the high-index peaks, the pe
more sensitive to the DWF~as DWF; l 2), were too weak to
measure with sufficient statistical accuracy in a reasona
amount of time. Even though the intensities of the hig
index Bragg peaks were acceptable in a single crystal
discovered, after looking at high-Tc single crystals from sev-
eral different sources, that these samples were really a bu
of several low-angle grain boundary crystallites. Even
small motion of such a sample with respect to the incid
beam changed the fraction of the diffracting domain in t
beam, which resulted in a significant change in the diffrac
beam intensity. Thin films of sufficiently high quality an
lateral homogeneity for synchrotron measurements w
available but they were all (0,0,l ) orientation.14 Hence, as a
compromise between high intensity and sufficiently homo
neous samples, we performed our measurements on
(0,0,l ) peaks of thin-film samples.

In addition to the motion of the cryostat upon the tem
perature change, other factors such as detector nonunifor
contributed to the irreproducibility of the data. Since the
fect we were looking for was very small, the accuracy a
reproducibility of the measurements had to be better t
0.5%. Therefore, care had to be taken to remove any fa
that affects the data quality. The following somewhat unco
ventional procedure was performed to obtain reliable da
First, the detector slit was set wide enough (D2u;4°) to
accept all diffracted x rays within a certain Bragg peak~Fig.
1!. This is to minimize the detector nonuniformity effect a
use of angle limiting devices such as Soller slits resulted
very unreliable data. However, some degree of nonuni
mity still existed and it was necessary to make it sure that
same part of the detector is used for each scan. To en
this, we scanned 2u at each temperature to locate the dete
tor so that the centroid of the diffraction peak is at the cen
of the detector. In this way, the detector is essentially tra
ing the temperature-dependent motion~in 2u) of the diffrac-
tion peak. As the last step, theu scans~rocking curves! were
taken to measure the diffraction peak intensity. The ab
procedure produced the most reliable data.

Figure 2 showsu scans as well as temperature-depend
intensity plots measured as described above. Panel~a! shows
normalizedu scans of the~0,0,13! peak from YBCO. The
peak position inu decreases as temperature increases, im
ing the increase of thec-axis lattice constant as expected.
addition to the decrease in theu position, we note that the
Bragg peak intensity decreases as the temperature incre
~increased constant background due to incoherent scatte
was also observed but subtracted in the plot and analy!.
No appreciable change in the diffraction line shape, that
no q dependence, is observed and thus the role of ther
diffuse scattering is not considered in the following discu
sions. Since the detector slit was wide open~in 2u) to accept
all x rays of the peak, each point on theu scan represents
Bragg peak intensity, i.e., integration of a 2u scan at the
given u value. Therefore, the integration of the area rep
sents the sum of the intensities from all the grains of
sample. It is apparent from the figures that the peak inten
decreases as the temperature increases.
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To quantify the temperature-dependent peak intensit
the peaks shown in Fig. 2~a! are integrated over the whol
angular range. The results are normalized to a common lin
extrapolatedT50 value and plotted against the temperatu
in panel ~b!. For monatomic systems, the intensity of
(0,0,l ) Bragg peak is expressed asI 5I 0exp(21

2^z
2&l2) where

the exponent is the DWF and̂z2& is the thermally averaged
mean-square motion of the atoms in thez direction.15 For a
classical harmonic oscillator,^z2&}T and the intensity thus
becomesI 5I 0exp(2ll2T)}I0(12ll2T) where l is a con-
stant. Therefore, one would expect a linear temperature
pendence of the DWF’s forT!1/l l 2. The intensities in the
figure show a linear temperature dependence and no ano
is found within the experimental error.16 Also shown in the
panel is the temperature-dependent intensity of the~0,0,11!
peak from YBCO. The ratio of the DWF’s of the~0,0,13! and
~0,0,11! peaks is 1.2860.05 which is somewhat close to th
expected value of 132/11251.4 for monatomic systems with
pure thermal phonon effects. The measured temperat
dependent intensities suggest normal behavior of thec-axis
DWF without any anomaly. Panels~c! and ~d! show data
from Hg1212 samples. Other than the larger rocking wid
the behavior is more or less the same with YBCO ca
showing no sign of an anomaly atTc within the experimental
error. The deviation of~0,0,10! data from the linear behavio
is related to the fact that, unlike other peaks, it was measu
along with substrate peaks, hence producing larger exp
mental errors, and is assumed to be an extrinsic effect.

The interpretation of the above results, however, is no
easy as is the case for monatomic systems such as Si.

FIG. 2. ~a! Series ofu scans of~0,0,13! peak from YBCO at
different temperatures. The changes in total intensity as well as
peak position are seen.~b! Temperature vs integrated intensity pl
of the data. The data were taken with the temperature cycled
normalized atT50. Also shown are the data for~0,0,11! peak.~c!
Scans of~0,0,14! from Hg1212 samples.~d! Temperature vs inten
sity plot for ~0,0,14! and ~0,0,10! peaks.
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expression of a Bragg peak intensity contains in general
ponential functions of the displacement parameters of
atoms in the unit cell. For a monatomic case, it could
reduced to a single-exponential function of the displacem
parameter~assuming the displacement parameters for the
oms in the unit cell are the same! and the DWF can be
interpreted with relative ease. The form factors for po
atomic compounds, however, are different and the Bra
peak intensity is expressed by a combination of exponen
functions. It is therefore very hard to extract information
the dynamic displacements from DWF’s. The other aspec
that the observed temperature dependence does not s
come from the dynamic displacements. Not only the phon
but also the changes in the static atomic positions within
unit cell affect the intensities.

In spite of the difficulties, we can still extract useful in
formation from the results. Even though the Bragg peak
tensity expression contains multiple-exponential terms
shows a linear temperature dependence if the displacem
are purely due to thermal vibrations. Therefore, the fact t
experimental data show a linear temperature depende
strongly suggests that the major contributor to the DWF
the dynamic displacements as there is no intrinsic reason
such a temperature dependence from the static displ
ments. Indeed, detailed neutron diffraction experiments
YBCO show that the mean-square displacements are mo
dynamic.19 We also note that heavy elements contribute m
to the diffraction intensities in our x-ray measurements d
to their greater high-Z sensitivity. To see the different con
tributions, we list in Table I the calculated fractions of th
planar oxygen and Cu-O planar contributions to the to
diffraction peak intensities of YBCO and Hg1212 using t
published structural information.17,18 Note that the fractions
do not add up to make the total due to the interference
roughly show the insignificant Cu-O plane contribution
the total intensity. It is thus conceivable that the phon
anomalies in the Cu-O plane measured by EXAFS~Ref. 10!
may be buried under the contributions from the heavy e
ments. Based on these, it is reasonable to conclude th
least the heavy elements do not show an anomaly atTc in
their c-axis dynamic properties.

On the more fundamental side, the anomalies in thec-axis
lattice constants are generally relatively small compared
those along thea or b axes.4,6,7 Therefore, it is possible tha
the c-axis phonon population anomaly may well be ve
small and undetectable. Looking at thea- andb-axis Debye-
Waller factors is therefore essential. This may explain
absence of the anomaly in the Hg1212 data while meas
ment by EXAFS on powder samples of similar compou

he

nd

TABLE I. Calculated Fc
2’s for YBCO ~0,0,13!and Hg1212

~0,0,14! normalized to plane O values. Cu-O plane and planar o
gen contributions have been calculated with the occupancies o
other atoms set to zero.

Sample Fc
2~total! Fc

2~Cu-O plane! Fc
2~planar O!

YBCO 50.0 2.58 1.00
Hg1212 1386 1.90 1.00
8-3



re
r

r t
v

os
n

ca
t

.

’s
re

O

th
.
en
ct

n-
ults
avy

in
ies

re-
s in

p-
is

ivi-
ial
as
g
-

BRIEF REPORTS PHYSICAL REVIEW B67, 092508 ~2003!
HgBa2CuO4 shows anomaly in the mean-squa
displacements.10 Use of Rietveld refinement with powde
diffraction at a brighter x-ray source could give an answe
this. Better yet, considering all the factors discussed abo
similar experiments by neutron diffraction may resolve m
of the problems; the typical grain sizes of HTSC crystals a
sample motion upon the temperature change are insignifi
compared to the neutron beam size. This will allow us
investigatea- andb-axis DWF’s by a diffraction technique
In addition, its sensitivity to low-Z atoms will allow a more
accurate estimation of the oxygen contribution to the DWF
There indeed is a strong indication that temperatu
dependent~1,2,12! neutron Bragg peak intensities of YBC
crystals have anomalies at theTc .19

In conclusion, temperature-dependentc-axis DWF’s of
YBCO and Hg1212 thin films are obtained by measuring
temperature-dependent (0,0,l ) x-ray Bragg peak intensities
The measured DWF’s show a linear temperature depend
within experimental errors, showing no anomalous effe
sh

an
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n
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nearTc . Considering the fact that the x-ray diffraction inte
sity is much more sensitive to the heavy elements, the res
suggest that there is no anomalous lattice dynamics of he
elements along thec axis. Further studies ofa- and b-axis
temperature-dependent DWF’s by neutron diffraction
combination with temperature-dependent structural stud
by EXAFS may shed more light on the temperatu
dependent lattice dynamics, i.e., the role of the phonon
HTSC’s.
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