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Pressure-induced bond buckling in YBaCu3O,_ 5
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Cu K-edge extended x-ray-absorption fine-struct@¥AFS) measurements of YBEu,O;_ 5(5=0.05) at
atmospheric pressure and at 3.4, 11.4, 31.8, and 65 kbar are presented. The experiments were performed
isothermally at 80 K. In the EXAFS region, the @QirO(4)-Cu(2) path is enhanced by focused multiple
scattering. Analysis indicates a buckling of this path due to out-of-line movement of @ea®m. The
forward scattering anglg shows a rapid increase at low pressures and then saturates at 65 kbar to gasangle
large ag$ 12° depending upon the buckling model used in the EXAFS analysis. Analysis of x-ray-absorption
near-edge structure data taken for the0.9 ands=0.05 compounds shows a decrease in the amplitude of the
spectral feature associated with the(Quatom in thes= 0.9 compound indicating that the amount of pressure-
induced charge transfer from (i to Cu2) is of the order of 0.0007 holes/kbp$0163-182609)03702-9

[. INTRODUCTION due to the low resolution of the energy-dispersive spectrum
making the claim of a phase transition questionable.
Pressure-related structural changes in X880, _ s have Almost all the previous high-pressure structural character-

been previously investigated by x-ray diffractibi,neutron  izations on YBaCuO,_s assume a uniform compression
diffraction® and x-ray-absorption fine structuréXAFS)  along thec axis with pressure. However the chain copper-
(Ref. 6 at room temperature. The main interests were on th@pical oxygen[Cu(1)-O(4)] and the planar copper-apical
changes in the interatomic distances between copper ar@kygen[Cu(2)-O(4)] bonds respond differently to the ap-
oxygen atoms in the Cullanes and in the CuO chains and plied pressuré.lt was proposed that due to the relative stiff-
the compressibility anisotropies in the unit cell along itsness of Cul)-O(4) bonds with respect to the C)-O(4)
crystallographic axes. Fietz, Dietrich, and Eckapplying  bonds, only the latter compress with pressure along with the
pressure up to 120 kbar to YB2u,0;_ 5 used x-ray diffrac-  C-axis compression It was also assumed that(4) remains
tion (XRD) to investigate the response of the crystal along itsalong thec-axis although no thermal ellipsoids were reported
axes, and suggested two different models in interpreting theito support this.
data. One model assumed a strong compression along the A number of studies reported conflicting results in the
axis, whereas the other assumed a strong decrease in lengthomalies of the apical oxygen position. A temperature-
of the b axis. Jorgenseat al® applying hydrostatic pressure dependent anomaly, namely, a small discontin(it.02 A)
up to 5.78 kbar used neutron diffraction to investigate thén the Cu1)-O(4) bond length neaf . was reported by Sha-
correlation between the bond lengths and the amount of thier et al,® but not observed by othefs® Mustre de Leon
charge transfer from the CuO chains to the Gp@nes. The and co-workers 2 using extended x-ray-absorption fine
slope of thec axis vs pressure curve from Jorgensen’s data istructure (EXAFS), observed a split &) position (6R
twice that obtained by Fietz leading to a larger compressibil=0.13A) distribution along the axis and indicated that the
ity for YBa,Cu;0,_s. However usually the low pressure split position appeared to decrease arolipd According to
compressibility measurements tend to give a higher comsubsequent temperature-dependent EXAFS measurements on
pressibility due to the decrease of the compressibility withoriented powder$? and single crystals and oriented thin
increasing pressure. films®* of YBa,Cu;0;_ 5, the split G4) position is sample

In two independent high-pressure XRD experiments ordependent. Later, Schweissal,'® applying neutron diffrac-
YBa,Cu;0;_ 5 a structural phase transitigarthorhombic—  tion on single crystals of YB&uO;_; investigated the
tetragonal was reported above 70 kbaf. The compression mean square displacements of the individual atoms in
along theb axis relative to thea axis is different for these RBaCuO;_s(R=Y, Ho) and reported no evidence of the
two separate measurements, and while the data of Jaya, N@romalous vertical displacement of thé4Datom around
tarajan, and Rdo(obtained by angle dispersive XRBhow  T.. However, they found static contributions to the displace-
a sudden jump in thé-axis parameter just above 65 kbar, ments within a plane containing the apicald@atoms. This
the data of Akhtar, Akhtar, and Catléobtained by energy plane is parallel to thab plane. Inelastic neutron scattering
dispersive XRD indicate a smooth transition from ortho- measurement§ indicated a shift of the apical @) atoms
rhombic to tetragonal symmetry. Both of these data suffemlong the(110 direction from the original position around
from the low-angle—energy resolution. It was noted that al ., causing a local distortion associated with the buckling
number of reflections that are actually nondegenerate in thstructure similar to the one observed in the orthorhombic
tetragonal symmetry have merged in the high pressure daghase of La_,SrCuQ, (Ref. 17 and Lg_,BaCuQ,.'®
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Pressure has been reported to cause buckling in some peelation between the number of holes transferred to the
ovskite related compounds. For example, in the high presplanes and the area of this feature to estimate the change in
sure EXAFS study of La_,Sr,CuQ, (Ref. 6 buckling of the  the number of the holes per Cu@lane by pressure. Our
Cu-O-Cu bonds with increasing pressure was observedesults suggest an increase in the amount of 0.0007
Similar displacements of the bridging oxygen atoms in the*0.0002 holes/kbar which, within experimental error, is in
ReQ; system have been reported by neutron diffraclamd ~ agreement with the reported neutron diffraction results-
EXAFS (Refs. 20 and 2lexperiments. ReQgoes through a  ing the bond valence sum technique. . .
second order phase transition around 5 kbar, in which the We begin with the description of the experiment in Sec.
ReQ; octahedra rotate about th&11] axes??23 This trans- |- The data analysis methods are described in Sec. lll. The
formation results in the buckling of the Re-O-Re bond EXAFS and XANES results are discussed in Sec. IV and the
around the oxygen atom. The forward scattering amplitudéonclusions are summarized in Sec. V.

f(B,k) of the “focused” Re-O-Re multiple scattering/S)

path is very sensitive to the scattering through the amggle Il. EXPERIMENT

measured from the oxygen atom and decreases sharply with

increasing values of it. Its effect on the Fourier transformed The YBaCu;0;_ 5 samples were prepared using starting
EXAFS data is the reduction of the amplitude of the Re-materials of BaCQ Y,03; and CuO. The powders were
O-Re MS peakat R~3.6A). Houseret al.? using the re- repeatedly ground in an automatic grinder, sifted through a
duction in the amplitude of the MS peak calculated the75 um sieve, packed into high purity MgO crucibles and
bridging angle across the oxygen atom. In their fits to thecalcined in air for 18 h. This process was repeated 10 times.
data atP=1 bar, they used the fact that the XAFS signal Each time, the temperature was increased by 10 °C. A final
from a dynamical situation in which the center atom in acalcining was done in very pure oxygen at 925 °C. Then the
linear link vibrates with a certain mean-square displacemergowder was pressed into 3/4 in. diamet8rg pellets and
from the line is equivalent to the center atom being staticallysintered in very pure oxygen. The tube was slowly cooled
displaced by the rms value, provided the dynamic variatiorpver a period of two days to fully oxygenate the pelféts.

is symmetric about the line, and find the bridging angle to beThe midpoint of the superconducting transition for the
172°. At 17+ 3kbar they found the bridging angle to become sample was 93.4 R The oxygen content was determined by
164+ 2° taking the starting point of their fits for the bridging examining the room temperature electrical conductivity of a
angle as 172° at a pressure of 1 bar. series of deoxygenated pellets which were prepared to have

In this study, our focus is on the pressure-induced disan oxygen content abodi=1.0. By plotting the room tem-
placements of the @) atoms in the C(1)-O(4)-Cu(2) unit. ~ perature conductivity versusfor a series of samples and by
In order to obtain reliable structural information about theassuming that ab=1.0, YBaCu;0;_; is an insulator a5
O(4) sites using EXAFS data, one has to identify the experivalue for the fully oxygenated pellets was obtaiféd:he
mental peaks associated with the scattering paths involving=0.9 samples were prepared deoxygenating the fully oxy-
O(4) atoms in the Fourier transformed data. Previously, Digenated samples via a cryogenically assisted volumetric ti-
Cicco and Berrettoff applied multiple scattering analysis to tration apparatuggas handling systenpresented in Ref. 31.
study the angle distribution of the Cu-O-Cu bonds in The high-pressure x-ray-absorption data were collected on
YBa,Cw0,_5, and BipSr,CaCyOg high-T, compounds. beamline IV-I at the Stanford Synchrotron Radiation Labo-
The focus of their analysis was on the Cu-O-Cu pdfies-  ratory. A S(111) double crystal monochromator was used
allel to theab-plane, and the contribution of the apical Cu- and detuned to 50% of the maximum intensity to reduce the
O-Cu (parallel to thec axis) was ignored. Using theerrs.10  harmonic content of the beam. The pressure to the samples
(Refs. 25 and 26multiple scattering analysis code we havewas applied through mechanically driven polycrystalline
identified the peak at 3.90 A in the Fourier transform to beB,C anvils in a pressure cell designed for the low-
associated with the GL)-O(4)-Cu(2) MS peak. Due to the temperature measuremefts® The samples were first
EXAFS phase shift this is shorter than the actual spatiatooled to liquid-nitrogen temperatures and then the pressure
separation 4.12 A of the C1) and Cy2) atoms. The experi- Was applied to maintain an isothermal compression.
mental data show a decrease in the intensity of this peak with
increasing pressure. We attribute this reduction to the de-
crease in the amplitude of the forward scattering at the oxy-
gen atom site resulting from the relative displacement of The data reduction steps in the analysis of the EXAFS
these bridging oxygen perpendicular to thexis. Using the  signal data were performed in the conventional way and
scattering amplitude and phases calculatedesFat various  order#3° background subtractiork-space conversion, Fou-
buckling angles as the standards we apply nonlinear leasier transformation, and nonlinear least squares fit to the data
squares fits to the Gl)-O(4)-Cu(2) MS peak and analyze to extract the structural parameters. The background signal
the evolution of the bond angle with pressure. was subtracted from the data using the programToBk

The Cu K-edge x-ray-absorption near-edge structure(Ref. 39 which subtracts a linear background from a pre-
(XANES) of YBa,Cus04 19 and YBaCuOg o5 are also pre- edge fit, normalizes the data to the absorption edge jump,
sented. The spectral feature about 1 eV above the edge caind then uses fourth-order polynomial splines connected at
responds to the monovalent @y atom$’~*°and its inten-  equally spaced knots itk space for the post-edge back-
sity variation can be used as a probe to the charge transfground. It minimizes the difference between the experimen-
from the CuO chains to the Cy(planes. Comparing the tal data and a theoretical standard over the Rwegion,
XANES of YBaCuwOg 19 and YBgCuOg o5 We obtain a thereby reducing the leakage from the first shell to this re-

Ill. DATA ANALYSIS
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TABLE I. Pressure calibration from Ge bond compressitR. 0.30
andV/V, were obtained fronfa) the phase difference method ap-
plied to the nearest-neighbor distarRe and (b) a five shell non-
linear least squares fit to the Fourier transfornkgtk) usingFerF
calculated standards including multiple scattering paths. From the
multishell fits R;=2.447A at 1 bar, E;=1.4eV and o?
=0.0028 & were obtained as described in the text.

GeK-edge | — Experiment (P=1 bar)
— — Multi-shell fit to data

025 -

0.20 -

0.15 -

Phase difference method Multishell fit

Exp. no. ARy (A) VIV, P(kbar) AR, (A) VIV, P(kbar) 0.10 |-

Magnitude of Fourier Transform of ky(k)(A?)

1 0.006 0.992 340 0.006 0.992  3.40 0.05 -

2 0.012 0985 114 0.012 0.985 114 /

3 0.030 0.964 29.6 0.032 0.960 31.8 0.00 ; NS . X

4 0.045 0.945 625 0.049 0.940 65.0 T 2 3 4 5
Error +0.01 +5.0 *=0.01 +5.0 R (A)

FIG. 1. Magnitude of the Fourier transform lof (k) for the Ge
gion. The standards used in the background subtraction rouk edge at 80 K at atmospheric pressure and fit to the data. The data
tine were calculated byerre.10 After the background sub- were transformed over the range 1.75-14.40'Ausing a 10%
traction the EXAFS interference functiofy(k)] was  Gaussian window.
obtained by converting from the x-ray ener@) to the pho-
toelectron wave vectdk) by k=27/h [2m(E-Eg)]*?while  mean square variation R for pathI’, andX is the mean free
setting the threshold enerdy,, at the first inflection point path term. Here the summation was restricted to those with
(first maximum in the first derivative spectrall the Fou-  curved wave amplitude-4% of the amplitude of the largest
rier transformations of the/(k)’'s were performed using a and with effective path lengtiR<4.69 A. There are five
10% Gaussian window and applyingkaveighting. paths; three single scattering involving the first, second and

Ge K-edge EXAFS was used as the calibrant to calculatéhe third nearest neighbor and two MS. The MS paths are the
the pressures applied to the Y®a,0,_ s sample. The large triangular paths corresponding to
separation between the first neightRy=2.447 A, and the

second nearest neighbBs=3.996 A, permits a simple and (000) —av3 a_‘/g ﬂ
accurate determination of the compressionRefusing the 4 4 4 )
phase difference meth#tf°and has no complications due to

MS. The first shell of Ge in thky(k) transform(1.75-14.40 —av3 —av3 —av3
A~1) was selected1.50-2.88 A and the total phas& 2 2 2 )
=2kR; + 6(k,R;) obtained by taking the inverse transform.

For the low pressures involved the EXAFS phase shiftand

8(k,R;) is independent of pressure. The difference between

®(R,,P) at pressuré® and at 1 bar was fitted to a straight av3 av3 —av3\laa
line over the range 4.4-9.6 A The slope of AR(P) (000 4 4 4 292

=R;(P)—R; (1 bay is listed in Table I.

In this paper our emphasis is on the higher shells oftoms, whera is the lattice parameter for the diamond struc-
YBa,Cw,0,_ s where MS must be included. To provide an ture.
indication of accuracy with which this can be done with the ~ The model calculated by FEFF was used as the standard
FEFF6.10MS code,AR(P) of Ge was also determined by a in a first five shell nonlinear least squares fit to the imaginary
multishell fit for R<4.80 A. A theoretical model including Part and the magnitude of the complex Fourier transform
the multiple scattering paths was calculated for the GEFT) of the kx(k) by the programexariT based on the
K-edge data byerr. The sum of the individual contributions Levenberg-Marquardt algorithni$*’In Fig. 1, the FT of the
of the different scattering paths is expressed in a form, anald>e EXAFS and fit to the data are shown. During the fit
gous to the EXAFS equation, as procedure firsiN; is fixed at 4.0(with Sﬁ set at 0.8 N,/N;

andR,— R; were constrained to their crystallographic value

F5(2) a2 in the shellsE,, the Debye-Waller faCtOI’SO(,%) for all the
x(k)=2> = | fLa(k)|e™ 2K ore™ 2R /MK shells andR; were varied. In this way th&, and o5 are
' r obtained. Then fixing, andaf and keeping the ratios of the
X S 2KRp+ ¢, (k) +26:(K) ], (1)  coordination numbers and the differences in the near-

neighbor distances constant, but varyily and N; the
wherel is the path labelN is the degeneracy of the palh  Ge-Ge nearest-neighbor distancé ) were obtained. The
k is the wave vectorRy is the effective path lengthRl  lattice parameters were determined frdtp and the corre-
=rf2), foy is the effective scattering amplitud&j is a  sponding changes in the volurvewith respect to the atmo-
many body correction factor¢r(k) is the net scattering spheric pressur®, were calculated. Using the equation of
phase shift,d.(k) is the central atom phase shi&% is the state curves® the pressure values corresponding to these
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FIG. 2. Magnitude of the Fourier transform lof(k) for the Cu FIG. 3. Magnitude of the Fourier transform lof (k) for the Cu

K edge in YBaCu,Og gsat 80 K under different pressures. The data K @dge in YBaCusOg o5 at 80 K at 1 bar(solid line), theoretical

were transformed over the range 2.65-14.55Ausing a 10% Mmodel calculated byerrs.10(dotted ling and the magnitude of the

Gaussian window. Fourier transform oky(k) due to Cu-O-Cu scattering paths. The
data and model were both transformed over the range

- 1 usi 0, i i
volume changes were determined. As shown in Table I, th(g'65 14.55 A using a 10% Gaussian window.

AR from the phase difference method and multishell ﬁm”gsorbing atom, respectively. The(k)'s resulting from these

are in good agreement. separate calculations were combined with a weight ratio of
1:2 for [ x(K)lcus: [x(K)]cuz. The direct output from
IV. RESULTS AND DISCUSSION FEFF6.10using these parameters leads to significant devia-
tions from the intensities of the peaks of the experimental FT
A. EXAFS data. These discrepancies are mainly caused by the uncer-
The FT data for the YBZLw,O,_ 5 under different pres- tainties in the Debye-Waller factor and the amplitude reduc-
N 0 L 2 :
sures are shown in Fig. 2. The maximum pressure used in tH#n factor S;. The correlated Debye Model used heFF
experiment was 65 kbar. The experimental peaks are labele#orks well for the linear paths in metafsbut is not a good
according to their scattering atoms. This labeling was don@pproximation for linear paths in perovskites. In the treat-
according to the MS modeling results frorgrr It is nor- ~ Mment of the dynamical motion of a MS pa#EFFintroduces
mally expected that the pressure will increase the magnitud@ Phenomenological Debye-Waller factor for the average MS
of the peaks in the FT data. This is due to the decrease of tHeath with the atoms in fixed positions. The neglect of angular
compressibility and consequently the increase in magnitudgorTelations, particularly for triangular paffis** can intro-
of the Debye-Waller factor exp(2k%?). It is expected to duce error$? The uncertainty inSj is ~20% in Ref. 26.
have a larger effect for the peaks corresponding to mordesting FEFF results for a number of standards, & al,*?
distant neighbors. In Fig. 2 small changes in Cu-O peaks butoted thatS3 . (which also includes the “mean-free path”
large and consistent intensity increase interm, exp—2R/\(K)]) can vary by 10—-15% depending on the
Cu<Y +Cu+Ba+0) peaks are evident. However, the sig- local chemical environment of the absorbing atom. Therefore
nificant decrease in the amplitude of the(QuO(4)-Cu(2)  in creating the theoretical model for the experimental data,
peak with pressure can be explained by the multiple scattelSS and theo? are adjusted by using a nonlinear least squares
ing effects. In Fig. 3, the FT data for the YR2W,Ogg5at 1 fitting routine winxas.*3
bar, theFerrF model, and the individual Cu-O-Cu multiple ~ Knowing the amplitudes and the phase shifts from all of
scattering contributions are shown. The amplitude of thehe significant scattering paths provides an important advan-
Cu(1)-O(4)-Cu(2) contribution is larger than for the other tage in the correct labeling of the experimental peaks in FT
Cu-O-Cu paths. In the former the forward scattering is endata. The closeness of the several scattering paths in length
hanced by the linear path whereas the latter are already reaakes it difficult to identify the peaks, and for the multiple
duced at 1 bar having 8=15° and thef(B,k) is reduced. scattering paths, the large phase shifts might bring additional
Lattice parameters for the crystal structure were obtainedncertainty in labeling. In Fig. 2, the data has been divided
from the neutron diffraction results at 80 'R.The lattice into three regions and the peaks were labeled with guidance
parameters for the higher pressures were calculated using tfi®m the FEFF model. There are five different Cu-O bonds in
XRD resultst the crystal structure contributing to the first region. These are
For the YBaCuwO;_ 5, the FEFF calculations were per- Cu(1)-O(4), Cu1)-0O(1), Cu2)-0(2), Cu2)-0(3), and Cu2)-
formed by taking C(l) and C{2) atoms as the central ab- O(4) in the order of their bond length. Previous EXAFS stud-
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ies in this region reported a two-site location for thé4O

atom with the separation of 0.13 A away frafa.*>?1t was

reported’ that this separation decreases by 0.02 A arolind

according to the fits to Q&)-O(4) and Cy2)-O(4) near-

neighbor distances. Later Boo#t all* used polarization-

dependent EXAFS measurements of a single crystal and an 0.0
oriented thin film of YBaCu;O,_ 5 to test the reported @)
splitting. Though the single crystal data were best described
by the split Q4) position, the thin film did not show any
evidence of two-site axial oxygen. Our results did not show
any consistent effects of pressure in the magnitude of these
peaks and given that our sample was polycrystalline, the five
different Cu-O distances in close proximity makes a quanti-
tative analysis unreliable in this region. Another complicated : : '

—— All paths included
— — All paths{Cu(1)-O(4)-Cu(2)}
......... Difference

x(K)

region in the analysis of polycrystalline YBau;O;_ 5 is be- 3 6 k(/fﬂ) 12 15
tween 2.3 and 3.6 A; according rEFFthere are 19 impor-
tant scattering paths contributing to this region. In the previ- 0.0020 —— All paths included

— - All paths-{Cu(1)-O(4)-Cu(2)}

ous studies at atmospheric pressure, the data in this region
was fit by combining several paths into one to reduce the
number of paths and the free parameférés mentioned
earlier, our results show an increase in the magnitude of the
peaks of the FT data with an increase in the pressure.

Our concern is the region between 3.6—4.1 A. According
to the FEFF calculations there is a large contribution to this
region from the C()-O(4)-Cu(2) multiple scattering path.
Figure 4a) shows an overlay of thg(k) including all paths
(with cw amplitude ratio>4% for R<5.8 A) and they(k)
excluding the C(1)-O(4)-Cu(2) (apica) path. As shown in
Fig. 4@ the difference plot of the twg/(k) is significant.

Excluding the MS path causes a large reduction in the mag- 0'00000 2 4 6
nitude of the peak in the FT around 3.9 A as shown in Fig. R(A)
e o o o encE s th G- & () of el r YeaC0s g
. all the paths, all paths excluding the 4)-Cu(2) path and the
|n-_plane[Cu(Z)-O(Z,3)-Cu(2) and _Cuil)-O(l)-Cu(l)] and the differer?ce of theptwo curves{b)gMagnitude of the Igourier trans-
\a(%;aICLb%u-O-ﬁ’zluthigarteh;.oﬁﬂ?i\gﬁgfediﬁéiintl?gl?t%srlsof Oftorm of kx (k) of theFEFFmodel for YBaCuOg o5 including all the
2 7—6 i - -
the CU1)-O(4)-Cu(2) path, and only the G@)-Cu(2) and paths and all paths excluding the @1+O(4)-Cu(2) path. The mod

. L els were transformed over the range 2.65-14.53 Asing a 10%
Cu(1)-Cu(1) pairs and the remaining Cu-O-Cu pathwere  5,ussian window.

used in the fits to the data. Focused multiple scattering for
the Cu1)-O(4)-Cu(2) path was included in earlier wofR,  from 180°. The maximum scattering amplitude occurs for the
but was limited by using only a plane wave approximation‘“focused” path in which the Cu-O-Cu bonds are linear.
for the forward scattering. Theerr MS calculations, which In order to examine the buckling in the apical Cu-O-Cu
use the curved wave approximation, indicate that the scattebonds we consider two models for the structural effect of
ing amplitude due to Q)-O(1)-Cu(l) and Ci2)-0O(2,3)- increasing pressure. In model 1 we assumed that there was
Cu(2) paths should peak around 3.6 A, in the Fourier spaceo buckling along the axis, just compression. The compres-
as shown in Fig. 3. In the same figure the(DeO(4)-Cu(2) sions along the, b, andc axes under pressure were calcu-
peak is shown to be around 3.9 A, which matches the experiated using previous XRD and neutron diffraction studiés.
mental peak position. Therefore we claim that the FT pealdccording to the neutron diffraction results, the main con-
around 3.9 A is primarily due to the apical @iO(4)-Cu(2) traction for the apical Cu-O-Cu bond is in the softer(®u
scattering as also indicated in the single crystal and the thi®(4) bond. The relatively stronger €1)-O(4) bond does not
film YBa,Cu,0,_ 5 EXAFS studies of Bootlet al1* show much change under pressure. This information was
As opposed to the expected increase due to the pressunged in the calculation§.e., Rgy1).04) Was kept constant at
effect we observe a consistent decrease in the magnitude @ ambient pressure value 1.856 ,& aRgy2)-04) Was com-
the Cy1)-O(4)-Cu(2) peak with pressure in the FT data. This pressed along with the-axis compressionand the models
decrease is significarfas shown in Fig. Pand can be ex- corresponding to pressures of 1 bar, 3.4, 11.4, 31.8, and 65
plained by the multiple scattering effects as in the EXAFSkbar were calculated. The results are shown in Fig. 5. In the
analysis of Re@(Refs. 20 and 2iland Lg_,Sr,CuQ,.° By second model, a buckling through thg4p atom was as-
analogy with these systems, the reduction in the magnitudsumed. Here again, the stiffness of the(Qt0(4) bond with
of the FT peak corresponding to the @)+O(4)-Cu(2) path  respect to C(2)-O(4) was taken into account and it was kept
can be explained by the reduction in the scattering amplitudéxed while the Ci2)-O(4) bond was allowed to compress.
at the oxygen site due to the deviation of the bridging angldn order to produce the buckling, the(9) atom was dis-
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0.0010

0.0005

Magnitude of Fourier Transform of ky(k) A
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0.0025 0.0025
—— P=1 bar (p=0°)

YBayCu30¢ 95 P= 1 bar (8=0")

YBayCu306.95 — — P=34kbar (p=0) — — P=3.4 kbar (§=5°)
iA

——- P=11.4 kbar (3=0°)
~—=—- P=31.8 kbar (3=0°)
........... P= 65 kbar (3=0°)
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FIG. 6. Magnitudes of the Fourier transforms lof(k) of the
FeEFF models for YBaCusOg o5 at different pressures assuming a
compression with buckling in the CL)-O(4)-Cu(2) units. All the
transforms were performed over the range 2.65—14.55 dsing a
10% Gaussian window.

FIG. 5. Magnitudes of the Fourier transformslgf(k) of the
FEFF models for YBaCusOg g5 at different pressures assuming a
compression without buckling in the Ci)-O(4)-Cu(2) units. All
the transforms were performed over the range 2.65—14.55u%-
ing a 10% Gaussian window.

tering anglepB) and shifts towards loweR. We have used
these buckling simulations in order to calculate the corre-
spondingp values. The filled circles in Fig. 7 show a plot of

versus the pressure values used in the experiment,8The

as a decreasing slope with increasing pressure saturating at
12° at 65 kbar. A quantitative calculation gfbecomes less
reliable at the higher angles because of the contributions
from the other paths as indicated in Fig. 4.

In principle, the MS EXAFS fitting should be performed

placed along thé axis with increasing pressure. Theaxis
was selected because the compressibility of bhaxis is
known from the diffraction data to be greater than for ¢he
axis. However the multiple scattering depends only on th
polar angle the @) makes with thec-axis and from the
EXAFS viewpoint it is not possible with polycrystalline
samples to distinguish the direction in which thé4Dis
displaced. The overall contraction of the (@uCu(2) was

restrained to be consistent with the XRD results. The resuItBy calculating the MS paths over the distribution of positions

of these calculations are shown in Fig. 6. 39-41 ,
To facilitate the simulations for Figs. 5 and 6, the FT dataOf the Cul), O(4), and Cu2) atoms. But the fits are

were divided into the three region8.0-2.3, 2.3-3.6, and

3.6-4.1 A as indicated earlier. Th&) and individualo?'s 14
for the scattering paths for these simulations were obtained
from the region-by-region fits to the data at atmospheric 12 -

pressure. The-?’s were then used to modify those calculated
by FEFr These modifications were transferred to #erF
calculations at higher pressure. Since the total number of
scattering paths is very large in the region-by-region fits,
only the ten paths in each region having the largest contri-
butions were used. For both the buckling and nonbuckling

10

B (degrees)
N
T

models, the expected pressure effects in the first two regions 4r

are noticed. The Cu-O peaks located at 1.5 A, and the peaks 2l

in the 2.3-3.5 A region show an increase in magnitude with

pressure and a shift to the lowRBrvalues. But in the region ok

(3.6—4.1 A the two models produce different results. In Fig. L

5, the nonbuckling calculations indicate a shift towards the 0 10 20 30 40 50 60 70

lower R values but do not reflect a large change in the mag-
nitude of the FT peak. In Fig. 6, the model assuming a buck-
ling in the apical Cu-O-Cu bonds indicates a strong pressure FiG. 7. The change in the forward scattering angleversus
dependence of the CL)-O(4)-Cu(2) peak. As in the case of pressure for YBgCu,04 o5 determined with the buckling model for
the experimental data, the peak loses magnitude consistentdjfferent starting values of3 at 1 bar: 3=0° (filled circles, B
with decreasing bridging angl@r increasing forward scat- =3¢ (filled triangles.

Pressure (kbar)
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sensitive to the correlated modes of motion of the atoms. We

: —— P=1bar (5=0.9)
do not know the pressure dependence of the modes and dit —— P=65 kbar (6=0.9) YBa,Cu,0,,
ferent models for the distribution function will give Q|ﬁerent 54 P= 1 bar (5=0.05) ({_35 Cu K-edge
B. At pressures greater than 1 bar tBeare overestimated ——~ P=65kbar (8=0.05) | [} '§§

due to neglect of the dynamical motidh?°We can estimate

the error using ion channeling and neutron diffraction resultsg
at atmospheric pressure. Neutron diffraction studies haves
measured the mean square displacenigl8D) of the O4) g 1.0 1
atom at temperatures near 80(Refs. 9, 10, and 15from
which we estimate3 to be ~4°. Schweisst all® separate
the MSD into lattice dynamical and static displacements of
the Q4) atom giving an equivalent stati@ of ~2°. lon
channeling studié¢8*®find the Cu and O atom&long thec
axis) have correlated displacements perpendicular tocthe
axis of ~0.04 A (with a B~2°) which would tend to de- >
crease the XAFS-determined buckling angle. In order to take 4
these effects into account we performed another set of cal-  ¢.0 +——"
culations with the buckling modd€model 2 starting with a ' ' ' '
3° offset toB at 1 bar. In Fig. 7, the triangles correspond to -10 ° 10 20 30
the values of8 obtained in this new model. The values ob- Energy (eV)

tained in the fitting at pressures greater than 1 bar depend FIG. 8. CuK-edge XANES of YBaCu,Og g5 and YBaCu,0

. -y . . . . . - 695 610
upon t.he initial starting value .OB. at 1 bar. Since in qur t 1 bar and 65 kbar. The feature at 1 eV corresponds ta)Eu
analysis method we can not distinguish between static ang . intensity variations of this feature between Y880, o5 and

dynamic contributions t¢8 at atmospheric pressure and sinceyg, cy,,0, ,, are used as a calibration for the charge transfer from
we do not know the pressure dependence of the distributiong;,o chains to Cu@planes with pressure.

the saturation value g8 at 65 kbar may be overestimated by
as much as 3°.

In summary, the effect of pressure is to induce a bucklingh® compound is increased, the (@d" feature loses
of the Cu1)-O(4)-Cu(2) chain of atoms by an out-of-line strength due_a fllllng by electro_ns of_ the _empt_y hybrldlzed
displacement of the @) atom. Within the accuracy of the States associated with (. We identify this gain in elec-
present EXAFS analysis the buckling angle at the highestons by Cul) with a hole transfer from Q) to Cu2) sites.

pressure measured is less than 12° and more than 8.5°, Assuming a hole increase of 0.25 in the Gu@lanes by
increasing the oxygen content from 6.10 to 6!3%he area

difference of this spectral feature between #he0.05 and
B. XANES 6=0.9 compounds was used as a calibration in calculating
, r he amount of the charge transfer induced by increasing the
Although the existence of the pressure-induced Charg%ressure from 1 bar to 65 kbar, for YRaOg s The area

transfer from the CuO chains to Cy@lanes has been gen- calculations, performed by applying a tenth order polynomial
erally accepted, there is no agreement on the amount of thﬁ P Y applying poly

holes that are transferréd’-**Jorgensert al, using bond- ' t© the data around the Q" feature, indicate a charge
valence-sums in their neutron diffraction data of transfer of 0.000Z 0.0002 holes/kbar per Cy@lane for the

YBa,Cu;05 3 Obtained a charge transfer of 0.00065 holes/" B22Ct0s.05

kbar per Cu@ plane® Gupta and Gupta’s electronic structure
calculations using the tight binding recursion metfock-
ported a transfer of 0.00035 holes/kbar per Gytane for
fully oxygenated §=0) compound. Almasast al.*’ using Our high pressure XAFS experimental results on
a phenomenological model relating tfig to the number of YBa,Cu;Og o5 indicate a buckling in the G)-O(4)-Cu(2)
holes per Cu®plane, obtained a value of 0.0003 holes/kbarunits through the @) atoms. Using multiple scattering
from the analysis of their data for the pressure dependence ahalysis, it has been shown that the buckling ari@ein-
T in YBa,CuO-;. Reyeset al,*® using a charge transfer creases rapidly at low pressures then saturatessst kbar.
model in interpreting the high pressure nuclear-quadrupolefhe magnitude of the saturation anglgsf) is dependent
resonance, reported a change of 0.0006 holes/kbar pey Cu@pon details of the EXAFS analysis. If the @iO(4)-Cu(2)
plane. path is assumed to be linear at 1 bar, titgg is found to be

In Fig. 8 CuK-edge XANES of YBaCu;0;_5(6=0.9  12°. If the presence of static or dynamical displacements of
and 0.0% at 1 bar and 65 kbar are shown. A linear back-the Q4) atom from thec axis, as reported in ion channeling
ground from the pre-edge fit to the data was subtracted anand neutron diffraction experiments at 1 bar, are included in
all the data were normalized at an energy 80 eV higher thathe EXAFS analysis by assuming that the path is already
the first inflection point. In order to calculate the pressure-buckled by 3° at atmospheric pressure th@still saturates
induced charge transfer in YBau,O,;_s we have used the close to 12°. But because of the limitations of the analysis
intensity variations in the spectral feature at 1 eV corre-method this may be an overestimate by as much as 3°. These
sponding to the monovalent Ci) atom$’~%" in the Cu results indicate a similarity between the structural distortions
K-edge XANES of YBaCu;0O;_s As the oxygen content in in YBa,Cu;O,_sand Lg_,(Sr, Ba)CuQ, systems in which

Absorption (A

1
o
L

V. SUMMARY AND CONCLUSIONS
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a buckling structure was observed at ambient pres§tite parallel ¢,) and perpendiculart() to the CuQ planes. With

and hlgh-DFGSSUf%- . the distortion of the @) atomst, is expected to decrease.
The magnitude of the MS effect decreasegascreases.  However, the effect of this decrease on the pressure deriva-

By 65 kbar it is no longer possible to separate th€1Bu  jye of T, is expected to be small since the dominant contri-

O(4)-Cu(2) from the other contributions to the peak at 3.9 A bution to the change i, comes from the carrier concentra-
in the Fourier transform of the EXAFS interference functmn.tiOn term according to this model.

Neutron diffraction may be able to follow the buckling into  wANES results suggesting a charge transfer of 0.0007
higher pressures. +0.0002 holes/kbar from chains to the planes agree with the
The anisotropy of the pressure dependence.dias been e iron diffraction resultdput neutron diffraction does not

reported from the discontinuities in the high resolution ther-ypserve buckling along theaxis. Other theories of the holes

mal expansion data. According to these studies the pressufgoquced ignore the possibility of buckling, but their results
derivative ofT is large and opposite in sign along th@nd  pracket our XANES number.

b axes but small along the axis leading to an overall low
pressure dependenceTf for YBa,CusO-_ s >° The buckling
structure can have important aspects explaining these
anisotropies. Burn®: proposing a coupling of superconduc-  The authors wish to acknowledge W. N. Hardy for pro-
tivity to the shear deformation along th&10], showed the viding the YBgCu;O;_; samples and J. Franck for assis-
dependence of . on shear stress) increases up to a critical tance with data acquisition. This work was supported by the
point at whichdT./dr=0 and decreases with further in- Natural Sciences and Engineering Research Council of
crease inr. Canada and the U.S. Department of Energy Grant No. DE-

The buckling structure can also have a contributiomto FGO06-84ER45613. Experiments were performed at Stanford
according to the resonating valence bond of Andetsan  Synchrotron Radiation Laboratory which is supported by the
which the logarithmic volume derivative df. is related ex- U.S. Department of Energy and the National Institute of
plicitly to carrier concentration and to the transfer integralsHealth.
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