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Evidence for Large Static and Dynamic Distortions in HighTc SuperconductingYBa2Cu3O72d

Crystals over a Wide Temperature Range
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Large deviations from the expected atomic thermal vibrational amplitude in Cu-O rows in a
YBa2Cu3O72d sTc  92.5 Kd crystal have been observed in a wide temperature range (300–30 K)
by ion channeling. In contrast, Y-Ba as well as Cu-O rows in nonsuperconducting deoxygenated
YBa2Cu3O6.2 specimens show a normal decrease in the atomic vibrational amplitude as the sample
temperature is lowered. These anomalous results in the YBCO superconductor provide a clear indication
of uncorrelated static and dynamic distortions associated with Cu-O rows. Possible implications of these
structural changes are discussed. [S0031-9007(96)01720-6]

PACS numbers: 74.25.Kc, 61.85.+p, 74.72.Bk
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Extensive studies on the role of phonons and oth
structural displacement of atoms associated with the
perconducting phase transition have been conducted
high Tc materials using a variety of techniques. Rama
measurements [1] have shown softening of one of t
phonon modes at340 cm21 and hardening of another a
440 cm21 associated with the out-of-phase and in-pha
motion of OII and OIII atoms in the superconducting stat
of YBa2Cu3O72d. Evidence for structural changes atTc

have been observed in dilatation [2] and precision i
elastic neutron scattering [3] measurements. The infra
spectroscopy measurements [4] have indicated the role
chains in this system. However, all of these, as well
the isotope effect [5], the specific heat [6], elastic consta
[7], and neutron diffraction measurements [8], have n
been able to provide a definite answer to the behavior
phonons in highTc materials.

In the present work the ion channeling technique, whi
provides a direct real space probe of displacements
small as 1 picometer, is used to investigate the phon
behavior and other atomic displacements related to sta
or dynamic distortion (such as Jahn-Teller distortion
in YBa2Cu3O72d. The critical angle for channeling to
occur depends on the incident ion energy, the atom
numbers of the projectile and target, the interatom
spacing, electron screening potential, and, most import
for the present study, any displacements (dynamic
static) of the atoms from their regular lattice sites [9
It is important to note that neutron and x-ray diffractio
are relatively insensitive to local uncorrelated atom
displacements in the sample due to the fact that t
diffraction data are analyzed within the constraints of
particular model based on the symmetry of the crys
space group. Random displacements from the id
atom positions, whether static or thermal, contribu
only to diffuse scattering, which is not included in th

model.
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Two different sets of high quality [001] YBa2Cu3O72d

crystals, seven of each set, made at Argonne Natio
Laboratory by the same method, one superconduct
(Tc  92.5 K) and the other made nonsuperconducting
deoxygenation, have been used in the present meas
ment. One of the two sets of samples was anneale
second time for 184 h at 500±C in 0.0093% O2yN2 am-
bient and then quenched in liquid nitrogen to reduce
oxygen stoichiometry tod  0.77, thus making it non-
superconducting. These samples were 4 to 5 mm2 in area
and,100 mm thick. The superconducting set of crysta
hadd , 0.1, Tc  92.5 K with DTc  1 K.

Ion channeling measurements were carried out us
a well-collimated beam (0.5 mm diameter and,0.01±

divergence) of 1.5 MeV He1 ions. The sample was
suitably mounted on a precision five axis goniomet
having an angular resolution,0.01±. The target holder
was thermally insulated from the goniometer and cou
be cooled down to 33 K via a flexible Cu braid attach
to a closed-cycle refrigeration unit. The target syste
was surrounded by two coaxial copper cryoshields;
outer one was cooled to 87 K while the inner one w
maintained at 25 K. In this way, the effective pressu
of condensable gases was reduced to a negligible le
(,3 3 10211 Torr) at the target surface; the backgroun
pressure in the target chamber was maintained at,2 3

1028 Torr. The specimen temperature could be varied
a small 25 W heater mounted on the back of the tar
holder, and could be maintained to within62 K at any
desired temperature between 30 and 300 K.

The backscattered He1 particles were analyzed usin
an annular silicon surface barrier detector of 300 mm2

active area with a 4 mm diameter central hole which w
mounted along the beam axis at a distance of,5 cm
from the target. This arrangement provided good statis
(,104 counts in the gate at each angular setting in
random direction) for backscattered (170±) particles at a
© 1996 The American Physical Society
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dose of only 3 nC of the incident He ions in a channelin
angular scan. Since YBa2Cu3O72d single crystals are very
susceptible to radiation damage, it was important to ke
the incident beam dose as low as possible. The 0.5 m
diameter beam spot was shifted to a new position on
specimen after every incident ion dose of 300 nC. It w
possible to use three or four nonoverlapping spots on
specimen.

The [001] single crystal of YBa2Cu3O72d was precisely
aligned parallel to the incident beam direction. Angul
channeling scans were made by measuring the Ruther
backscattering (RBS) yield as a function of the tilt an
gle about the [001] axis of the sample at sixteen differe
temperatures in the range 300 to 30 K. At each angu
setting the complete RBS spectrum was recorded. Exa
ples of [001] axial channeling angular scans made w
the RBS yield, as a function of specimen tilt angle for th
superconducting sample at temperatures of 100, 80,
33 K, are shown in Fig. 1. Five sets of measurements ha
been made using seven high quality YBCO crystals. Ea
time a 5%–6% increase in FWHM is seen, while coo
ing throughTc between 100 and 80 K and no appreciab
change between 80 and 33 K. A standard deviation
,1% is determined in these measurements. It is importa
to note that the RBS yield contains the signals emanat
from the three constituents, Cu, Y, and Ba, of the sup
conducting sample and cover a depth of,400 nm from
the sample surface for the Cu signal. Thus the informati
from both the Cu-O and Y-Ba rows is mixed in the data co
lected. Similar scans from a nonsuperconducting sam
are shown in Fig. 2. In this case, no abrupt change is s

FIG. 1. The [001] channeling angular scans (a) 100 K, (
80 K, and (c) 33 K in YBa2Cu3O72d crystal (Tc  92.5 K).
A ,5% 6% increase in the FWHM is seen acrossTc between
100 and 80 K, with practically no change between 80 and 33
g
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in the FWHM between 80 and 100 K. The observed var
ation of FWHM seems to follow the normal trend of de
crease in thermal vibrational amplitude as a function o
decreasing temperature. The large reduction in counts,
,3% of the random yield when the [001] axis of the spec
imen is aligned with the incident beam direction, demon
strates a very high-quality, single crystal specimen (bo
superconducting and nonsuperconducting). The observ
step acrossTc is in accordance with our earlier results [10]

The plots of the FWHM of the channeling angula
scans made with Cu-Y-Ba signals from the respectiv
superconducting and nonsuperconducting samples a
function of temperature, 300 down to 33 K, are shown i
Figs. 3(a) and 3(c). Also shown in this figure is a simila
plot obtained with the signals only from Y-Ba rows of
the superconducting sample [Fig. 3(b)]. It is evident tha
there is a gradual increase in the value of the FWHM
as the temperature is lowered in the nonsuperconduct
sample [Fig. 3(a)] as well as for the Y-Ba rows in the
superconducting case, indicating that the thermal vibratio
amplitude is decreasing with temperature as expecte
However, for the Cu-Y-Ba signals in the superconductin
sample, there are anomalies in the variation of the FWH
as a function of temperature [Fig. 3(c)] and seem to b
associated with the Cu-O rows. In Fig. 3(c), three ma
points are to be noted: (1) a faster increase in FWH
as the sample is cooled from room temperature dow
to 220 K; (2) practically no variation between 220 an
180 K followed by a smaller increase in FWHM down
to 100 K; (3) an abrupt increase of 5%–6% betwee
100 and 80 K, i.e., acrossTc followed by practically no

FIG. 2. Same as Fig. 1, except the sample is nonsuperco
ducting. No abrupt change in the FWHM is seen, instead the
is a small increase throughout the temperature range as
pected from a normal Debye-like behavior.
4625



VOLUME 77, NUMBER 22 P H Y S I C A L R E V I E W L E T T E R S 25 NOVEMBER 1996

t

e
[
t

th
i

l
h

d
h

r
r

r

en

is
to
re
n
-

e
is
he

.
ng
of

p-

a

e
)
to
,

on

r

FIG. 3. FWHM of channeling angular scans versus tem
perature in YBa2Cu3O72d samples: (a) nonsuperconducting
sd  0.77d with Y-Ba-Cu signals; (b) superconducting
sd , 0.1d for Y-Ba signals only; (c) same as (b) but with
Y-Ba-Cu signals.

change in FWHM in the wide temperature range 80
33 K available in the superconducting state of the samp

The lattice vibration amplitude or the atomic displace
ments (u) as extracted from the measured FWHM of th
channeling angular scans, using the continuum model
for channeling, with corrections based upon the Mon
Carlo computer simulation of Barrett [11], are shown a
points with error bars in Figs. 4(a) and 4(b) both fo
nonsuperconducting and superconducting YBCO crysta
respectively. The average values of respective atom
numbers and lattice spacing are used in this calculatio
The calculated values of the thermal vibration amplitud
(u) based on the Debye model for respective cases are a
shown by triangles and squares. The normal trend of
decrease inu as a function of decreasing temperature
clearly seen in the case of the nonsuperconducting sam
[Fig. 4(a)]. A similar trend for Y-Ba rows in the super-
conducting specimen has also been obtained. Howev
theu values obtained from the combined Y-Ba-Cu signa
in the superconducting case differ considerably from t
calculated ones throughout the temperature range, an
fect clearly associated with the Cu-O rows. The magnitu
of this observed difference is made clear by subtracting t
calculated value of the normal thermal vibration amplitud
at each temperature from the observed experimental v
ues [Fig. 4(c)]. In this calculation a Debye temperatu
of 390 K was assumed well within experimentally dete
mined values.

The absence of any variation in theu values [Fig. 4(b)]
within the experimental errors, in the superconducting sta
of the sample, indicates the existence of a temperatu
4626
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FIG. 4. The u vs T as obtained from the measured FWHM
in YBCO. (a) Experimental (±) and calculated (D) in the
nonsuperconducting case. (b) Experimental (≤) and calculated
(h) in the superconducting case. (c) The difference betwe
experimental and calculatedu values as shown in (b).

independent small amplitude,3.5 pm in the available
wide temperature range (33 to 80 K). This behavior
quite complex, and we have two plausible approaches
interpret the data. In the first approach, we can compa
u with the zero point vibration, and, in the second, we ca
subtract fromu the normal thermal behavior and then ana
lyze the difference. Using the relationku2l  3h̄v

2
Dy

8pry3 (whereh̄vD  kBuD , kB is Boltzmann’s constant,
uD is the Debye temperature,y is the velocity of sound,
andr is the mass density), the zero-point vibration in th
superconducting YBCO is obtained as 3.2 pm which
close to the measured 3.5 pm between 30 and 80 K. T
longitudinal velocity of sound in YBCO along (110) in the
plane (a,b) has been estimated to be7 3 105 cmysec by
Saint-Paulet al. [12] and is used in the above calculation
It thus appears that the material in the superconducti
state is more ordered, and a small constant amplitude
lattice vibration may persist. In resonant neutron absor
tion experiments in Bi2Sr2CaCu2O8 material, the average
kinetic energykEl of Cu in thea-b plane has not shown
any variation below the superconducting transition [13],
result supporting this highly controversial conclusion.

In the alternate approach, as seen in Fig. 4(c), th
difference inu values (experimental and calculated ones
shows a small increase in the temperature range 80
33 K, which could be an indication of phonon softening
as has been seen for a specific phonon (340 cm21) in
Raman measurements [1] and also by inelastic neutr
scattering [3(b)].

The large variations inu as a function of temperature
[Fig. 4(b)] can be interpreted in terms of static and/o
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dynamic distortion effects. As mentioned above, the chan
neling technique is very sensitive to small displacemen
(,0.01 Å) of atoms from their regular lattice sites, how-
ever, it cannot distinguish between static and dynami
displacement. The large variations inu [Figs. 4(b) and
4(c)], if associated with only thermal behavior, should be
seen in specific heat [6] and Raman measurements [1
The absence of such large variations in these measu
ments indicates the existence of uncorrelated structur
static and dynamic displacements which cannot be detect
in specific heat or Raman studies. Static changes in stru
ture atTc, indicating a reduction of the orthorhombicity
of the YBa2Cu3O7 system, are seen in dilatation experi-
ments [2]. The sudden change in theu value between
100 and 80 K [Figs. 4(b) and 4(c)], indicating a dynamic
or static displacement (1–1.5 pm) of Cu atoms in thea-b
plane, appears to be related to this distortion, which seem
to diminish acrossTc, i.e., reducing the orthorhombicity
of the system, making these rows very smooth. This i
also supported from the study of the effect of uniaxia
stress onTc of this system. The pressure derivative
dTcydpi si  a, b, cd is comparatively large and oppo-
site in sign for compression in thea-b plane [14]. How-
ever, these structural changes are an order of magnitu
smaller than the ones seen in the present experiment whi
can be understood if the distortion is an incoherent dy
namic one acrossTc. Such a dynamic change may be
possible if we consider the charge redistribution betwee
the Cu-O chains and planes, as has been discussed
Khomskii and Kusmartsev [15]. These authors have sug
gested that there is possibly a charge transfer from Cu-
chains to Cu-O planes. This charge redistribution ma
cause structural fluctuations of a local nature in the re
gion of Tc. In the neutron inelastic scattering experiments
[3(a)], a shift of the apical O(4) in thek110l direction in
the a-b plane in a random fashion has been suggeste
If this is true, this shift of the apical O(4) of the O(4)-
Cu(2)-O(2,3) pyramid can create ak110l buckling mo-
tion and an instability in the structure which may stabi-
lize as the superconducting state is reached. Schweisset
al. [8(a)] have found, from the analysis of their neutron
diffraction data, anisotropic static and dynamic displace
ment of atoms in YBCO crystals as a function of tempera
ture. They have discussed the displacement of oxyge
atoms located in planes and chains. Local structural di
tortions have also been seen in extended x-ray absorpti
fine-structure studies [16].

In Fig. 4(b), the u value is seen to decrease faster
than expected from normal thermal behavior betwee
300 and 220 K, followed by practically no change up
to 180 K, indicating that structural changes start at room
temperature. A large displacement of chain oxyge
perpendicular to the chains at room temperature is seen
Ref. [8(a)], which may cause structural instability. The
origin of the anomaly around 200 K is not clear. It
appears to be related to structural instability. In dilatation
experiments [2] the expansion coefficient along thec axis
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has shown a change near 180 K. It appears that t
structure tends to stabilize near 200 K, but, on furthe
lowering of the temperature, the instability starts aga
and an ordered state is reached belowTc.

In conclusion, the channeling data have provided dire
evidence of static and dynamic distortions associated w
[001] Cu-O rows spread over a wide temperature ran
(300–33 K) in YBa2Cu3O6.98. The lattice disorder seems
to be more at 300 K, and, as the temperature is lowere
the solid changes to more ordered states with transitio
around 180 K and acrossTc  92.5 K. Below Tc no
measurable change inu is observed, and the material
seems to be in a highly ordered state.
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