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Abstract

Electron diffraction and imaging are very sensitive to the valence-electron distribution in materials at small scattering angles. We take
advantage of the large dimension of the unit-cell along dfsxis of YBaCuwO; and BiLS,CaCuyOg. s superconductors, to study the
distribution of charge carriers, crucial to understanding the superconducting behaviors in these complex systems. Electron pile-up associated
with a structural modulation in BEL,CaCuyQg, 5 Was imaged at an atomic resolution. Charge transfer normal -#hplane in YBaCuwO,
and BpSrL,CaCuyOg, 5 Was accurately measured and plotted using formal valences as a reference. The results were compared with the
electronic structures based on first principle calculati@$999 Published by Elsevier Science Ltd. All rights reserved.

Keywords:Quantitative electron diffraction and imaging; Charge density and charge transfer; Novel convergent beam electron diffraction; High-eemperatur
superconductors

1. Introduction associated with the superconductivity mechanism. This

observation once again pointed out the significance of

Most bulk and microstructural properties of a material understanding bonding, ionicity and valence-electron distri-

depend directly on the bonding between its constituent bution in a crystal lattice. Nevertheless, our knowledge of
atoms. Thus, to provide a fundamental description of the crystal bonding and charge distribution is often derived
physical behavior of a material, such as superconductivity, from theory or indirect evidence rather than from direct
it is essential to understand its electronic structure on aexperimental measurements. Meaningful experimental
subatomic scale, especially the spatial distribution of the data can be obtained only when the accuracy in the measure-
valence electrons that bind the atoms together. The impor-ment of the charge distribution is far higher than the differ-
tant correlation between the occurrence of superconductiv-ence between crystal models consisting of neutral atoms and
ity and the number of valence electrons, counting the ions. Accurate measurement of the distribution of the
number of electrons outside a filled inner-shell per atom, valence electrons are prerequisite to understand the super-
was first noticed by Matthias (1957). In high-temperature conducting properties of the cuprates from microscopic first
superconductors, electron holes are charge carriers. Theprinciples.
holes are known to be confined to the Gug@ane, but The charge distribution between adjacent atoms, which
their relationship to the magnetic and superconducting prop- depends on bond length and the symmetry of the atoms’
erties still remains elusive. The recent discovery of the arrangement and their electronic characteristics, determines
charge stripes in higf, superconductors and related mate- the bonding and ionicity of the crystal. In general, the elec-
rials (Tranquada et al., 1995) suggests that, below a certaintronic structure and crystal structure are strongly coupled
temperature, the electronic carriers become localized ontoand they are constrained by each other. Electron distribution
specific sites, which display long-range order throughout the in materials are traditionally studied with X-ray diffraction
crystal structure to form charge ordering that is directly techniques, and electronic energy levels and their symmetry

by emission and absorption spectroscopy with incident X-
- rays and electrons (Mker et al., 1989, 1995; Fink et al.,
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Fig. 1. Scattering amplitude of electron and X-ray diffractiSmndf*, respectively, for the Cu atom and Cion. The vertical dashed lines show the innermost
reflection positions of Bi/2212. Note, the huge difference in sensitivity to the rearrangement of the valence electron at small scatteringvaregletelogibns
and X-rays.

energy-loss spectroscopy, mainly to utilize its small probe the electron density of the diffracting crystal varies periodi-

to study structural defects. The strength and uniqueness ofcally along any direction through the lattice, similar to the

the electron diffraction and imaging techniques in determin- periodic distribution of atoms. The electron densityat the

ing charge distribution in these complex crystals have not pointr in the unit-cell can be expressed as a Fourier series:

received the same attention. In this article, we first discuss

the sensit.ivity of incident—electrons for detecting valence_ p(f) = = Z F3 exp(—2migr). 1)

electrons in materials, and the great advantage and potential V45

of studying charge distribution with TEM. As an example,

we examine how the Charge Ordering ir}ZEECaCLﬁ08+3 Here, V is the volume of the CrySta| unit-cell a.r@ the

(Bi/2212) can be revealed in high-resolution images. We reciprocal vector of the lattice pIand‘% is a Fourier coeffi-

then describe a novel electron diffraction technique we cient, or the structure factor of the reflectignmeasured

developed recently (Zhu and Tafto, 1997; Tafto et al., With X-rays, and is defined by:

1998) to determine charge distribution by accurately _, « i

measuring electron diffraction intensities as a function of Fg= Zfi ©® EXp(_BiSZ) exXp(—2migr) @)

crystal thickness, and the associated error analysis. Finally, '

we present the results of our measurements of the distribu-wheres = sin 6/A, 6 is the scattering angle andthe wave

tion of charge density and charge transfer in YB&O,-; length of the incident bearfy’ is the scattering amplitude of

and Bi/2212 superconductors. X-rays andB; the Debye—Waller factor of thieh atom. If we
use formal valence as a reference, the valence-electron
distribution, or the charge transfer, can be determined

2. Charge density and charge transfer directly by Fourier transform:

A good apprpximation in the study of the electronic struc- Ap(r) = p(r) — pr(r) = 1 Z(Fém _ Fgf) exp(—2mig).
ture of materials is to assume that when atoms are put A
together to form a crystal, only the valence electrons are 3)
rearranged. The term “valence”, which is sometimes ambig-
uous, in this sense describes the number of bonding elec-Here, the subscript m refers to the ideally measured values
trons per atom; material chemists prefer the term “formal of the X-ray structure factorsl,:g‘m, and of the electron
valence”. For ionic crystals, the formal-valence assignment densityp,(r) in the crystal, and refers to the corresponding
can be found in chemical tables, and that works well for the calculated values assuming atoms with assigned formal
synthesis of oxides, for example, to explain many chemical valence. In principle, if we can accurately meastgg,,
and physical properties and phenomena. Frequently, elecwe should be able to determine the charge distribution.
tron-structure calculations agree with these assignments.Charge distribution has been determined using X-ray and
Although highT, oxides exhibit many metallic properties, electron diffraction, but earlier only for systems with simple
the formal valence has been used to describe the actual ionicrystal structure and a small unit-cell, such as MgO (Zuo et
charge of the materials. al., 1997). The question we encountered was: does electron-,
The spatial distribution of valence electrons can be or X-ray-diffraction have sufficient sensitivity and accuracy
measured experimentally. In X-ray and electron diffraction, to determine the structure factors that are sensitive to a
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minute change of charge distribution in complex crystal holes in these superconductors, electron diffraction and
with a large unit-cell? imaging using these inner reflections are expected to reveal
information on the charge distribution in these materials. By
studying the intensity (amplitude and phase) of these reflec-
3. The sensitivity of electron probe to valence electrons  tions, or rather their structure factors, which can be deter-
in crystals mined by replacing the scattering amplitude of X-fayith

) ) that of electrorf® in Eq. (2), we can map the valence-elec-
3.1. Electron scattering amplitudes of a charged atom at  tyon distribution in these superconductors.

small scattering angles

3.2. Structure factors of ionic crystals near the forward

When an incident electron beam interacts with a crystal in girection (s~ 0)

a diffraction experiment, unlike X-rays that only see elec-
trons surrounding an atom, the high-energy electrons with  One controversy in electron diffraction concerns the scat-
an energy range 100—1000 kV see the electrostatic potentialtering amplitude at small scattering angles. It appears diffi-
of an atom with a positively charged nucleus screened by acult to accept that there is no singularitysat 0 for an ionic
negatively charged electron cloud. Thus, the scattering crystal with overall charge neutrality because of the singu-
amplitude of an atom for incident electrons at small scatter- larity for individual ions. Many electron microscopists have
ing angles is determined mainly by the net charge of the experienced the catastrophe that happens when the electrons
atom, rather than by the total density of electrons. In other are not conducted away so that the specimen gets charged
words, the electrostatic potential is strongly influenced by up. We now show that this does not happen, if we consider a
ionicity and charge transfer in the crystal. The difference in crystal unit-cell with charge neutrality. The atomic scatter-
sensitivity to charge transfer between electrons and X-raysing amplitude near the forward direction can be expressed

can be revealed by the Mott formula: as:
. 8m’mye’ [ 1 . . 8m’mye® [ 1
o= " (5 )@ @ G0 2 (G)2- @ n- . 5

where the superscript e denotes the scattering amplitude forHeren is the number of valence electrons on the charged
electrons, corresponding tofor X-ray. Z is the charge of  atom (positive for anions and negative for cations), arisl
the nucleusm, the rest-mass of an electro,is Planck’s a constant. Thus, the structure factor of the crystal in the
constant, ané the charge on the electron. Since incident X- forward direction is:
rays interact with electron clouds in materiafsjs deter- s o
mined by the spatial distribution of electrons around the Fg,, = W(i)z —n+ kS (6)
atom. Near the forward direction wheféis close toZ, h g
small changes ifi‘ can drastically altef®. For an individual
charged atom, or an ion, the electron scattering amplitude
near forward directiong= 0) approaches infinity (see Fig.
1), but not for a crystal if the neutrality over a crystal unit- 8m2moe’
cell is considered (see Section 3.2). Fig. 1 compares the™000 = ~ 32— ZKi’
scattering amplitude of an electron and an X-ray diffraction !
for a Cu atom and a Cuion. For scattering angles smaller which is a finite number. To demonstrate the validity of our
than says = 0.08 A%, there is a huge difference in sensi- argument, let us examine a simple ionic crystal, MgO.
tivity to the ionicity of an atom, i.e. the rearrangement of the Based on the scattering amplitudes of Rez et al. (1994),
valence electrons, between incident electrons and X-rays. we calculated its mean inner potential in the forward direc-
In high-temperature superconductors, the density of tion: Ug"o%o = Foog/mV, = 122 V. To evaluatec, we simply
charge carriers, or electron holes is typically considerably considered the difference in the X-ray scattering amplitudes
less than 1% of the total density of electrons (294 electrons of 0> ats= 0.05 compared wits = 0, giving x = 164.64.
per unit-cell for YBaCuO,_; and 1536 electrons for a Bi/  The same procedure was also used for thé Mmtion. The
2212 sub-unit-cell). This poses great difficulties in accu- calculated mean inner is close to that measured using inter-
rately determining the distribution of charge carriers using ferometry (Gajdardziska-Josifovska et al., 1993).
X-rays. On the other hand, YBawO;_s and Bi/2212 have We note that although the scattering amplitude of the
large crystal unit-cells, and their low-order reflections are at individual charged atoms approaches infinity for= 0,
very small scattering angles. The 001 and 002 reflections ofthe structure factor and the mean inner potential are finite,
YBa,Cu:0;_5, and the 002 and 004 reflections of Bi/2212, when the number of negative and positive elementary
marked by the dashed lines in Fig. 1, are especially sensitivecharges is equal. Nevertheless, in published tables on scat-
to the ionicity of electrostatic potential of the crystals. With tering amplitudes for incident electrons, one frequently
the large unit-cells and high local concentration of electron encounters finite scattering amplitudessat 0 for ions;

Because of charge neutrality in the unit-cell, the sum over
n;is zero, and the structure factor becomes
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electron diffraction experiments. For thin crystals, the inten-
sity is proportional tng|2. As shown in Eqg. (2), the struc-
ture factor Fy; can also be calculated if the scattering
amplitude of the charged atom and atomic coordinates are
known. Fig. 2 shows the change in calculatedY8€@ucture
factor for electrons and X-rays, after moving 0.02 holes
from the BaO plane to the CuO plane per ¥%Ba0-,
unit-cell. The lines show the positions of Bragg reflections.
Here, we defineAF® = F{ — F and AF* = F} — F), and

the additional subscript n and c refer to before and after the
charge rearrangement, respectively. Thg, normalized
difference in structure factors is huge for electron at small
scattering angles, and it exponentially decay with the
increase in the order of the reflections. (Note, moving 0.02
holes from Cu@ to CuO plane gives the same trend;
however, the 003 reflection intensity will be smaller than
that of the 004, because the rearrangement of holes spans 1/
3 of the unit-cell along the-axis). In contrast, the difference

and after moving 0.02 electron holes from the BaO plane to the CuO plane in structure factor for X-ray is very small even for low-order

per YBaCuwsO; unit-cell) as a function of the order of theld@flections for
YBa,CwO;. The vertical lines represent the position of the Bragg peéks (

reflections. It is clear that electron diffraction has a greater
sensitivity than X-ray diffraction in addressing the valence-

function). Note, the scales of the vertical axis are the same for electrons andg|ectron distribution in a crystal with the Bragg reflection at

X-rays, showing that the electron diffraction has a greater sensitivity than
X-ray diffraction to the valence-electron distribution in a crystal with Bragg
reflections at a small reciprocal distance.

a small reciprocal distance.

Another advantage of studying charge distribution at
small scattering angles in electron diffraction experiments
is that the accuracy of the atomic coordinates becomes

this is misleading because these tabulated values are not thenimportant, i.e. a small lattice displacement only influ-

real ionic-scattering amplitude of electronseat 0, but only
the last term8mw’mye®)/(h?)k in Egs. (5) and (6). We note
that the problem of singularity for individual ions can be
taken care of, when the Mott formula is used stringently by
considering the whole crystal and by conversion from X-ray
scattering amplitudes.

3.3. The effects of charge distribution and lattice
displacement on structure factors

We measure amplitude and phase of reflections in

2.0 T T T T T T

004 006 008

Reflection ( 001)

0010

Fig. 3. Normalized difference in intensit)AEg/fg)2 (with and without a
0.1% lattice displacement along tbéaxis) as a function of scattering angle,
showing the effect of small displacement on structure factor.

ences the intensity of reflections far out in the reciprocal
space. This fact can be easily revealed by calculating the
structure factor for a crystal with one atom being moved
fromr tor + Ar. For a centro-symmetric crystal with and
without a small displacemeutr, the difference in structure
factor AR, can be expressed as:

AFg = fg exp2mig(r + Ar) — fy exp2migr

= fy(cos 2ng-(r + Ar) — cos 2rgr) — ify(sin 2mg-(r + Ar)

— sin 2rgr)
= —2fy sin(mg-Ar)(sinwg-(2r + Ar) + i cogmg-(2r + Ar))
(7
AR [F AR AF;
fq fg

When the displacementr is small g-Ar < 1), AFg
increases monotonically. To clearly demonstrate the trend
of the variation in diffraction intensity with the reciprocal
lattice g, AFg was normalized by the scattering amplitude
fg, and plotted in Fig. 3 with a displacemefat = 0.1% of a
unit-cell dimension along thec-axis. In the case of
YBa,Cu;0-, this displacement amounts to 0.011Rg. 3
shows the negligible change in the difference structure
factor, or the difference intensity, due to the lattice displace-
ment at small scattering angles< 0.1 A™). Comparing
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determining the atomic positions of the modulated structure
since the discovery of Bi/2212 (Horiuchi et al., 1988), the
periodic black-cage-like contrast associated with the double
BiO layers observed in tha-axis projected atomic images
(Fig. 4) has long puzzled researchers. The displacive nature
of the modulation, apparently due to the insertion of extra
oxygen Q in the BiO layer, is well established. Neverthe-
less, the modulation induced displacement, or the deviation
in atomic coordinates from the sublattice of the crystal, as
determined by neutron and X-ray diffraction (Imai et al.,
1988; Gao et al., 1993), did not generate such contrast in
calculated high-resolution images. Traditionally, experi-
Fig. 4. An experimental HREM image of the displacive and charge modu- mental _electron-d|ffract|on pattem_s and elegtron-mlcr'o-
lation in Bi/2212, viewed along the [100]-axis. The embedded image (four Scope Images are compared with calculations, which
superlattice cell) is the calculated one based on the structure model shownassume that the atoms are neutral; in most cases this is a
in Fig. 5(a). Crystal thickness of 2.7 nm and defocus-060 nm were used good approximation for small crystal unit-cells with inter-
in the calculations. Note, the black-cage contrast represent pile-up of elec-p|anar spacings less than 0.5nm, as demonstrated by
trons. Gemming et al. (1997). However, for a crystal with a
large unit-cell, such as Bi/2212, this may not be so, and
Figs. 1 and 2 with Fig. 3, we note the complementarity of the the effect of charge transfer over a long distance can be
displacement of atoms over short distances and the chargesignificant. The insertion of the extra oxygery @ the
transfer over large distances. The significant influence of BiO double layer certainly causes lattice displacement and
charge transfer on electron diffraction intensity occurs at rearrangement of the local charge distribution. To under-
small scattering angles, and displacement of atoms occursstand the charge component of the modulation, we focused
at large scattering angles. X-ray and neutron diffraction on studying very thin areas of the crystal to minimize the
intensities are similarly influenced by displacement of multiple scattering experimentally, and also carried out
atoms, while the sensitivity at small angles to charge trans- dynamical calculations of electron diffraction and images
fer is unique for electron diffraction. using a multislice approach, and taking multiple scattering
into account.
The model we used for the calculations was based on the
4. High-resolution imaging of charge ordering charge assignment for Bi/2212 sublattice by Gupta and
Gupta (1994) (see Table 1), however, we extended it into
The key to imaging charge ordering using TEM is to use a three dimensional superlattice structure using the atomic
the high sensitivity of electron probe to the valence electron coordinates determined by neutron and X-ray diffraction
at small scattering angles. This is especially appealing for (Gao et al., 1993). We assumed that the holes were evenly
Bi/2212 superconductor which has a superlattice of dimen- distributed in Cu@ plane, while electrons in the BiO plane
sions 0.54x 2.6 x 3.1 nn? due to its structural modulation. were modulated along the- and c-axis with a body-
The low-order reflections associated with the superlattice, centered symmetry, as shown in Fig. 5(a), where the large
such as 011 and 002, are at very small scattering anglesdots for electronse™ represent high occupancy. With
Although HREM have played an important role in reference to formal valence, this model shows a pileup of

Table 1
Charge assignments for YRB21,0; and BySr,CaCuyOg, based on formal valence and models from electronic-structure calculations

YBach{;O7
Model Y BaO Cu@ CuO

Ba (e} Cu O Cu (0]
Pickett +3 + 2 - 1.69 + 1.62 - 1.69 + 1.62 - 1.69
lonic +3 + 2 -2 + 2 -2 + 2 -1
Bi,Sr,CaCuyOq
Model Ca BiO SrO Cu@

Bi (0] Sr (0] Cu (@]
Gupta + 1.598 + 0.996 —0.887 + 1.786 - 1.36 + 1.647 — 1.4905

lonic +2 +3 -2 +2 -2 +2 -2
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Fig. 5. (a) Structure model of the supercell (0:52.6 X 3.1 nnT) projected along the-axis in Bi/2212. Both lattice displacement and charge ordering
associated with the modulation are included. For elecgonthe large circles correspond to high occupancy; (b) crystal structure ofC(Ba;; (c) and Bi/
2212, showing their layer characteristics along ¢keis.

electron charge in the region of the BiO double layer where stripes in Bi/2212 to understand superconductivity mechan-
the atomic planes expand along the c-direction; this agreesism (Bianconi et al., 1996).

with the notion that electron doping increases the Bi—O Interpretation of high-resolution images is often compli-
distance (Pham et al., 1993). The embedded image in Fig.cated since they strongly depend on imaging conditions, and
4 is a calculated image, based on the structural model showrnsome of the experimental parameters, such as thickness and
in Fig. 5(a), and matches well with the experimental obser- defocus, are difficult to determine. In contrast, interpretation
vation. A crystal thickness of 2.7 nm and objective-lens of diffraction is rather straightforward. Fig. 6(a) shows a
defocus of — 50 nm were used in the calculation. Compar- selected area diffraction pattern of the (100) zone of Bi/
ison with the calculated images based on models consisting2212. The superlattice reflections are clearly visible. We
of neutral atoms suggests that the black-cage contrast issmphasize that even in very thin areas where multiple scat-
indeed associated with electron charge-cluster in the BiO tering is negligible, the intensity of the super-reflections
layers. Such a charge modulation was related to chargenear the forward direction, such as 011, are quite strong.
These super-reflections should not be visible in a kinema-
tical diffraction pattern if the superlattice is formed solely by
the displacive modulation, and the associated displacements
are not extremely large.

Fig. 6(b) and (c) are calculated diffraction patterns for
neutral atoms and charged atoms, respectively for neutral
atoms and charged atoms, based on many-beam dynamical
diffraction theory. The difference is significant. The diffrac-
tion pattern for neutral atoms only shows the sublatticé)(00
reflections near the forward direction, and the 011 reflec-
tions of the superlattice are invisible. This is in good agree-
ment with Fig. 3, since displacive modulation should not
alter the intensity of the reflections at small scattering
angles. Nevertheless, the diffraction pattern calculated for
charged atoms shows strong intensity for the 011 and 022
superlattice reflections (Fig. 6(c)), consistent with the
experimental observation shown in Fig. 6(a). Thus, it is
clear that, for a very thin crystal, the innermost superreflec-
tions visible near the forward direction result from the

. I . i charge component of the modulation.

Fig. 6 Selected area diffraction pattern in a thin Bi/2212 crystal: (a) The intrinsic difference in intensity distribution of the
experimental observation; (b) calculated pattern based on the model : . ; 8 .
consisting of neutron atoms; and (c) calculated pattern based on theiNner reflections in the selected area diffraction patterns in
model consisting of charge atoms, as shown in Fig. 5(a). Fig. 6(b) and (c) also suggests a significant change in the
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Fig. 7. (a) Experimental PARODI pattern of the [PSystematic row, showing diffraction intensity as a function of crystal thickness in Bi/2212. A line scan of
the intensity is also included. (b) An enlarged disk of the 0014 reflection. Note, the disk is rotated anti-clockwise oot @), and the thickness increases
from left to right. (c) Calculated intensity of the disk pattern (b) based on many-beam dynamic diffraction theory. (d) A line scan from a thick peap, map
using electron energy-loss spectroscopy, showing the linear increase in the thickness of a wedge we studied.

superlattice image, if a very small aperture covering only the overlap of the CBED disks. In determining charge distri-
the innermost super-reflections is used to image the modu-bution for high-temperature superconductors, we recently
lation. Inverse Fourier transformation of Fig. 6(b) gave only developed a new CBED method to simultaneously record
a one-dimensional lattice image along thaxis, while for diffraction intensity of many reflections as a function of
Fig. 6(c), a two-dimensional lattice pattern was generated. crystal thickness (Zhu and Tafto, 1997; Tafto et al., 1998).
As reported previously (Zhu and Tafto, 1996), careful Unlike conventional CBED methods, which focus the probe
experiments using such a small aperture in very thin crystal on the sample to retrieve structural information for different
regions did show two-dimensional body-centered superlat- beam orientations, we focus the electron probe above or
tice images when the crystal was viewed alongatais, in below the sample. By doing so, we were able to form
agreement with the black-cage pattern in Fig. 4. shadow image for many reflections simultaneously, that
contain not only orientation information, but also thickness
profile, orPendellsungplots. The thickness profile usually
5. Quantitative measurements of charge density and starts from zero up to a maximum that can range from 10 nm
charge transfer to several hundred nanometers, depending on the distance
from the specimen to the beam crossover. Fig. 7(a) is an
Because high-resolution images change with imaging experimental shadow-image or a diffraction pattern from a
conditions, quantitative measurements of charge distribu- wedge Bi/2212 crystal, using the Fuji Imaging Plate system
tion still rely on diffraction experiments (Gjonne and Boe, with our new 300 kV JEOL 3000F field-emission micro-
1993). Efforts to study charge distribution using electron scope, together with a line scan of the intensity shown
diffraction can be traced back to early 70s (Anstis et al., above. Because of the short reciprocal vectors along the
1973). In recent years, convergent electron beam diffraction c*-axis, we achieve parallel recordings of oscillating diffrac-
(CBED) techniques, especially with the aid of a field-emis- tion intensities (PARODI) as a function of thickness and
sion source and energy filter, have been used to accuratelyexcitation error (or incident-beam direction) for 30 reflec-
determine structure factors by comparing detailed featurestions in a one-second exposure. The orientation of the edge
(e.g. the intensity and position of high-order-Laue-zone of the wedge relative to the reciprocal-lattice row is unim-
lines) in the observed and calculated CBED disks (Tsuda portant, but it is most convenient to make a line scan when
and Tanaka, 1995; Terasaki et al., 1979; Vincent et al., the edge is normal to the In each disk in Fig. 7(a), the top-
1984). Such quantitative, high precision CBED studies left side of the shadow image corresponds to vacuum, as
can reveal important information about bonding and ionicity easily seen in the 000 disk. Fig. 7(b) shows an enlarged
for small unit-cell crystals (Zuo et al., 1988; Zuo, 1993; diffraction disk of the 0014 reflection from Fig. 7(a), after
Matsuhata et al., 1994; Zuo et al., 1997). a ~ 20 anti-clockwise rotation, and is compared with a
Conventional CBED techniques are not suitable for calculated one (Fig. 7(c)). The thickness in the disk
studying crystals with a large-unit-cell, partly because of increases from left to right. The intensity oscillation, or
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Pendellsungfringes, originates from the increase of thick- structure factors from electron diffraction experiments, then
ness, and its period normal to the wedge scales with theconverteng to Fy before performing the inverse Fourier
extinction length. transform using Eq. (1) to obtain the charge dengitin SI
There are distinct advantages of our PARODI method: (1) unit, the conversion can be expressed as:
dozens of reflections (30 reflections in Fig. 7(a)) in large ) .
unit-cell crystals can be recorded simultaneously, thereby Fg = Zzi exp(—B;s’) exp(—2migr) — 41785Fg. ®
ensuring that the exposure and the crystallographic direction !
of the incident beam are exactly the same for all reflections; The inaccuracy of X-ray structure factors at small scatter-
(2) the increase in intensity can be followed at a very small jng angle in determining valence-electron distribution is
thickness, where the relationship between the structureattributed to the large number of total electrons in the
factors and the intensities is simple, and where the problemsynit-cell. What is important for us is the difference between
of normal and anomalous absorption are minimized; (3) the measured structure factors and those calculated for ions
since the probe is not focused on the sample, the beamof formal valency. We thus avoid the large contribution
damage is much less than in conventional CBED; (4) the from the core electrons when we convert back from the
discrete data-points in each reflection acquired from differ- difference in structure factors between the measurement

ent thicknesses are considered to be independent, due to thgnd ionic model for electrons to that for X-rays to obtain
strong dynamical coupling of the different diffracted beams, Ap in Eq. (3):

resulting in a very high ratio of the number of observations

vs the number of variables. This is very important in the Fyn — Fy = —41788(F5, — F§). ©
fitting process giving a high level of confidence.The inten- _ . . .

sity distribution of the shadow image within the disks 10 dquantify the intensity oscillation, we calculated the
depends strongly on the crystal thickness. To simplify the Shadow image of the reflections using many-beam dynami-

analysis, an ideal wedge with a linear increase in thickness¢@ multislice, as well as the Bloch wave approach. We
is desirable. If we start from zero thickness, the linear found that although both approaches gave similar results,

increase in thickness warrants the possibility of using only the multislice approach is easier for image calculations,
one additional variable, the maximum thickness, to while the Bloch-wave approach is easier for diffraction
obtain a large number of intensity data points for different calculations. For this approach, the intensity of the
thicknesses. In practice, a good wedge is not very difficult to diffracted bea.m in a thin crystal can be expressed as
find, especially when the probe is close to the sample, or the (HoWie, 1978):

iluminated area is small. The shape of a wedge can be O ) Q) Gy RN

revealed by acquiring a thickness map of the area of interest's — Z CoCyCo Cg exp2mi(y” — v' )z exp—u2)
using an electron energy-loss spectroscopy, based on the

relationshipt = A In(ly/1), wheret is the thicknessl, the 10
integrated intensity of zerp—loss pezhkhe total intensity of wherey is an absorption parameter anthe crystal thick-
the spectrum, and the inelastic mean free-path of the nessCl represents theth excitation coefficient of thith

il

crystal. Fig. 7(d) is a line scan from a thickness mép, Bloch wave and denotes complex conjugatgandCy’ are
shov_vmg the linear increase in thickness of a wedge we eignvalues and eigenvectors to be determined by the
studied. relation AC; = yCgy; here,A is the structure matrix whose

The intensity distribution of the shadow image also o giagonal elements depend on the crystal potential and
depends on excitation error, as in the conventional CBED. giagonal elements on the orientation of the incident beam.
For the (00) reflections in high-temperature superconduc- \ye developed our own computer codes, and the calcula-
tors, the influence of the excitation error to the intensity ions ysually included more than 50 reflections.
distribution is very small, however, because (_)f the small  \ye compare the measured intensity-thickness profiles
convergent beam angle we had to use to avoid overlap ofyith calculated ones. We then refined the measurements
the reflection disks. It is evident from Fig. 7(b) and (c) that y systematically changing the charge distribution in
there is little variation in intensity with respect to the change ¢aicylations, and thus, the structure factor of the low-order
in the excitation error, or to the change of the position within reflections, until good agreement was achieved. To evaluate
the disks along the direction parallel to the specimen edge, e goodness of the agreement, we also developed an error
where the thickness of the crystal is constant. Thus, with the analysis procedure to derive the “best fit” between calcu-
crossover of the beam away from the specimen, a line-scanjated and observed intensities. We use Rrfactor defined
perpendicular to the edge of the wedge gives intensity oscil- by:
lations mainly as a function of the crystal thickness.

Our goal is to determine the valence-electron distribution Z [Tobs = lcall
in the crystals from electron diffraction data, especially the it
i R= —=—— %x100%
structure factors of the low-order reflections that are very Z [lobd
sensitive to the rearrangement of the charge. We measured ot
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Fig. 8. (a) Experimental PARODI pattern of the (001) system row in

YBa,CwOy; (b) a line scan of the intensity from (a); (c) calculated intensity

profile with the best fit to the experiment, together with the difference
profile; (d) calculated intensity profile based on the Gupta model; and (e)
calculated intensity profile based on the Pickett model.
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whereg; (i = 1,2,...) is the reciprocal lattice any (j =
1,2,...,50) represents the partition of the specimen thick-
ness. We note that thie factor differs from the one used in
traditional crystallography (Rietveld, 1969), where no varia-
tion with thickness is considered. In our approach, the
discrepancies between calculated and observed intensities
were summed up over all reflections and thicknesses.
Because the diffraction intensity is very sensitive to the
thickness, fitting the intensity profile for the entire range
of thickness is not a trivial task. The resultifgmay not

be a small value. However, the “best fit" is chosen when a
global minimum value oR is reached.

6. The valence-electron distribution of YBaCu;O; and
BizsrzcaCUZOg+5

Fig. 5(b) and (c) shows the crystal structure of
YBa,CusO; and BbSKhCaCuyOg,s, respectively, both
consisting of sequence of layers along tivexis. Since
we limited our study to the intensity profiles of the (PO
systematic reflection row, only the charge transfer between
the layers was investigated. Table 1 shows the charge
assignments based on first-principle electronic-structure
calculations by Pickett (1989) and Gupta and Gupta
(1991; 1994). Note, for YBEL WO, the assigned charge
by the Gupta model for Cu and O varies with their consti-
tuent atom in the plane, while, by the Pickett model,
identical charge was assigned to the same element. For
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Fig. 9. Plot of charge-density distributignalong thec-axis for YBaCuw0O,, together with the plot of charge transtep derived from the measurement, and

the Gupta mode using formal valence as a reference.
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both models show poor agreement with the experiment (Fig.
(a) () o) b 8(b)). For instance, the intensity variation at the thickness
= range of 40—60 nm in the 000 disk, which is very sensitive
{5 to the charge distribution, does not agree with the experi-
= ment. The agreement for the ionic model is even worse.
T Through an error analysis procedure, Bhgalue we calcu-
lated for the ionic model was 50.7, and 40.2 and 43.8 for the
Gupta and Pickett model, respectively. We note that the
(c) calculated intensity could be brought within an acceptable
range of the experimentally measured one by extremely
small adjustments to the models’ structure factors of the
ISP N, Oy SO a_=_-’5,—-.«»»-;-~.f;n low-order reflections, which illustrate great sensitivity of
o ol the electron diffraction to the charge distribution. The values
of the electron structure factors of the 001 and 002 of
YBa,Cws0,_5 change drastically, in going from a purely
ionic model to the model based on the electronic structure
calculation. On the other hand, structure factors of reflec-
tions farther out in reciprocal space are only modestly influ-
enced by the valence-electron distribution. However, the
sensitivity of electron diffraction at these low angles is so
high that by making the small changes relative to the model
(Gupta and Gupta, 1991) indicated in Fig. 8(d), the calcu-
lated diffraction patterns approached the experimental ones
with the smallesiR value of 16.8. Relative to the Pickett
T )it e ey o 3 sy et 00! (Pickett, 1920), tis motificaton amounts to moving
with t’he best fit to the experiment,)ltogetherywith the difference prgfilllje; (d) per unit-cell, 0.3 electrons from the BaO layer to the ¥
calculated intensity profile based on the Gupta model; and (e) calculated layer, and 0.05 electrons from the Cul@yer to the CuO
intensity profile based on the ionic model. layer. Based on the best fit, we obtained the 001 and 002
structure factors to the values- 3.4 = 0.9 and — 4.0 =
comparison, the formal valence assigned for the ionic model 1.1 A, respectively. These accuracies in electron diffraction
of Bi*", SP", c&", Y3, Ba?", C\¥", 0" and @ was also  correspond to accuracies of the X-ray structure factors of 0.1
included in the table. In the calculations, we used atomic and 0.4 electron, respectively.
positions that were determined by neutron and X-ray Fig. 9 plots the measured charge densijty for
diffraction (Jorgensen et al., 1990; Gao et al., 1993), and YBa,CwO-, with the horizontal axis as the position of the
the scattering amplitudes for X-ray diffraction from the (00) lattice planes for one unit-cell. Note, the shoulder on
International Tables of Crystallography (1992) for most intensity peak in the CuPplane results from the small
atoms and ions, but for © we used values of Rez et al. deviation of the Cu and O sites projected on to ¢hexis.
(1994). We converted these amplitudes to scattering ampli- The charge-density plot suggests that BaO planes have large

tudes for electrons by the Mott formula. number of total electrons, while the electron densities in the
CuO, CuQand Y plane are similar, about 60% of that in the
6.1. YBaCuO, BaO plane. Fig. 9 also shows the difference charge-density

profiles between the Gupta model and the ionic model, and

Fig. 8(a) shows an experimental PARODI pattern of the that between the measurements and the ionic model. They
00l reciprocal lattice row in a nominal YB&u,O; sample. represent the charge transfies, or valence-electron distri-
The corresponding line scan is shown in Fig. 8(b), after bution, in the crystal using formal valence as a reference.
subtracting background around the strong beam in the Integrating both difference profiles over the unit-cell of
forward direction. The thickness range was 0—50 nm, with 1.168 nm along the-axis results in a zero net-charge-trans-
(003) as the center of the Laue circle. Fig. 8(c) is the calcu- fer, suggesting charge neutrality over the dimension of the
lated intensity profiles with the best fit to the experiment. unit-cell. The difference profiles indicate that there is an
Adjustable experimental parameters were the thicknessappreciable discrepancy between the Gupta model and the
range, the incident beam direction, and absorption para-measured valence-electron distribution. The charge transfer
meters. in the Y and BaO planes in the Gupta model is quite small,

We compared the experiments with two charge distribu- as expected from the model in which these planes are nearly
tion models based on first-principle calculations by Pickett fully ionic in character, while our measurements show that
(1989) and Gupta and Gupta (1991), as shown in Fig. 8(d) there is significant excess of electrons in the Y and defi-
and (e), respectively. The calculated intensity profiles for ciency of electrons in the BaO plane. The relatively large
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positive value ofAp, especially the measured one, in the thickness range between the experiment, and the best fit has
CuO chain planes implies that sufficient electrons are trans-insignificant influence on the accuracy of the measurement
ferred into the planes. This transfer apparently is mainly of the charge distribution. The calculated intensity (Fig.
from the CuQ planes, but may also be from the BaO planes. 10(d)) based on the Gupta model (Gupta and Gupta, 1994)
For YBaCuwO;, Brown (1991) concludes, using bond- shows small deviation with the experiment, with= 39.3.
valence considerations on the crystallographic data from In contrast, the purely ionic model can be completely ruled
neutron diffraction (Jorgensen et al., 1990) that we used in out because its intensity of the 002 reflection is too low,
this study, that there are 0.3 electron holes per Qut in while that of the 004 is much too high, tHe value we
the CuQ planes. The electronic structure calculations derived reaches 79.6. The best-fit intensity profile to the
Pickett (1989) and Gupta and Gupta (1991) suggest 0.24experiment, Fig. 10(c), was achieved by a very small adjust-
and 0.28 holes, respectively, and our experimental study ment to the intensity profile of the Gupta model, Fig. 10(d),
suggests 0.25 electron holes per GuAit. moving 0.144 electron from the SrO layer to the BiO layer
and 0.056 electron from the SrO layer to the Gleyer per
unit-cell. Through gquantitative refinement, we concluded
that for BLSr,CaCuyOs the value of the structure factor of
Fig. 10(a) is an experimental PARODI pattern, showing the 002 and 004 reflection ar¢ 15+ 10and — 5+ 5 A,
the variation of the diffraction intensities with the thickness which after conversion to X-ray structure factors, are
for the (00) reflections in BjSn,CaCyQOg,s. The illumi- —157.9+ 0.4 and 1.65+ 0.8 electrons, respectively.
nated area covers a thickness range of 0-60 g € Fig. 11 shows the measured charge distribujoalong
60 nm) with the center of the Laue circle at 001. The corre- the c-axis in Bi/2212 over one unit-cell dimension. The
sponding line scan of the intensity in Fig. 10(a) is shown in lattice planes are labeled above the charge density peaks.
(b). Fig. 10(c) shows the calculated intensity using 51 beamsWe note that there is a high, well-separated electron-density
with the best fit of the 002 and 004 structure factors \Rith distribution around the double BiO layers and very low
16.9. The agreement for areas with smigll, usually is density in CaO. The density in the Cy@nd SrO layers
better, because there is a much less dynamical coupling ofare similar, less than half of that in the BiO layers. Below
the diffracting beams, as we reported previously tfer the charge-density plot are two difference charge-density
0-6 nm (Wu et al., 1999). Note, a small deviation in the profiles, showing the discrepancy in charge transfer
intensity of high-order reflections, such as 0012, in certain based on the measurements and the Gupta model, using

6.2. BizsrzcaCl&OB.;.,g
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the formal valence as a reference. Both the Gupta model and potential of crystal wedges using digital electron holography. Ultrami-
the experimental observations indicate excess valence elecb Cr‘;scgpy 50, 285%99- OE. Moodenbauah. AR. 1993 Combined X
trons associated with the BiO double layer, consistent with ~3 '~ ©OPPENSs, £, -0x, ==, Moodenbaugh, A1, 2993, L-ombined -

. . ) . ray single-crystal and neutron powder refinement of modulated struc-
the HREM observations. It is interesting that the h|ghe3t tures and application to the incommensurately modulated structure of

charge transfer occurs in the interstitial position, rather  Bi,S,LCaCyOs,,. Acta Cryst. A49, 141-148.

than in the BIiO layers, suggesting possible covalent-bond- Gemming, T., Mobus, G., Exner, M., Ernst, F., Ruhle, M., 1997. Ab initio
ing character of the BiO double layers. Both profiles also ;_RTE’V' Simfgl,%ﬁ%gs g; lonic crystals: a case study of sapphire. J.
Pt : [ . - icrosco , 89-98.

indicate that Ca I.S n.early completely !OnIC with negligible Gjonne, K., g)(ge, N., Tafto, J., 1993. Distribution of holes in ¥B&O;
charge transfer, similar to the Y plane in Y&a,0;. There form convengent beam electron diffraction. Ultramicroscopy 48, 37—
are some minor differences between the Gupta model and 41,

the experimental observations. Tl profile from the Gupta, R.P., Gupta, M., 1991. Order-disorder-driven change in hole
measurement implies that the valence distribution in the  concentration and superconductivity in Y&akOss Phys. Rev. B

. . 44, 2739-2746.
cr:]uoz and SrO | planes IS hneafz equal’ while Ithat from Gupta, R.P., Gupta, M., 1994. Electronic-structure calculation of the hole-
the Gupta mode suggests that there are more electron trans- carrier-density distribution in BEL,CuG;, Bi,SL,CaCuyOg, and BpSr,.

ferred into the SrO plane than into the Gu@ane. CaCuy0;, superconductors. Phys. Rev. B 49, 13154-13159.
Horiuchi, S., Maeda, H., Tanaka, Y., Matsui, Y., 1988. Structure analysis of
. the Bi(Sr, Ca)Cw,0g, superconducting crystal based on the computer
7. Conclusion simulation of HRTEM images. Jpn. J. Appl. Phys. 27, L1172-L1174.
Howie, A., 1978. High voltage electron microscopy: the theory of high
We demonstrated that high-energy electron probe is one energy electron diffraction. In: Amelinckx, S., Gevers, R., Van Land-
of the most sensitive techniques for determining structure uyt, J. (Eds.). Diffraction and Imaging Techniques in Materials Science,

. . . North-Holland, Amsterdam, pp. 457.
factors and charge distribution at small scattering angles. |t1992. International Tables of Crystallography, C, Kluwer Academic,

can be used to study extremely small changes in the  porgrecht pp. 475-499.

valence-electron distribution, even in complex crystals Imai, K., Nakai, I., Kawashima, T., Sueno, S., Ono, A., 1988. Single crystal
containing atoms of high atomic numbers with a high X-ray structure analysis of BiSr, Ca)CuQ, and Bi(Sr, Ca)Cu,0O,
density of core electrons, such as the high-temperature Superconductors. Jpn. J. Appl. Phys. 27, L1661-L1664.

superconductors. For example, the movement of 0.05 elec->°'9ensen: J.0., veal, BW., Paulikas, A.P., Nowicki, L.J., Crabtree, G.W.,
. Claus, H., Kwok, W.K., 1990. Structure properties of oxygen-deficient
tron holes per unit-cell of YB&£u0; between the CuO YBa,CwOr_s. Phys. Rev. B 41, 1863—1877.

chain and the CuPplane that corresponds to rearranging Matsuhata, H., Gjonnes, J., Tafto, J., 1994. A study of structure factors in
1 out of 5000 electrons in the crystal, changes the 001  rutile-type Sn@by high-energy electron diffraction. Acta Cryst. AS0,
structure factor of electron diffraction by 1, Avhile we 1&_5‘122- 057 5 Suctivity i the period

determine this structure factor with an accuracy of 0.9 A Mat;e'i]sp; BF;E;: 2571'385‘)165?0” uctivity in the periodic system. Prog. Low
Electron diffraction and imaging, especially combined with Nucker, N., Pellegrin, E., Schweiss, P., Fink, J., Molodtsov, S.L., Simmons,

electron energy-loss spectroscopy, can be a unique and c.T., Kaindl, G., Frentrup, W., Erb, A., Muller-Vogt, G., 1995. Site-

powerful tool to reveal electronic structure of materials of specific and doping-dependent electronic structure of ZBD,

complex systems. probed by O 1s and Cu 2p X-ray-absorption spectroscopy. Phys. Rev.
B 51, 8529-8540.
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