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ABSTRACT ,

Monte Carlo simulations were performed with a lattice gas model which represents the interactions ;I
I

between oxygen atoms in YBa2(Cut.,M,)3OT.6 (M=Fe, Co, or AI, 0.03<x<0.1) system. The t
t

amplitudes of concentration waves / displacement waves obtained from these simulations then were

used to calculate the intensity of the diffuse scattering of tweed seen in the electron diffraction

pattern. The characteristic features of the tweed image were produced by calculation, using a model

based on the contrast originating from structures with displacive modulation, stacking on the top of

each other. Both calculations agree well with the TEM observations and provide an useful basis for

a better insight into the origin of the tweed structure.



§1. Introduction

Tweed, a structural modulation, exhibits a roughly periodic lenticular domain image (Fig.l(a)) with

associated streaks of diffuse scattering around the fundamental reflections in a diffraction pattern

(Fig.l(b)). Tweedy modulation can be readily detected by transmission electron microscopy (TEM)

for certain binary alloys, which usually present statistical fluctuations in their composition or in an

order parameter, l"s In superconducting oxides, tweed (once proposed as possible flux-pinning

centers) is observed in YBa2(CuI.,M,)3OT.6(M =Fe, Co, or Al, x > 0.025, 8-3x/2), 6"1°and oxygen-

reduced YBa2Cu3OT._(g-0.6-0.8), !1i.e., for a composition where the superconductor appears to be

tetragonal rather than orthorhombic from observing the fundamental reflections in diffraction

experiments. The origin of tweed has been studied for many years, but is not completely understood.

Recently, several groups carried out elegant experiments and analyses on tweedy modulation in

YBa2Cu3OT._system,ms Skjerpe et al. proposed that (110) microtwins with orthorhombic symmetry

are responsible for the macroscopic tetragonal symmetry in these alloyed superconductors, 12 while

Jiang et al.. suggested that a random distribution of oxygen atoms in YBa2(C_gssAl0.04s)30_would

result in the diffuse streaks seen in diffraction. 13 On the other hand, Semenovoskaya et al.

demonstrated that tweed structure is a metastable phase, and that the usual twin structure is formed

by coarsening and refining the transient tweed structure._4To understand the origin of the tweed in

YBa2(Cu_.,M,)3OT.,_,in this article, we report our observations and interpretation on tweed

morphology, or image contrast, and its associated diffuse scattering made by computer simulations

in real space and reciprocal space. For diffuse scattering, we used a displacement wave /

concentration wave approach; the configuration of oxygen atoms wasobtained by applying the Monte

Carlo method to a lattice gas model, t5 For morphology, we used a simple model based on the

contrast originating from structures with displaced domains stacked on top of each other along the

c-axis. Our study clearly showed that the [110] and [-110]shear displacement produced by the short-

range ordering or clustering of oxygen around the impurity atoms M on the Cu(1)-O "chain" plane

is responsible for the formation of tweed in Fe-, Co-, or Al- alloyed YBa2Cu3074.
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§2. Diffuse scattering

2.1 Observations

Fig.l(b) shows a selected area diffraction pattern of the [001] zone from a typical sample of

YBa2(Cuo.97Fe003)3OT,6.The overall pattern has a four-fold symmetry and all the Braggspots appear

to be superimposed by two cross-streaks of same length in the [110] and [-110] directions, ttowever,

careful inspection of this figure reveals that the shapes of the diffuse scattering around the Bragg

spots are not ali identical. The lengths of the streaks increase with increasing distance from the

origin. Furthermore, the radial streak at high-order [hb0] and [-hb0] reflections is shorter and

weaker than the non-radial streak at the same spot. Such a difference is particular evident for a very

thin sample, demonstrating the existence of slrong double-diffraction effects, as is commonly

observed in electron diffraction. One Bragg reflection may act as a new incident beam, i.e., the

diffuse scattering at [uvw] is scattered by the [hkl] reflections into [uvw]+[hkl]. To minimize, the ]

double-diffraction effects, the number of reflections should be reduced to a minimum by tilting the

sample away from zone axis. We found that when double diffraction is reduced, ali [h00] and [0k0]

reflections remain cross-shaped. Nevertheless, for ali [hh0] and [-hh0] reflections the intensity of

non-radial streaks remains strong, while the intensity of radial streaks disappears, ts Thus, we

conclude that the radial streak is due to double diffraction, while the other non-radial streaks reflect

the nature of the tweed structure. The [001]diffraction pattern from tweed is illustrated in Fig.2,

after removing the double-diffraction effect. The streaking of diffraction spots in reciprocal space

can be attributed to a strain effect in real space. Due only to the strain, the shape of the diffuse

scattering around the Bragg spot depends strongly on the index of that spot, and iszero at the origin.

For a lattice with displacement vector It streaks in the diffraction pattern will be visible through

reflection g for which R.g,,n (n =0,1,...) and invisible for R.g=0.

2.2 Calculation

2.2.1 Oxygen ordering on a rigid lattice

The anisotropic lattice gas model for the YBaz(Cut.IM,)307,_system is based on the assumption that
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the interaction between oxygen atoms can approximated by a metallically screened Columb

interaction and that impurity doping and oxygen ordering happens only in the CuO basal plane, tr,ta

This is reasonable for oxygen concentrations 8<0.5. In addition to the Columb repulsion, two

oxygen atoms bridged by a Cu atom also experience a short-range attraction due to covalent bonding.

Since the elastic energy associated with lattice distortion is much sm211er than the energy associated

with the redistribution of oxygen between different lattice sites, the elastic energy can be treated as

a perturbation of the lattice gas model Hamiltonian on a rigid lattice.

The structure of the CuO basal plane is approximated by a two-dimensional square lattice consisting

of Cu atoms, oxygen atoms, and oxygen vacancies (Fig.3). When a di- or mono-valent Cu ion is

replaced by an impurity ion M such as Fe, Co, or Al an extra hole will tend to localize near the M

site, i.e., the M ion becomes effectively trivalent. This has two major effects: (a) the binding energy

of an oxygen ion near the M site increases; and Co)the repulsion between oxygen atoms near the

M site increases, due either to the increase of the negative change of oxygen ions or to the decrease

on local screening. Based on this picture, the Hamiltonian representing the M-doped YBa2Cu3074

system is:

H'(_> Vx,jn,nj+V2(_b n,n,'{_. V,l,n,nj+_ E,nl

where VI, V2, V3 are the interaction parameters, _ is the single-site binding energy, and ni is the

oxygen occupational operator, t_ The oxygen configuration near a single impurity atom M is shown

in Fig.3. By minimizing the energy, the impurity atom forces the oxygen to form a short Cu-O chain

along the a-axis, thus forming a local "cross-link" around the impurity site. Experimentally, the

distribution of M ions is found to be uniform in sintered samples, therefore, we assume that the M

atoms randomly occupy Cu sites.

Monte Carlo (MC) simulations were performed using Kawasaki dynamics. Lattice sizes ranging from

32x32 to 100xl00 with periodic boundary conditions were used. The high temperature configuration
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was obtained by performing a MC simulation at T=2300K, and the system was equilibrated at this '

temperature with 10,000 MCS/site (MCS =Monte Carlo steps). The low temperature configurations ,

wcrc obtained by lowering the temperature of the system to 300 K in steps of 100K; 2,000 to 10,0OO

MCS/site were used to obtain the thermodynamic average for each temperature.

Fig.4 shows a typical oxygen and Fe configuration of YBa2(Cuz97Fe003)307._ with Fe randomly

distributed. The local "cross-links" formed around Fe atoms disrupt the orthorhombic structure, and

overall, the system shows a tetragonal symmetry. Since the oxygen atoms can be regarded as

interstitial in CuO planes causing expansion of the lattice parameter in the direction of the Cu-O

chain and contraction perpendicular to the Cu-O chain, the resulting lattice distortion caused by

"cross-links" is along the [110] and [-110] directions.

2.2.2 Diffuse scattering arising from lattice displacement

Because the distortion of the lattice due to oxygen ordering is small, a linear elastic approximation

can be used to study this distortion in the YBa_(Cut.,M,)30_._ system. At the long wave-length limit,

the displacement of the lattices can be written to the first order as follows: txt9

8R s'_ A _TCqeXp(-i_R m)
q

where cq is the amplitude of the planar oxygen-concentration wave with wave vector q. A,i is

determined by three inhomogeneous linear equations:

ql ljlm1_jnlAqm'lijl_r]jLl=

where summation is made over repeated indices; Xi.. is a component of the elastic modulus tensor;,

ni is a component of the unit vector la=q/q, and/.t, is a component of the strain tensor describing

the correlation between the lattice constant and the oxygen concentration of the CuO basal plane.

Once A,a is obtained from the above equation, we can derive the intensity of the diffuse scattering
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due to lattice distortion for a small displacement q of the scattering vector away from the

fundamental reflection QI9:

- tF(o) le(a .g+a zg)f

where c'q and cYqare the amplitudes of the oxygen concentration wave of two different kinds of

interstitial oxygen atoms (along the b and a axis, respectively), and are obtained from the Monte

Carlo simulation, and F(Q) is the atomic structure factor of the unit cell. The subscript, H, denotes

the fact that this scattering intensity comes from generalized Huang scattering lg.

Since our TEM observations of diffuse scattering wcre made at room temperature, thermal diffuse

scattering (TDS) also can make a major contribution to the total intensity of diffuse scattering. To

the first-order approximation_:

Izas.[F(O)_ kT (62+q)2
v q2 K(f) g

where T is the temperature, v is the volume of the unit cell, and K(f)l is the polarization factor.

The total intensity of diffuse scattering is the sum of the thermal and Huang diffuse scattering, I =Iu

+ ITDS.

In Fig.5, the calculated contour plots of diffuse scattering intensity around (040), (240), and (440)

reflections are compared with the observed diffuse scattering in YBa2(Cu0._Cu0._)_O7,6. Fig.5(a)-(c)

shows the calculated intensity, Iu, caused by lattice displacement only, and Fig.5(d)-(f) shows the

calculated total diffuse scattering intensity, I, due to lattice distortion and thermal vibration. Fig.5

(g)-(i) are the experimental observations. The calculated intensity profiles agree very well with the

TEM data suggesting that lattice distortion due to oxygen ordering gives rise to the streaks of the

diffuse scattering, as qualitatively shown in Fig.2.



§3. Image contrast

3.1 Observations "

Tweed contrast also obeys the g'R=0 extinction rule. In bright- and dark-field imaging near the

(001) zone, tweed contrast shows up as fine striations along the [110] and [-110] directions for a

(h00) reflection (Fig.l(a)), while, for a (hb0) reflection only one set of striations parallel to the

diffraction vector is vis_le (Fig.6). This observation again suggests that tweed contrast is a strain

contrast, and reflects the characteristic features of a quasi-periodic structure modulation. However,

it has been argued that the contrast is simply an artifact s by observing the variation in tweed width

with the deviation from the Bragg reflection, s, in Ni-Al alloy. But our observations show this is not

the case in alloyed YBa2Cu3OT._,the avcrage tweed spacing only varies with M concentration from

4 nm for x=0.03 to smaller than 1.5 nm for x>0.12_, and is relatively independent of diffraction

conditions. Figures 6(a)-(g) are dark-field images of YBa2(CuI._M,)30_+_ (M =Fe, x=0.03) from the

same area under the diffraction conditions of gt_0/g_0 (imaged by g_10while g_h0is excited, where

hh0=ll0, 220, 440, (see inset, Fig.6(a)-(g))). By increasing the deviation s (Irl = 0.00038 ""

0.0055/_.t was accuraldy measured by the distance of the corresponding Kikuchi line from the Bragg

spot) from the Bragg position for a (hh0) reflection, the thickness fringes come closer together

indicating that there i a decrease in the effective extinction distance, _r To check the change of

the tweed width with_ optical diffractograms Fourier-transformed from the images of Fig.6(a)-(g)

were analyzed by sliming a laser beam on the film negatives. The reciprocal streaks, which are

perpendicular to the lm_eAdomain in real space, showed no remarkable difference for ali the values

of s used. The anal_uisof the diffractograms suggests that the typical dimension of the domain for

YBa2(Cu0._Cu003)30_ is about 4 nm across and 35 nm along the tweed, r'

3.2 Calculation

3.2.1 Overlapped c_iorhombic domains

Our Monte Carlo simulation showed that tweed structure in real space consists of short-range

ordering or clustetil of oxygen. Such ordering can be described as small orthorhombic
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microdomains, the size of which is determined by the Cu-O ch_lin cross-links around M impurities.

On the other hand, the broadening of the reflections in electron diffraction suggests that the

coherence length of these domains is typically 10-30 nm along the c-axis. Thus, they are expected

to overlap for an average thickness of 20-100 nm of a TEM sample. Several domains stacking on

top of each other contribute to the contrast when the incident electron beam is nearly parallel to the

c-axis in two-beam imaging.

3.2.2 Image contrast arising from the overlapped domains

Tweed contrast can be calculated by considering the displacement of the lattice planes, 1%,relative

to each other in the stacked domains. The so-called kinematical calculations give the same result

as two-beam dynamical calculations when the deviation from the Bragg position, s, is sufficiently

large. The amplitude of the scattered wave _, at the bottom surface of the crystal is:

c

in [e.2,1_'ae.2tl,Zdz

where _a is the extinction distance, t is the total thickness of the foil, g is the diffraction vector used
I

for imaging, and z is the distance from the center of the foil to the fault, measured along the

direction of the incident beam. z3 The intensity of the reflected beam, i.e. the dark-field image, can

be expressed by:

I- 1 [sin2(nts+ng.a)+sin2(u_a)_2sin(ng.a)sin(nts+n_a)cos2nsz]
gs)2

Fig.7 shows examples of the contrast calculations. For a perfect crystal of constant thickness there

is no contrast, Fig.7(a), while for a stacking fault with a constant displacement vector R running from

top to bottom in a foil of constant thickness, Fig.7(b), we see the oscillation of contrast with depth

of the fault. When R varies as a function of position x, we obtain the modulated contrast shown

in Figs.7(e)-7(e), with various deviations from the Bragg position, s=3.25/t (Fig.7(c)), s=3.5/t

(Fig.7(d)), and s =5.5/t (Fig.7(e)). In these calculations, we used a simple sinusoidal wave as a [1101
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displacive modulation for R. Ali the intensity profilcs were calculated for a modulation with a period ,_

of 8 nm (the domain size is half of the period). The tweed contrast calculated for a different period ,

(4 nra, s=3.25/t) is shown in Fig.7(f). Here, the length of the tweed is limited by the effective

extinction distance, _t, which is the same order as domain size on the a-b plane. By using more

complicated wave functions for R, a quasi-periodic tweed contrast can be generated, as shown in

Fig.7(g).

Our image calculation (Fig.7) generated strain contrast similar to that observed from tweed structure,

also confirming that: (1) the intensity of the tweed image decreases with period; (2) the width of the

twced is independent of the deviation from the Bragg position, s, although here, the situation is more

complicated for small s where the kincmatical treatment does not apply. Analysis of Fig.6(a) and

(19)reveals a large variability in tweed spacing when a small deviation s used in imaging. A similar

observation was made by Robertson and Wayman 4in Ni-AI alloy system. However, we attribute the

appearance of the wider striation of tweed contrast in Fig.6(a) and (b) to poorer resolution close to

the Bragg position where the effective extinction distance, t_s, is larger because the two-beam image

resolution of a defect is usually approximately _/3. _4 Thus, the contrast caused by more than one

interface lying on top of another within the foil may not be separated when s becomes small. For

most imaging conditions, the number of the domains interfaces on the top of each other may not be

important, and the observation of only minor changes in the tweed contrast with thickness suggests

that the regions near the surface,s mainly contribute to the contrast, similar to the case for stacking

faults, where absorption tends to reduce the contrast in the interior of the foil.

{}4. Conclusion

We have successfullysimulated the image and diffuse scattering of tweed in YBa2(Cut.,M,)3OT+8

(M =Fe, Co, or AI, 0.03 < x < 0.1) based on observations by transmission electron microscopy. Our

results show that lattice displacement gives rise to the tweed image contrast, as well as to the streaks
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of diffuse scattering around the fundamental reflections in electron diffraction. We also

demonstrated that small orthorhombic domains associated with oxygen "cross-links" near impurity

atoms M is the direct cause of the (110) aad the equivalent (-110) lattice distortion in the tweedy

superconducting oxides. In other systems, tweed structure also may commonly undergo similar

characteristic displacive modulation.
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Figure Captions

Fig.1

(a) Tweed contrast in YBa2(Cu0..Fe_03)30_,_,imaged under g=200 two-beam condition. Co)a (001)

selected-area diffraction pattern from (a).

Fig.2

P,schematic drawing of the [001] diffraction pattern in YBa2(CuI.,M,)307,_ (M =Fe, Co, and AI, 0.03

< x < 0.1). The solid streaks and the dashed streaks corresl:ond to the [110] and [-110] structural

modulation, respectiyel_,. Note, there are no radial streaks.
°..

..

Fig.3

St_cture of the_basal plane of YBa_(Cul.,Mz)3OT.lwith a single M impurity. VI is the interaction

parameter between nearest-neighbor ox);gen atoms; V_ is the interaction parameter between next-

nearest-neighbor oxygen atoms bridged by Cu; and Va is the interaction parameter between next-

nearest-neighbor oxygen atoms not bridged by Cu.

Fig.4

An atomic configuration of the YBaz(Cu0._Cu0.03)30_,_basal plane obtained by Monte Carlo

simulation of a 32×32 lattice with periodic boundary conditions at 300K. The Fe atoms are lrandomly

distributed. The smalldiamonds indicate Cu positions, the small circles indicate oxygenposition, and

the large diamond indicate Fe positions.

Fig.5

Calculated and observed diffuse scattering in YBa2(Cu0._Cu0._)3OT,a around (040), (240) and (440)

Bragg spots. (a)-(c) due to Huang scattering (lattice displacement); (d).(f) the combined Huang

1.4
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scattering and thermal diffuse scattering; (g)-(i) the TEM observations. Note, the contour plots are ii

in logarithmic intervals, i!

Fig.6

g=ll0 dark field images of 'YBa2(Cuo._Fe_03)3OT.,for different deviations, s, from the Bragg

position. (a) s =-0.00038 _.!; (b) s=0.0013 _'!; (c) s=0.0017 A't; (d) s =0.0021 ,_.t; (e) s=0.0035 ,_.t;

(f) s=0.0050 ,_.t, and (g) s =0.0055 ,_'t.

Fig.7

Two-beam dark field images from a domain interface with displacement, R, when the interface run

from top to bottom: (a) tRI = 0; Co) IRI= constant; (c)-(f) IRI= /_sinx), for different period

p and different deviations from the Bragg position s: (c) p=8 nra, s=3.25/t; (d) p=8 nra, s=3.5/t;

(e) p=8 nra, s=5.5/t; (f) p=4 nm, s=3.25/t; (g) tRI= _(sinx)+_(sinx), s=l/t.
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