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Test of first-principle calculations of charge transfer and electron-hole distribution
in oxide superconductors by precise measurements of structure factors
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We use an approach in electron diffraction, based on quantitative analysis of diffraction intensity of many
reflections as a function of sample thickness, to determine Fourier components of the electron distribution in
crystals. For short reciprocal vectors our measured accuracy of the Fourier components is, to our knowledge,
far beyond previous achievements. This technique is used to study charge transfer and electron-hole distribu-
tions in the high-temperature superconductorsSBCaCuyOg, s and YBgCu;O,. Our experimental results
agree well with electronic structure calculatiohS0163-182@99)02210-9

A great challenge in the studies of condensed matter is to axis in these complex crystals, and compare our findings
measure the redistribution of electrons that takes place whenith published electronic structure calculations.
atoms assemble to form solids, and a good approximation is Along the c axis, of length 3.08 nm, B&r,CaCuyQOg, s
that only valence electrons are rearranged. Thus, if the x-ragonsists of the sequence of layers indicated in Fig. 1 of pe-
structure factors are known, the valence electron distributiomiod c/2, resulting in the reflections 062-1 being extin-
can, in principle, be determined directly by Fourier trans-

form: Ap=pn—pa=2(Fgm—Fga)exp2mig-r. Here, the T — 1 T T 1 T
subindexm refers to the ideally measured values of the struc- 2 b ® Ionic 1
ture factors=g and of the electron densipy(r) in the crystal, (] 0 Ref. 10

anda refers to the corresponding calculated values assuming -
unperturbed atoms. However, the extraction of sensible in- 1k e o -
formation about the valence-electron distribution requires, in &

addition to extremely accurate measurements of the ampli- = o n]

tudes of the x-ray structure factors, also knowledge of their S ok (] ° ° o
phases that are generally inaccessible from kinematical dif- §

fraction experiments. Electron diffraction of fast electrons M

offers a means of extracting the phases of the structure fac- =

tors because of the strong dynamical coupling between dif- -1F .
ferent beams. Furthermore, in electron diffraction, those O (]

structure factors of reflections at small scattering angles that

are present for large unit-cell crystals are strongly influenced 2t ° ® J

by the distribution of the valence electrons in the crystal. ) [ T T R !

These advantages of electron diffractidmave regained at- BiO  SrO Cu0,Ca Cu0O,5rO BiO
tention in the last few years,” and it was shown in a recent - ) —————
papef that a picture of the charge distribution based on an .

ionic model, with minor adjustments, fits the electron dif- _Reflections 002 004 006 008 0010 0012
fraction data of MgO very well. With a recently invented Electrons

technique of electron diffraction based on simultaneously  1gpie 47,9 4 5.8 5T 80.1 -87.3
fo;lming szw?dow images and thiclzkndess fringesh of man;(; Ref. 10 15.8 04 5.6 5.4 79.3 -89.0
reflections;” we can now accurately determine phases an

amplitudes of reflections at small scattering angles in com- Heasured B0 -5.065 5.047 -52.04 7.3 -89.0
plex crystals. By using this technique, we here address X-Iays

charge transfer and distribution of electron holes in the su-  Ionic -150.7  -5.0 ' 75.2 -B66.7 574.6 -672.1
perconductor YBgCu;0; and in the structurally more com- Ref. 10 -157.9 0.0 75,2 -565.5 575.4 -669.5

plicated one BiS,CaCuyOg. s (0.12<6<0.15). For these Converted -157.9¢0.2 1.6+0.8 75.5#3 -570.743 575.4 -669.5
complex crystals neutron and x-ray diffraction have previ-

ously been used indirectly to determine the electron-hole dis- £ 1. charge at the different atomic planes alongdiagis of
tribution in the Cu@ planes by using empirical bond valence g;,sy,cacy0. ; in the ionic model and assigned from electronic
consideratiorfson accurate data of interatomic distances andstrycture calculation The sequence of atomic planes is indicated
coordination numbers. The valency of the different ions hasong the horizontal axis. Also shown are the structure factors for
also been addressed directly by x-ray diffractiofhe elec-  electron diffraction and x-ray diffraction calculated assuming a
tron holes play a central role in high-temperature superconpurely ionic model and using the charge assignment of Ref. 10, and
ductivity because they are the charge carriers in these impoas measured and converted from the present electron-diffraction
tant materials. We focus on the charge modulation along thexperiments.

0163-1829/99/5®)/60354)/$15.00 PRB 59 6035 ©1999 The American Physical Society



6036 BRIEF REPORTS PRB 59

guished. With origin chosen at the Ca atom, Fig. 1 also

shows calculated structure factors for electron and x-ray dif- @ ) A/\\/\
fraction for two different models of the charge distribution;

ions of formal valence, i.e., Bi, SP", C/", C&" and 7\ :

O?", and a charge distribution determined by electronic /// ‘,‘\\\

structure calculation¥ We used atomic positions that were @®®g\§

determined by a combination of x-ray and neutron

diffraction!* and the scattering amplitudes for x-ray diffrac- 000 L0

tion from the International Tables of Crystallographyor © » ' ’

most atoms and ions, but for ® we used Ref. 13. We (d) 9 ) ]
converted these amplitudes to scattering amplitudes for elec- ) e | TR

trons by the Mott formulaf .~ (Z— f,)\?/sir? 6. The calcu-

lated values of the structure factors in Fig. 1 illustrate the FIG. 2. (a) Schematics of the electron-diffraction techniq(®.
great sensitivity of electron diffraction to charge distribution A 220 diffraction disc from Si with the crossover above the speci-
for the low index reflections. The values of the structuremen. The horizontal scan of the 220 disc corresponds to a rocking
factors of the 002 and 004 reflection change drastically ircurve and a vertical scan to thickness fringes, (d), and(e) are
going from a purely ionic model to the model based on thediffraction patterns of the 00 reciprocal lattice row of
electronic structure calculatidfi.On the other hand, struc- Bi2SpCaCuyOs. ; for different thickness ranges aofc) 0-6 nm,(d)

ture factors of reflections farther out in reciprocal space ar&—60 nm, ande) 0-150 nm.

only modestly influenced by the valence-electron distribu- _ ) .
tion. of Fig. 3@ is reasonable for the model based on electronic

Whereas conventional convergent beam electron diffracStructure calculation$ Fig. 3(b), whereas the purely ionic

tion uses~1 nm probe focusing on the sample, our teCh_model, Fig. 3c), can be ruled out because the intensity of the

nique to determine structure factors focuses the electroff02 reflection is far too high. We now move to the larger
probe above a thin wedge of crystal so that an area of dianfhickness range of Fig.(8), which is a scan of Fig. @)
eter 100 nm or more is illuminatedig. 2@]. In our tech-  SPanning the thickness from 0 to 60 nm. Calculations based

nique, the current density is reduced by at least four orders & Ref. 10 gave a good fit. After a small adjustment to the

magnitude, thus minimizing electron-beam damage while acfodel by moving 0.144 electron from the SrO layer to the
quiring structural information from various thicknesses. A BIO layer and 0.056 electrons from the SrO layer to the CuO

diffraction disc recorded using this technique is demonJayer per unit cell, the calculated structure factors become

strated for Si in Fig. &). The horizontal scan in Fig.(B) consistent with the experimentally measured values. To

represents the intensity variation with incident-beam direcvaluate the goodness of fit and estimate the error range of
measurement, we modified tRéactor traditionally used

tion, as in a conventional convergent beam diffraction pat-_the 4 -
tern; the vertical scan shows the variation with specimer crystallography”®  R=(Zg, |l obs~lcall/ g, 1|l ond)
thickness. In the present study, we had to use a relatively< 100, whereg; (i=1,2...) is a reciprocal vector artd (j
small convergent beam angle to avoid overlap of the closely=1,2...50) represents the partition of the thickness. We note
spaced reflections, thus limiting the information with that ourR factor is much more demanding than the tradi-
incident-beam direction. However, with the crossover abovédional one that considers only a constant thickness. Here, we
the specimen, we can still observe intensity oscillations as take into account the variation of the intensity profile with
function of specimen thickness, and, more importantly, suctihickness for the different reflections. TRevalues for Figs.
oscillations can be observed simultaneously for many reflec3(b) and(c) are 15.2 and 38.8, respectively. Thdggalues
tions in crystals with large unit celfs’ must be judged on the fact that for this dense reciprocal row
High quality wedge crystals were prepared using a wedg#he dynamical coupling between the reflections is very
polishing technique with the tripod polisher developed bystrong. Thus, small changes in the values of the structure
South Bay, Inc. Figures(®)—(e) show diffraction patterns factors drastically alter the intensity of the reflections with
with the crossover of the electron probe at increasing disincreasing thickness. In most situations, &factor is below
tances from the specimen of Bir,CaCyOg, s Dynamical 0.01 in thin areas of maximum thickness less than 5 nm
Bloch wave calculations were done by including 51 beamswhere the scattering is close to kinematical. TReactor
Adjustable experimental parameters were the thicknesgiay exceed 0.5 for a thickness larger than 100 nm due to the
range, the incident beam direction, and an absorption paranstrong dynamical coupling between the reflections. Fhe
eter. Since the areas were thin we used the same absorptigalue can be significantly reduced for thick crystals if we
parameter for all Bloch waves. integrate over the whole rang of thicknesses, similar to the
We now compare our observations of,8,CaCyQg,; Case of x-ray diffraction, i.e., considerifigjis a function ofg
with different models of the charge modulation, starting withonly, rather tharg andt. Through quantitative refinement,
thin region ranging from 0 to 6 nm represented by Figy)2 Fig. 3(€) we concluded that for Ber,CaCyQOg the value of
A scan of this diffraction pattern after subtracting the back-the structure factor of the 002 and 004 reflections -akb
ground around the strong beam in the forward direction ist4 A and —5=5 A which, after conversion to x-ray struc-
shown in Fig. 3a) (note the thickness increases from left to ture factors, are—157.9-0.2 electrons and 1:60.8 elec-
right within the discs The calculated diffraction patterns, trons, respectively.
convoluted with a Gaussian beam spread function, are shown A somewhat simpler system than,Br,CaCuyOg, s is the
in Figs. 3b) and Zc). The agreement with the observations YBa,Cu;0; superconductct. Figure 4a) shows scan of a
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FIG. 3. (a) Scan of the intensity profile of the diffraction pattern
of Fig. 2(c). Note the 00-2 peak is shadowed due to overlap with the
high intensity outside the specimen in the 000 di&¢.and(c) are
calculated profiles for two models of the charge modulatighg:
Ref. 10;(c) purely ionic.(d) Scans of the intensity profile of the
diffraction pattern of Fig. @). (¢) Calculated intensity profile with
the best fit of the 002 and 004 structure factors. The difference
(dotted ling between the observations and calculations(prand
(e) also are included. The center of the Laue circle is at 00-17 for
(a), and 001 for(d).
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diffraction pattern of the 001 reciprocal lattice row. Using -2 1 [ 1 1

crystallographic data from Ref. 15 and origin chosen at the CuO BaO Cu0O,Y CuO, BaO CuO

CuO plane, we obtained the smalléstvalue of 16.8, Fig. -  —

4(b), by adjusting the scattering amplitude of the 001 and

002 structure factors to the values3.4+0.9A and —4.0 Reflections 00t 002 003 004 005 006

+1.1A, respectively. These accuracies in electron diffrac- Electrons

tion co(rjresponld to accuracies of tlhe X-ray strucrt]ure :lactors of Ref 17 9.1 -0 200 <35 16.6 213

0.1 and 0.4 electron, respectively. By using the charge as-

signed to the atomg fr0r>rl1 )électrgnic strugture Neasured -3.440.9-4.041.1 -11.240.9-4.541.0 16.6 213

calculations®1’ the agreement with experiment was poor, as X-rays

shown for the model of Ref. 17 in Fig(e) with anR value Ref.17 6.6 -18.5 -41,9  -22.5 102.3 150.9

of 40.2. However, the sensitivity of electron diffraction at

these low angles is so high that by the small changes relative

to these models indicated in Fig(d}, the calculated diffrac-

tion patterns approacheq the e.)(.peri.mental Ones. Relatiye to FIG. 4. (@ Intensity scan from a diffraction patterns of

the quel of Ref. 16, this modification amounts to MOVINGy g, 1.0, with thickness ranging from 0-50.0 nfthe center of

per unit cell 0.3 electrons from the BaO layer to the Y Iayer,the Laue circle is at 003(b) Best fit to the observations, together

and 0.05 electrons from the Cu@yer to the CuO layer. th jts difference(dotted lin. (c) Calculations using the model of
The structure factors of the low-order reflections could beret. 17. (d) Charge distribution in different models. The open

brought within acceptable range of the experimentally detergircies are for the modification described in the text that gave an

mined values by extremely small adjustments to the modelsntensity profile in fair agreement with the observations. Also

For YBaCu,O; Brown® concludes using bond valence con- shown are the structure factors for electron diffraction and x-ray

siderations on the crystallographic data from neutrondiffraction as calculated using the charge assignment of Ref. 17,

diffraction®® that we use in this study, that there are 0.3 elec-and measured experimentally from the present work.
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tron holes per Cu@unit in the CuQ planes. The electronic the CuQ plane that corresponds to rearranging 1 out of 5000
structure calculatiot&!” suggest 0.24 and 0.28 holes, re- €lectrons in the crystal, changes the 001 structure factor of
spectively, and our experimental study suggests 0.25 electrdflectron diffraction i 1 A while we determine this structure
holes per Cu@unit. factor with an accuracy of 0.9 A. With this great sensitivity,
To summarize. we have shown that electron diffractionVe feel confident that the technique which we developed to
can be used to st;de the small changes in the electron dist study structure factors and valence-electron distribution of
. . . i,Sr,CaCyO and YBaCuO;, will become a rather
bution, and this can be done even in complex crystals con- 2> 2 8to 8D
taining atoms of high atomic numbers sEch asythe high_general procedure for precision studies of complex crystals.

temperature superconductors with a high density of core The research was supported by the U.S. Department of
electrons. For example, the movement of 0.05 electron holeSnergy, Division of Materials, Office of Basic Energy Sci-
per the unit cell of YBaCu;O; between the CuO chain and ence, under Contract No. DE-AC02-98CH10886.
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