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A structural phase transformation in the Gu@lanes of YBaCu;O, has been observed at the
onset of the overdoped regime,= 6.95. We have measured as a function.othe dimpling in the
CuG; planes by EXAFS, and the O(2,3) in-phagh,) mode by Raman scattering. The data show
for x = 6.95 anomalously large static displacements of the Cu(2) atoms off the O(2,3) layer and a
gap in the distribution of the O(2,3) in-phase Raman shifts. We conclude the structure of overdoped
YBa,Cu; O, to be a martensitic form of the optimum doped crystal. [S0031-9007(97)04809-6]

PACS numbers: 74.62.Bf, 78.30.Er, 78.70.Dm, 81.30.Kf

The so-called 90 K plateau of YBEGw;O, is well es-  oxidation of the metals (DO) or with Ba obtained from
tablished [1-3] to exhibit a broad but clear maximumdecomposed BaCO(BaO) [1,3]. On the other hand
of T. = 92.5 K at optimum doping around,,; = 6.92;  hundreds of samples, classically synthesized by direct
see Fig. 1(a). In th&-x phase diagram of the cuprate reaction of BaC@ with the metal oxides (CAR), all
superconductors,,; indicates the phase separation lineexhibited a linearx dependency of the axis, extending
between the underdoped and overdoped regimes. Whikraight across the boundary between the underdoped
optimum doped YB#Cuw; O¢ 9, exhibits a single supercon- and overdoped regimes [10], cf. the closed squares in
ducting transition various laboratories have reported fronFig. 1(b). Therefore the lattice anomalies found in the
measurements of the magnetization [3—7], resistivity [8]DO and BaO samples could be possibly an artifact arising
and specific heat [7,8] of overdoped YEasO,, x =  from their particular form of carbonate incorporation [15].
6.95, two superconducting phases with critical tempera- The different conditions of synthesis [3,4,6], and the
tures split by about 2.5 K. Optimum doped Y&asOs9,  applied method for high precision measurements of the
has an intermediate oxygen concentration with respedaixygen concentrations [11] have been reported elsewhere.
to its insulating (antiferromagnetic) parent phase and th&/e emphasize that all these methods of synthesis used
overdoped metallic phase. It is an important indicationvery slow cooling rates to obtain homogenous samples
that only a very narrow compositional range is most fa-under near equilibrium conditions. Originally the oxygen
vorable for the superconductivity. The physical reason fodiffusion in YBaCuwO, was assumed to freeze &t=
the narrow phase separation line between the underdop8d0-400 °C, and thus the samples were quenched from
and overdoped regimes to occur just at an intermediatg00 °C by various laboratories [7,12]. Detailed studies
oxygen concentration of = 6.92 is a matter of intense of the oxygen diffusion process [13,14], however, have
and controversial debates [9]. unambiguously shown oxygen to diffuse rapidly even

In this Letter we report evidence for a structural phaseat T < 250°C, and consequently slow cooling is a
transformation in the superconducting Gu@lanes of necessary prerequisite to approach the equilibrium state
YBa,Cu;O, occurring close to optimum doping at the of lattice defects. The CAR samples were found in all
onset of the overdoped regime,= 6.95. Orthorhombic laboratories (also when slowly cooled) to exhibit a linear
YBa,Cw; O, is martensitic as evidenced By10] trans- x dependency of the axis. It is not known at the present
formation twins. We show a second martensitic form oftime why the use of BaC{as a precursor masks tlee
the crystal to develop across the underdoped-overdopeakis minimum found in the DO samples. We believe that
phase separation line at= 6.95. We have observed the chemical history [3,6,15] is as important as the thermal
this new martensitic form also in “classically” prepared history for the synthesis of homogenous samples near the
YBa,Cu;O, exhibiting no anomaly in the dependency equilibrium.
of the lattice parameters around= 6.95. A lattice The c-axis contraction upon oxygen doping is usually
instability around optimum doping has been suggestedttributed to the electron-hole charge transfer to the LuO
earlier [1,3] from the observation of a minimum in the planes shortening predominantly the Cu(2)-O(1) apical
c-axis lattice parameter, see the open symbols ibond. We may therefore expect a minimunc6f) around
Fig. 1(b). However, the experimental evidence camex,, to correlate with a minimum in the dependency
exclusively from special samples synthesized by direcof the apical bond. But standard refinements of neutron
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fine-structure spectroscopy (EXAFS) and its dynamics
by Raman scattering. We have examined CAR samples
from the same batches, all without anomaly dfx),

cf. Fig. 1(b), closed squares.

The static displacements of the planar Cu(2) and O(2,3)
atoms upon doping have been determined by yttrium
K-edge EXAFS. The photoexcited Y atoms are ideal
observers of the local CuyGstructure. In particular we
have exploited the high sensitivity of the nearly collinear
three-body electron scattering configurations Y-Cu(2)-Ba
and Y-O(2,3)-Ba for displacements of the intervening
Cu(2) and O(2,3) atoms, respectively. Since both multiple
scattering paths refer to the same Ba layer, and show up
extremely well isolated in real space, the dimpling of the
CuG, planes may be directly read from the magnitudes of
the Fourier transform spectra at 5 and 6.2 A. The
spectra have been recorded in transmission geometry from
finely grained polycrystalline absorbers. Details of the
experiments and the data analysis are given elsewhere
[16]. Figure 1(c) displays the spacings between the Y
layer and the O(2,3) and Cu(2) layers, respectively, as
a function ofx (T = 25 K). Their differences vyield the
x dependency of the dimpling. On doping from the
underdoped side§.8 < x — xp, the Cu(2) position is
found to move along: by about 0.025 A off the O(2,3)
layer, while the average O(2,3) positions remain almost
unaffected. Aroundc = 6.95 the dimpling increases by
another 0.04 A to its maximum value of 0.30 A, nearly
entirely due to displacements of the Cu(2) atoms. At
x = 6.984 both the O(2,3) and Cu(2) layers shift off the

Oxygen Concentration x

Y layer, thereby reducing the dimpling to 0.28 A.
FIG. 1. (a) Superconducting transition temperatufe of The Raman shiftsy, of the O(2,3) in-phase modéd ()
YBa,Cw;O, around optimum doping., as determined from plotted in Fig. 2 (bottom) have been recorded at 300 K
magnetization measurements. Vertical lines indicate the boundn the scattering configuration(zz)y from a total num-
aries between the phases analyzed in Fig. 2. cthxis lattice ber of 97 microcrystallites%15 um sized), on the aver-
parameter as a function of oxygen concentration from powder . .
x-ray diffraction, by courtesy of Chr. Kriiger. CAR samples 29€, about eight at each measured concentration between
(filled squares), DO samples (open squares), and BaO samplas= 6.438 and 6.984. Ther dependency of the O(2,3)
(open diamonds). The superimposed lines are guides to th@-phase Raman shift at 300 K has been shown earlier to
eyes. (c) Spacing between the Y-Cu(2) and Y-O(2,3) layersgecrease with increasing oxygen content, and, most im-
_res_pectlvely, as d_etermmed from Y-EXAFS. Vertical arrows portant, to soften strongly around,, [17,18], cf. the di-
indicate the dimpling. " LT pt L5 ==l .
agonal lines in Fig. 2 (bottom). A similar behavior has
been found recently also at 200 and 77 K [18]. Figure 2
(top) exhibits the normalized distribution functia®(z, x),
diffraction patterns from the DO samples have shown thatf the observed Raman shiftg, It is clearly visible that
the shortening of the Cu(2)-O(1) apical bond extends withP(7, x) peaks at six characteristic wave numbers, labeled
doping into the overdoped regime, thereby changing verA—F. Thereforer(x) is better described by staircases than
slightly its slope [3]. A steplike discontinuity at= 6.947 by straights. In the underdoped regime we identify single-
has been found to reduce the dimpling of the Gplanes phase regionsH, E, D) alternating with two-phased re-
by —0.012 A [3]. However, the negative direction of this gions  + E, D + E). The single-phase regions can be
discontinuity is hard to reconcile with the inversion of correlated with the particular stability of the superstruc-
the c-axis parameter and the internal bond lengths. Mostures:2ay aroundx;, = 6.5 (F), 3a¢ aroundxz, = 6.66
likely the structural transformation develops first in small(E), and5a, aroundxs, = 6.8 (D). Herea, denotes the
domains of the crystal which are not accessible to standara-lattice parameter of the fundamental unit cell.

diffraction techniques.
We have therefore explored the atomic structure of thenultiphase region composed of the underdoped pbBase
CuG, planes on a nanoscale by extended x-ray-absorptiotihe optimum doped phase (subdivided intoC, at the

For oxygen concentrations8 = x = 6.89 we find a
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AR T ' ' ] the Raman shift indicates a first order transition. From the
r , under doped ] relatively few data points in Fig. 1(c) evidencing the static
T Rloped. D = ] anomaly in the dimpling we may also infer a first order
s C Fooo] transition, at least of the moderate type.
= [ overdoped o R ] From the structural data displayed in Fig. 1(b), open
et ApB //\ 2\ ] symbols, and Fig. 1(c) we conclude that thedepen-
o N YN/ | [ 20| P20} 20 - dency of thec-axis lattice parameter scales inversely with
7'0‘_’ /::/_A the dimpling of the Cu@ planes, correlated with the
3 s == 6.97576 55— —41B electron-hole charge transfer along In the underdoped
Z 6.9k DA N e 6923 c%8 phase mixture the dimpling increases with decreasing
2 ek 5ag - KN 7¢P and exhibits its maximum value of 0.30 A close to the
g : | e Wl EI c-axis minimum. In the overdoped regime= 6.95, c(x)
£67F 1 b increases while the dimpling decreases, but the possible
° 66 e N [ correlation is weaker than in the underdoped regime.
A: \,, " . The a- and b-axis changes above,, are different in
& 6.5F-2ag- 3 the CAR [3,10] samples on one side and in the DO [3]
cab L. oo . - F and BaO [19] samples on the other side. In the latter
430 435 440 445 450 the significant upturn irc by =+0.012 A, cf. the open
Raman Shift 02,3 in-phase [cm™1] symbols in Fig. 1(b), is correlated with a downturndn

FIG. 2. (bottor) Raman shifts of the O(2,3) in-phase mode i by about=—0.01 A [3,19]. Theb axis exhibits an almost
. 2. i ,3) in- i : ‘L
YBa,CusO, for oxygen concentrations between— 6438 and lat behavior across,, such that the orthorhombicity

6.984. Dashed horizontal lines indicate the phase boundarid8creases through shortening of theaxis. The opposite
between coexisting phases, the drawn out horizontal lines (6.93%)ehavior of the deformations alorganda confirms the
indicate the miscibility gap in the overdoped regime. Themartensitic nature of the phase transformation. Clearly,
thick drawn boxes emphasize the sequence of phases occurrifgrther structural examinations using optical and electron

on doping. (top) Distribution function of the Raman shifts ;- oscopy are required to establish the mesostructures of
normalized to a constant number of measurements in evenl

spaced doping intervals. The maxima F are attributed to the the overdoped martensitic phase. Investigations of their
different phases. Pedk labeling the optimum doped phases is response to ultrasonic applied stresses are expected to
subdivided intoC, (at the overdoped side of,,,) andC, (at yield further important insight into the diffusionless nature
the underdoped side af,). of the phase transformation [20].
Our findings on the discontinuity of the dimpling at
x = 6.95 are in conflict with the results from the neutron
underdoped flank and’, at the overdoped flank), and diffraction patterns of the DO samples [3]. However,
possibly a weak admixture of the overdoped phRse it is well known that the crystallographic structure of
Around optimum dopingx,p,; = 6.92, C, dominates martensitic phases, cf., e.g., Ref. [20], is not reliably
within the —0.03 wide region below, and’, in the +0.03 accessible from standard refinements of the diffraction
wide concentration region above. While the underdopediata and consequently further diffraction work is invoked.
phaseD vanishes completely, some admixtures of the The important contribution of this work in the field of
overdoped phasB start to appear. The latter contribute cuprate superconductivity is in showing that the phase
strongly at the overdoped flank,= 6.92-6.975. separation line between the underdoped and overdoped
The overdoped regime exhibits the phagesand B.  regimes is accompanied by a structural phase transforma-
Most important, while forx < 6.95 all phases transform tion deforming the Cu@planes. Whereas the concentra-
continuously, a frequency gap 484 cm~!' (drawn out tion region around optimum doping is composed of many
vertical lines) suggests for > 6.95 a miscibility gap coexisting intermediate phases, the overdoped regime
between the overdoped phageandB. exhibits a miscibility gap and a martensitic structural
We relate the anomalous softening of the O(2,3) Ramatransformation. It is a widely known fact that all super-
shifts and the miscibility gap in the overdoped regime toconducting compounds including the old intermetallic
the anomalously large displacements of the Cu(2) atomBigh-T. materials (e.g.A15's) and “old oxides” undergo
off the O(2,3) layer observed by EXAFS around= 6.95,  martensitic structural transformations [20,21]. In many
cf. Fig. 1(c). ltis intuitively plausible that the increase of A15’'s double superconducting transitions have been
the dimpling in the Cu@ planes softens the Cu(2)-O(2,3) observed, and by applying stress the lower transition
bonds, and thus may decrease the wave number of ttemperature has been shown to arise from the deformed
0(2,3) in-phase vibrations. The drop of the Raman shift bymartensitic phase [21]. A large coupling between atomic
—5 cm™! within an extremely narrow concentration range displacements and the shape of the superconducting tran-
of Ax = 0.025 gives strong evidence that the deformationsition exists also in the heavy fermion compound {)Pt
of the CuQ planes is of the displacive type. The gap inwhere annealing treatment of as-grown crystals causes the
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