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Positron study of microstructure and phase transition in the Fe-doped YBa2Cu3ÀxFexOy system
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A series of YBa2Cu32xFexOy (x50 – 0.50) samples has been studied by means of positron annihilation
technology, scan electron microscope and x-ray diffraction. The oxygen contents of the samples have been
measured using a volumetric method. The positron short-lifetime componentt1 decreases abruptly between
x50.12 and 0.15 where the compound undergoes anO-T phase transition and the tweed microstructure
disappears. We proposed a simple model to describe the dependency oft1 on oxygen vacancy and twin~and
tweed! boundary densities. The experimental results can be satisfactorily explained using this model. The
positron lifetimet1 depends not only on the oxygen vacancy density, but also on the twin and tweed densities.
Therefore, the positron can be used as a sensitive probe for theO-T phase transition in this system. In addition,
analysis of the experimental results also gives certain indication for Fe clustering whenx>0.20.
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I. INTRODUCTION

Extensive studies have been made on pure and do
YBa2Cu32xFexOy ~YBCO! systems and the replacement
Cu by other metals may provide information about the
perconducting mechanism.1,2 In undoped YBa2Cu3O7, there
are two structurally different Cu sites: Cu~1! and Cu~2!.
The Cu atoms at the Cu~1! sites have a square planar oxyg
coordination and form Cu-O chains; the remaining Cu ato
at the Cu~2! sites have a fivefold pyramidal coordination
oxygen and form the CuO2 plane. The oxygen atoms in th
Cu-O chain are not strongly bound and can be removed
ily from the lattice. Usually, YBCO is oxygen deficient wit
oxygen vacancies mainly located in the Cu-O chain.

Previous studies of Fe-YBCO were conducted by ma
experimental methods including thermogravimetric analy
powder x-ray diffraction, neutron powder diffraction, Mo¨ss-
bauer spectroscopy, transition electron microscopy, etc1–5

The main conclusions concerning its crystal structure
microstructure are the following.

~I! The Fe atoms locate primarily at the Cu~1! sites at the
low doping level; upon increasing the Fe concentrati
some of the Cu~2! sites become occupied.

~II ! During the replacement of Cu21 by the trivalent ion
Fe31, the oxygen content will increase for the charge co
pensation. The oxygen content, which influencesTc tremen-
dously, also depends on the processing conditions.

~III ! YBa2Cu32xFexOy undergoes a structural phase tra
sition from orthorhombic to tetragonal at a certain Fe dop
level.

~IV ! The microstructure of YBa2Cu32xFexOy evolves as
the Fe content changes. Twin structure predominates whx
is low (x<0.02). With the increasing ofx, tweed structure
appears and its proportion increases successively until it
comes dominate (x50.08). Whenx50.15, the tweed struc
ture disappears completely.5 Detailed dark-field transmissio
electron micrographs and the electron-diffraction pattern
illustrated in Ref. 5.
0163-1829/2002/65~5!/054513~7!/$20.00 65 0545
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Positron annihilation technology~PAT! has been recog
nized as a very useful and sensitive probe of the e
tronic structure, the defects at atomic size, and the struct
phase transition, and has been successfully used to s
these properties in metals, semiconductors and su
conductors.6–8 Von Stetten et al.,9 Jean et al.,10 and
Chakrabortyet al.11 proved by theory and experiment th
the positrons in YBCO mainly probe the Cu-O chain regi
and are very sensitive to the oxygen vacancy. On the o
hand, the twin~and tweed! boundary is also the shallow tra
centers for positron annihilation.6

Considering the structural properties of the Fe-dop
YBCO system and the characteristics of the positron ann
lation technology, as we mentioned above, it is importan
study the Fe substitute YBCO system by PAT. Zhang c
ducted a positron annihilation experiment on Fe-dop
YBCO and concluded that the positron annihilation sho
lifetime component is inversely proportional to the F
concentration.12 It should be noted that their samples we
prepared in flowing oxygen at a slow-cooling rate. Ishiba
et al. studied the thermal effect of positron annihilation
the trapping center: namely, the temperature dependenc
lifetime between 20 K and room temperature.13 In this work,
we prepared the YBa2Cu32xFexOy (x50 – 0.5) specimens in
air and studied them using positron annihilation technolo
In order to get a reasonable and perfect explanation for
experimental results, we determined the oxygen content
calculated the number of valid oxygen vacancy per unit c
for each specimen. A simple model is proposed to explain
dependence of positron lifetime on the variations of the i
perfections in this system. The experimental results sh
that both the oxygen vacancies and the twin~and tweed!
boundaries are the dominant trapping centers for posit
Our experiments also supported our assumption that the
itron can be used as a sensitive probe for the orthorhom
tetragonal phase transition in the YBCO system. In additi
analysis of the experimental results also gives certain ind
tion for Fe clustering whenx>0.20.
©2002 The American Physical Society13-1
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II. EXPERIMENTS

Samples of YBa2Cu32xFexOy (x50 – 0.5) were prepared
by solid-state reactions from appropriate amounts of hi
purity Y2O3, BaCO3, CuO, and Fe2O3. The starting mate-
rials were thoroughly mixed and calcined first at 900 °C
24 h in air to get the precursor. Then, the precursors w
reground, pressed as tablets, and heated to 900 °C for
followed by cooling down to room temperature at a rate
20 °C/h. All samples were prepared in identical condition

The structures of the samples were analyzed by pow
x-ray diffraction using an MXP-AHF18 diffractometer. Th
temperature dependencies of resistance were measured
standard dc four-probe method with the voltage resolution
1027 V. Susceptibility data were obtained by the inducti
method from 4.2 K to room temperature. The electron d
fraction and high-resolution electron microscopy~HREM!
studies were performed using a H-9000NA electron mic
scope. Thin specimens were prepared by crushing
samples into fine fragments with CCl4 , which were then
dispersed on Cu grids coated with wholly carbon supp
films.

The positron lifetime spectra were measured at room t
perature using an ORTEC-100U fast-fast coincidence l
time spectrometer with a time resolution of 220 ps as m
sured with the60Co radioisotope. Two pieces of identic
samples were sandwiched with a 10mci

22Na positron source
deposited on a thin Mylar foil. Each spectrum contain
more than 13106 counts. After subtracting background an
source contributions, the lifetime spectra were analyzed
two-lifetime components by thePOSITRONFIT-EXTENDEDpro-
gram with the best fitx2<1.2.

The oxygen content of the samples was determined b
volumetric method. The experimental detail for oxygen co
tent determination will be discussed elsewhere. Theref
we only present the principle of the method here. Dissolv
sample in diluted hydrochloric acid, the following chemic
reaction will take place:

YBa2Cu32xFexOy1~131x!HCl

5YCl312BaCl21~32x!CuCl2

1xFeCl31~131x!/2H2O

1@y2~131x!/2#2O2. ~1!

According to Eq.~1!, we have

M

F
5

m

@y20.5~131x!#316
. ~2!

whereM and F are the mass and molecular weight of t
sample, respectively.m is the mass of the oxygen liberated
the above reaction.x refers to the doping content i
YBa2Cu32xFexOy . Therefore, the oxygen contenty can be
obtained using Eq.~2!.
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III. RESULTS AND DISCUSSION

A. Crystal structure, oxygen content, andTc

The x-ray-diffraction patterns for some typical specime
are shown in Fig. 1. In all diffraction patterns, no observa
impurity peak is found. The lattice parameters of the samp
were calculated by the least-squares method using
POWDERXprogram14 and the results are listed in Table I. Th
substitution of Cu with Fe induces anO-T structure phase
transition. Within the orthorhombic range the lattice para
eter a increases andb decreases asx increases. Whenx
50.15, the structural phase transition is completed and
lattice parametersa andb become identical.

The zero resistance temperatureTc and oxygen contenty
for each specimen are also listed in Table I. The depende
of Tc on Fe content is consistent with the reported resu
~Ref. 1!. The slight discrepancy is attributed to the differe
preparation conditions.Tc decreases continuously with in
creasing Fe content and is less than 4.2 K atx50.3. Further
Fe doping results in semiconducting behavior, i.e., resista
increasing with decreasing temperature. The tetrago
phases wherex50.15, 0.2, and 0.25 show superconducti
transition at 55.5, 48, and 40 K, respectively. The resista
variations of some samples, from room temperature to 4.2
is shown in Fig. 2. All samples withx less than 0.15 show
metallic behavior aboveTc , while the resistance of sample
with x50.20 and 0.25 increase as the temperature decre
from 150 K to the onset of the superconducting transitio
The superconducting transition width increases with the s
stituted Fe content.

The oxygen content was determined at least 3 times
each specimen, and the average values (yexp) are listed in the
Table I. The uncertainty of the volume determination w
less than60.5%. The oxygen content is nearly a constant
low doping levels, and it increases with increasing Fe c
centration whenx is greater than 0.2. The value ofx at which
the oxygen content starts to increase does not seem to c
late with the onset of theO-T structure transition.

B. Transmission electron microscopy

In order to study the effect of the phase transition
microstructure in detail, a transmission electron microsco
study was performed. Figure 3 shows the zero-axis elec
diffraction pattern and the respective dark-field transmiss
electron micrographs for specimens withx50.08, 0.12, and
0.15. As we can see from Fig. 3, the twins are absent in
transmission electron micrograph image and a very fi
tweed structure is evident whenx50.08 and 0.12. Associ-
ated with the tweed structure are the diffuse streaks at
diffracted spots along the@110# and @ 1̄10# directions. The
dimension of the square microdomain inx50.12 sample is
smaller than that of thex50.08 sample and the twin~tweed!
boundary density increases asx increases. However, fo
samplex50.15, the tweed structure in the image and t
diffuse streaks at the diffracted spots, which can be s
when x,0.15, disappear simultaneously. As a result,
tweed boundary density drops abruptly.
3-2
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FIG. 1. X-ray-diffraction pat-
tern in the YBa2Cu32xFeyOy sys-
tem. All samples showed no ob
servable impurity peaks in the
x-ray-diffraction pattern.
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There have been some attempts to interpret the diff
scattering and the tweedlike morphology in these system
previous study of YBa2Cu32xFexOy by high-resolution elec-
tron microscopy led Hiroiet al. to conclude that the twee
structure and the streaks are due to microdomains of
orthorhombic phase. They also suggested that the dom
are squares and each corner of the square domain is occ
by Fe atoms.15 Considering the different valences and coo
dination number of Cu21 and Fe31, we can describe the
formation mechanism of the tweed microstructure as
05451
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lows. Copper atoms located in the Cu-O chains have o
fourfold coordination. If we substitute Fe31 for Cu21, these
Fe31 impurities tend to attract more oxygen atoms th
Cu21 in order to keep charge balance. Therefore, either c
per loses a nearest-neighbor oxygen or extra oxygen at
have to be put into the Cu-O plane. Because most oxy
positions along the Cu-O chain~b direction! are occupied,
the extra oxygen atoms will be placed along the a directi
This leads to the formation of new Cu-O chains perpendi
lar to the original ones. In other words, the random occu
9
9
3
6
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8
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9
1
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TABLE I. Lattice parameters, experimental and calculated oxygen contents, zero-resistance temperatureTc , positron lifetimes, and their
intensities of YBa2Cu32xFexOy .

x a ~Å! b ~Å! c ~Å! yexpt ycal D Tc (K) t1 (ps) I 1 (%) t2 (ps) I 2 (%)

0.00 3.8201 3.8879 11.6787 6.98 7.00 0.02 91 187 87.21 525 12.7
0.02 3.8228 3.8882 11.6730 6.97 7.01 0.04 90 192 86.31 534 13.6
0.04 3.8386 3.8811 11.7012 6.97 7.02 0.05 84 193 84.87 521 15.1
0.08 3.8524 3.8700 11.7003 6.95 7.04 0.09 81 196 86.94 526 13.0
0.10 3.8535 3.8672 11.7001 6.965 7.05 0.085 75 200 85.44 523 14.
0.12 3.8597 3.8658 11.6955 6.964 7.06 0.096 68 201 86.93 543 13.
0.15 3.8630 3.8630 11.6938 6.99 7.075 0.085 55.5 194 84.61 495 15.
0.20 3.8634 3.8634 11.6910 6.99 7.10 0.11 48 198 85.52 501 14.4
0.25 3.8702 3.8702 11.6952 7.04 7.125 0.085 40 200 85.81 495 14.
0.30 3.8696 3.8696 11.6928 7.05 7.15 0.10 198 84.51 492 15.4
0.40 3.8711 3.8711 11.6825 7.06 7.20 0.14 199 84.99 481 15.0
0.50 3.8754 3.8754 11.6867 7.08 7.25 0.17 197 84.75 493 15.2
3-3
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tion of Fe on the Cu~1! site induces the grain boundarie
developing along two perpendicular directions and the tw
structure is produced. The selected-area electron diffrac
patterns show narrow streaks of diffuse scattering along
@110# and @ 1̄10# directions through most of the diffracte
spots, thus forming a cross.

When x>0.15, the lattice parametersa and b become
symmetrically equivalent in the tetragonal structure and th
are no differences between the@110# and @ 1̄10# directions
any more. Consequently, the tweed structure disappears
the crosses in the diffraction patterns submerge.

C. Positron annihilation experiment

In the YBCO compounds, the positron annihilation pr
cesses include free-state annihilation and trapping-state a
hilation. The free-state annihilation occurs at the perf
crystal areas and the corresponding positron lifetime is
tween 160 and 180 ps.16,17 The trapping-state annihilatio
refers to the annihilation that take places at the imper
areas where the electron densities are low. Owing to the C
lomb attraction effect, positrons are trapped easily by defe
and annihilated soon after that. The positrons annihilate
the low-electron-density areas have a longer lifetime beca
positron lifetime varies inversely as the electron densit18

We divide the trapping-state annihilation areas into shal
trap areas and deep trap areas. The shallow trap areas in
ing oxygen vacancy, twin boundary, dislocation, cation v
cancies, etc., where the positron lifetime varies between
and 300 ps.6 Deep trap areas are porosities and cracks,
positron lifetimes are longer than 400 ps.19

The variation of the positron short-lifetime componentt1
as a function of Fe substitution contentx is plotted in Fig. 4.
Heret1 increases from 187 to 201 ps asx increases from 0.0
to 0.12. Thent1 falls sharply to 194 ps atx50.15. When
x.0.15, t1 gradually increases and reaches saturation a
x50.2. There is a sudden drop whenx50.15 in the curve. If
the single datum point is removed, the sharp drop will d
appear. We must find some evidence to determine that

FIG. 2. Resistance vs temperature curve for seve
YBa2Cu32xFexOy samples from 300 to 4.2 K.
05451
d
n
e

re

nd

-
ni-
t

e-

ct
u-
ts
at
se

ud-
-
0
d

er

-
is

sharp drop is not accidental. Therefore, we prepared a se
of Co-doped YBCO samples~YBa2Cu32xCoxOy , x
50.0– 0.5! using identical preparation conditions and stu
ied them using the same experiment technology. We fo
that Co-doped YBCO samples show the same variation tr
of t1 as the Fe-doped ones. The positron short-lifetime co
ponentt1 increases from 187 to 203 ps asx increases from
0.0 to 0.12. Thent1 also falls sharply to 197 ps atx50.15.
Therefore, the sudden drop oft1 at x50.15 is intrinsic, and
it is not an artifact originating from the difference in th
preparation process. According to superimposed-atom ca
lations, the single oxygen vacancy and twin~tweed! bound-
ary are the weak traps for the positron. Their binding en
gies are low, and their positron lifetime merely slight
exceeds that of a free state (t f).

20 It causes the problem tha
annihilation in the free state and shallow trapping cent

l

FIG. 3. @001# zone-axis electron diffraction patterns o
YBa2Cu32xFexOy are shown in~a! x50.08, ~b! x50.12, and~c!
x50.15. ~d!, ~e!, and ~f! are the respective dark-field transmissio
electron micrographs. Note that the diffuse streaks along both o

@110# and@ 1̄10# directions at each of the diffracted spots in~a! and
~b!. Whenx50.15, the tweed structure in the image and the diffu
streaks at the diffracted spots disappear simultaneously.
3-4
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could not be accurately separated. We had attempted a th
lifetime component fit on our spectra, but the results are
reliable. The obtainedx2 values are very large, and the sta
dard deviations are even larger than the lifetime themsel
This indicates that the lifetime of the shallow trap cent
cannot be resolved from the free-state lifetime, in agreem
with the theoretical calculation. However, the results of tw
lifetime component analyses are reasonable.t1 ranges from
187 to 201 ps, which is larger than the free-state lifetime (t f)
and smaller than the lifetime of the trapping centers such
the oxygen vacancy and twin~tweed! boundary. In such a
case,t1 is the average positron annihilation time in free a
shallow trapping states. The variation of positron lon
lifetime componentt2 as a function of Fe substitution con
tent x is plotted in Fig. 5. Before the phase transition,t2

varied between 521 and 543 ps. Thent2 has a sharp drop to
495 ps where theO-T phase transition occurs and after th
t2 varied between 501 and 481 ps.

FIG. 4. Positron short-lifetime componentt1 vs x for
YBa2Cu32xFexOy , which were obtained from a two-compone
analysis.

FIG. 5. Positron long-lifetime componentt2 vs x for
YBa2Cu32xFexOy , which were obtained from a two-compone
analysis.
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According to the trapping model,21 the value of the posi-
tron characteristic parameter should be the weighted ave
of their values at the free and trapping states:

t15Pft f1Pvtv , ~3!

Pf5
l f

l f1KvCv
, ~4!

Pv1Pf51, ~5!

wherePf and Pv are the relative proportion of the positro
annihilated at the free and trapping states.t f andtv are the
positron lifetime of the free and trapping states, respectiv
l f is the annihilation rate of the free state, andKv is the
trapping rate of the trapping center.

Based on the structural characteristics of the Fe-do
YBCO system and our experimental results, we propose
simple model to describe the relationship betweent1 and the
imperfections in this system. In this model, oxygen vaca
cies and twin~and tweed! boundaries are two major trappin
centers that cause the variation oft1 . The densities of the
other trapping centers do not change significantly with
content so that their contribution tot1 can be considered as
constant. According to this model, Eq.~3! can be rewritten as

t15Pft f1Pvotvo1Pvttvt ~6!

wherePvo and Pvt are the relative proportion of a positro
annihilated in the oxygen vacancy and twin~tweed! bound-
ary, respectively,tvo and tvt are their corresponding life
times. The proportion of the positron annihilated in the fr
state and shallow trapping center varied between 84.5%
87.2% in our experiment~see Table I! and can be considere
as a constant, so we have

Pf5
l f

l f1KvoCvo1KvtCvt
, ~7!

Pvo1Pvt512Pf . ~8!

For certain defections such as the oxygen vacancy
twin ~tweed! boundary, their formation energy, size and bin
ing energy are all definite under a particular temperature.
positron annihilation experiments were conducted at ro
temperature, so the lifetimes of the positron annihilated in
oxygen vacancy (tvo) and twin ~tweed! boundary (tvt) can
be considered definite in every sample. We assume thatt f ,
tv , andKv are all positive constants. Therefore,t1 is only
dependent onCv , the concentration of trapping centers. It
clearly that whenCvo andCvt increase,Pf will decrease and
Pvo1Pvt increase. In other words, if the concentrations
oxygen vacancy and twin~tweed! boundary increase, the
relative proportion of the positron annihilated in the shallo
trapping centers will also increase, which madet1 increase
becausetv1 andtv2 are both larger thant f .

In order to understand the dependence oft1 on the doping
content, it is necessary to know the variation trend of oxyg
vacancies and twin~and tweed! boundary. We consider the
formation of oxygen vacancies at first. The substitute Fe i
3-5
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are trivalent. One additional oxygen is needed for every t
substituted Fe atoms in the lattice in order to maintain
charge balance. Therefore, the ideal oxygen content ca
expressed as

ideal oxygen content5710.5x. ~9!

The calculated results~i.e., ycal are listed in Table I!.
The actual oxygen contents measured by experiment

also given in Table I. It is clear that the actual oxygen co
tents are smaller than their respective ideal values. We
tribute this phenomenon to our preparation conditions. A p
vious study shows,22 for undoped YBa2Cu3Oy , that the
oxygen content can approaches 7 so that each Cu~1! has 4
oxygen coordination. However, the Co and Fe-doped YB
specimens cannot get enough oxygen contents in air bec
their equilibrium oxygen pressure is higher than that of
pure YBCO. Sydowet al.obtained much higher oxygen con
tents andTc by treating specimens in high-pressure O2 or in
O3 . Our samples were prepared in air, so the ambient oxy
partial pressure is lower than the equilibrium oxygen pr
sure of the materials and the oxygen content is less than
ideal values. As a result, valid oxygen vacancies were p
duced around the Fe atoms and their concentration incre
with the increase of the Fe doping level.

We calculated the number of valid oxygen vacancies
unit cell ~defined asCvo! by subtracting the actual oxyge
contents from the ideal values. The curve ofCvo versusx is
plotted in Fig. 6. With the increasing of the doping conte
Cvo increases monotonously.

In addition to oxygen vacancy, another important trapp
center in this system is twin~and tweed! boundary. As we
discussed in Sec. III B, the twin~and tweed! boundary den-
sity increases monotonously up tox50.12 in our samples
Due to the phase transition whenx exceeds 0.12, the twee
structure disappears and the boundary density drops co
quently ~see Fig. 3!. Approximately, the twin~and tweed!
boundary densityCvt is proportional tox belowx50.12 and
falls suddenly betweenx50.12 and 0.15.

FIG. 6. Schematic drawing ofCvo vs x in the YBa2Cu32xFexOy

system, which was drawn according to the data listed in Table
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Now we discuss the variation oft1 as a function ofx on
the basis of Eqs.~6!–~8!. Before the phase transition (x
<0.12), both densities of the oxygen vacancy and the t
~and tweed! boundary increase monotonously withx that
madePvo and Pvt increase sot1 increases fast. An abrup
disappearance of the tweed structure leads to the sudden
of t1 from x50.12 to x50.15. After that, the main facto
that influencest1 is only the valid oxygen vacancy.t1 in-
creases again whenx is between 0.15 and 0.20 because t
oxygen vacancy density increases. However,t1 reaches a
saturation whenx.0.2, indicating that the actual oxygen va
cancy density does not increase anymore. This can be
sidered as a clue for the formation of Fe clusters whenx is
large.

Below x50.20, Fe atoms substituted primarily on th
Cu~1! sites. For every two substituted Fe atoms, appro
mately one additional oxygen atom is needed to incorpora
into the Cu~1!-O layer.23 However, upon increasing the F
concentration, more and more Fe atoms will substitute
Cu~2! sites. This kind of replacement will not introduce a
ditional oxygen because the oxygen coordination numbe
Cu~2! is already 5. In addition, if the Fe content is larg
enough, some Fe atoms will get together to form clusters.24,25

Two neighboring Fe atoms in the clusters share one oxy
atom. Therefore, the number of oxygen atoms required
the Fe coordination whenx.0.2 will less than that whenx is
small. Whenx.0.2, no more valid oxygen vacancies a
generated andCv will be a constant~see the dotted line in
Fig. 6!. Consequently,t1 reaches a saturation. The clusterin
behavior is in line with previous neutron-diffraction an
x-ray absorption studies that find evidence for defect clus
ing in doped samples. The atomistic simulation techniq
has also indicated a strong tendency towards clu
formation.24

In summary,t1 varies as a function of the doping leve
predominantly due to the variation of imperfections such
the oxygen vacancy and the twin~and tweed! boundary.

The positron lifetimet is defined as the inverse of th
overlap integral between the positron density (r1) and the
electron density (r2). t2 remains a large value whenx
<0.12 and has a large drop where the phase transition
curs, illustrating that the volume of cavities becomes sma
after theO-T structure phase transition and the electron d
sity increases.

IV. CONCLUSIONS

A series of samples YBa2Cu32xFexOy (x50.0– 0.50) was
prepared in air by the standard solid state reaction meth
The crystal structure analysis reveals that YBa2Cu32xFexOy
undergoes a structure phase transition from orthorhombi
tetragonal aroundx50.15. Accompanied by theO-T phase
transition, the tweed microstructure disappears and the p
tron short-lifetime componentt1 falls abruptly. Therefore,
the positron is very sensitive to the phase transition, wh
cannot be determined precisely by x-ray diffraction beca
it is troublesome to resolve the tiny orthorhombic distorti
near theO-T phase transition. In order to give a reasona
explanation to our experimental results, we determined
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oxygen content and calculated the number of valid oxyg
vacancies for each specimen. An empirical model is p
posed to describe the relationship between the positron sh
lifetime componentt1 and the concentrations of imperfec
tions. Considering the imperfections that can influence
lifetime of the positron, most researchers focused their at
tion on the oxygen vacancy. However, the twin and twe
boundaries are also indispensable trapping centers for p
tron annihilation. For specimens withx>0.20, the doped Fe
atoms and incoming oxygen tend to associate into clus
e
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rather than being randomly distributed over the crystal l
tice.
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