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Positron study of microstructure and phase transition in the Fe-doped YBaCu;_,Fe O, system
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A series of YBaCu;_,FgO, (x=0-0.50) 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 compenetgcreases abruptly between
x=0.12 and 0.15 where the compound undergoe<Oah phase transition and the tweed microstructure
disappears. We proposed a simple model to describe the dependencprobxygen vacancy and twi@and
tweed boundary densities. The experimental results can be satisfactorily explained using this model. The
positron lifetimer; 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 f@-fhphase transition in this system. In addition,
analysis of the experimental results also gives certain indication for Fe clusteringxa@a0.
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I. INTRODUCTION Positron annihilation technolog¢PAT) has been recog-
nized as a very useful and sensitive probe of the elec-

Extensive studies have been made on pure and dopetbnic structure, the defects at atomic size, and the structural
YBa,Cu;_«Fg 0O, (YBCO) systems and the replacement of phase transition, and has been successfully used to study
Cu by other metals may provide information about the suthese properties in metals, semiconductors and super-
perconducting mechanisht.In undoped YBaCu,O,, there  conductor$~8 Von Stetten etal.’ Jean etal,’® and
are two structurally different Cu sites: (0 and Cy2).  Chakrabortyet al!! proved by theory and experiment that
The Cu atoms at the (1) sites have a square planar oxygenthe positrons in YBCO mainly probe the Cu-O chain region
coordination and form Cu-O chains; the remaining Cu atomsnd are very sensitive to the oxygen vacancy. On the other
at the Cy2) sites have a fivefold pyramidal coordination of hand, the twinland tweed boundary is also the shallow trap
oxygen and form the CuQplane. The oxygen atoms in the centers for positron annihilatich.

Cu-O chain are not strongly bound and can be removed eas- Considering the structural properties of the Fe-doped
ily from the lattice. Usually, YBCO is oxygen deficient with YBCO system and the characteristics of the positron annihi-
oxygen vacancies mainly located in the Cu-O chain. lation technology, as we mentioned above, it is important to

Previous studies of Fe-YBCO were conducted by manystudy the Fe substitute YBCO system by PAT. Zhang con-
experimental methods including thermogravimetric analysisducted a positron annihilation experiment on Fe-doped
powder x-ray diffraction, neutron powder diffraction, 8%  YBCO and concluded that the positron annihilation short-
bauer spectroscopy, transition electron microscopy,'@tc. lifetime component is inversely proportional to the Fe
The main conclusions concerning its crystal structure andoncentratiort? It should be noted that their samples were
microstructure are the following. prepared in flowing oxygen at a slow-cooling rate. Ishibashi

(I) The Fe atoms locate primarily at the @usites at the et al. studied the thermal effect of positron annihilation in
low doping level; upon increasing the Fe concentrationthe trapping center: namely, the temperature dependence of
some of the C(2) sites become occupied. lifetime between 20 K and room temperatdién this work,

(I) During the replacement of Gt by the trivalent ion  we prepared the YB&u;_ «F&80y (x=0-0.5) specimens in
Fe*", the oxygen content will increase for the charge com-air and studied them using positron annihilation technology.
pensation. The oxygen content, which influentgsremen-  In order to get a reasonable and perfect explanation for our
dously, also depends on the processing conditions. experimental results, we determined the oxygen content and

(1) YBa,Cus_Fg O, undergoes a structural phase tran-calculated the number of valid oxygen vacancy per unit cell
sition from orthorhombic to tetragonal at a certain Fe dopingor each specimen. A simple model is proposed to explain the
level. dependence of positron lifetime on the variations of the im-

(IV) The microstructure of YB#u;_,FeO, evolves as perfections in this system. The experimental results show
the Fe content changes. Twin structure predominates whenthat both the oxygen vacancies and the twamd tweed
is low (x<0.02). With the increasing of, tweed structure boundaries are the dominant trapping centers for positron.
appears and its proportion increases successively until it bé&dur experiments also supported our assumption that the pos-
comes dominatex= 0.08). Whenx=0.15, the tweed struc- itron can be used as a sensitive probe for the orthorhombic-
ture disappears completelyDetailed dark-field transmission tetragonal phase transition in the YBCO system. In addition,
electron micrographs and the electron-diffraction pattern aranalysis of the experimental results also gives certain indica-
illustrated in Ref. 5. tion for Fe clustering when=0.20.
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Il. EXPERIMENTS III. RESULTS AND DISCUSSION

Samples of YBaCu;_,FgO, (x=0-0.5) were prepared A. Crystal structure, oxygen content, andT

by solid-state reactions from appropriate amounts of high-  rpg y ray.diffraction patterns for some typical specimens
purity Y,0,, BaCQy, CuO, and FgOs. The starting mate- are shown in Fig. 1. In all diffraction patterns, no observable

rials were thoroughly mixed and calcined first at 900 °C for;, : ; -
24 h in air to get the precursor. Then, the precursors Werémpurlty peak is found. The lattice parameters of the samples

reground, pressed as tablets, and heated to 900 °C for 24 fE"e CaICUIatedan?y the Ieast-squareg me_thod using the
followed by cooling down to room temperature at a rate ofOWDERXprogra and the results are listed in Table I. The

20 °C/h. All samples were prepared in identical conditions. subsptyhon .Of .Cu with Fe mduc_es a-T structurg phase
The structures of the samples were analyzed by powdeqansmpn. Within the orthorhombic range the lattice param-
x-ray diffraction using an MXP-AHF18 diffractometer. The €t€r @ increases and decreases as increases. Whex
temperature dependencies of resistance were measured usfmi§-15, the structural phase transition is completed and the
standard dc four-probe method with the voltage resolution ofattice parametera andb become identical.
107 V. Susceptibility data were obtained by the induction ~ The zero resistance temperatdrgand oxygen content
method from 4.2 K to room temperature. The electron dif-for each specimen are also listed in Table I. The dependence
fraction and high-resolution electron microsco(fREM) of T, on Fe content is consistent with the reported results
studies were performed using a H-9000NA electron micro{Ref. 1). The slight discrepancy is attributed to the different
scope. Thin specimens were prepared by crushing thpreparation conditionsT. decreases continuously with in-
samples into fine fragments with GClwhich were then creasing Fe content and is less than 4.2 ik=a0.3. Further
dispersed on Cu grids coated with wholly carbon supporfFe doping results in semiconducting behavior, i.e., resistance
films. increasing with decreasing temperature. The tetragonal
The positron lifetime spectra were measured at room temphases wherg=0.15, 0.2, and 0.25 show superconducting
perature using an ORTEC-100U fast-fast coincidence lifetransition at 55.5, 48, and 40 K, respectively. The resistance
time spectrometer with a time resolution of 220 ps as meavariations of some samples, from room temperature to 4.2 K,
sured with the®°Co radioisotope. Two pieces of identical is shown in Fig. 2. All samples with less than 0.15 show
samples were sandwiched with au® %?Na positron source metallic behavior abova@ <, While the resistance of samples
deposited on a thin Mylar foil. Each spectrum containedwith x=0.20 and 0.25 increase as the temperature decreases
more than X 10° counts. After subtracting background and from 150 K to the onset of the superconducting transition.
source contributions, the lifetime spectra were analyzed iThe superconducting transition width increases with the sub-
two-lifetime components by theOSITRONFIT-EXTENDEDPro-  stituted Fe content.
gram with the best fig?<1.2. The oxygen content was determined at least 3 times for
The oxygen content of the samples was determined by esach specimen, and the average valygg)) are listed in the
volumetric method. The experimental detail for oxygen con-Table I. The uncertainty of the volume determination was
tent determination will be discussed elsewhere. Therefordess than+0.5%. The oxygen content is nearly a constant at
we only present the principle of the method here. Dissolvindow doping levels, and it increases with increasing Fe con-
sample in diluted hydrochloric acid, the following chemical centration wherx is greater than 0.2. The value xft which
reaction will take place: the oxygen content starts to increase does not seem to corre-
late with the onset of th®-T structure transition.

YBa,Cu;_Fg Oy + (13+x)HCI

=YCly+ 2BaCh-+ (3 x)CuCl, B. Transmission electron microscopy

In order to study the effect of the phase transition on

+xFeCk+(13+x)/2H,0 microstructure in detail, a transmission electron microscopy

_ study was performed. Figure 3 shows the zero-axis electron
Iy = (13+x)/2]20,. @ diffraction pattern and the respective dark-field transmission
electron micrographs for specimens wih 0.08, 0.12, and
0.15. As we can see from Fig. 3, the twins are absent in the
transmission electron micrograph image and a very fine
tweed structure is evident when=0.08 and 0.12. Associ-
M m ated with the tweed structure are the diffuse streaks at the

= [y—0.513+x)|X 16" 2 d?ﬁractgd spots along thél;O] and[1.1Q] directions. Thg
dimension of the square microdomainr0.12 sample is
smaller than that of the=0.08 sample and the twiftweed
whereM and F are the mass and molecular weight of theboundary density increases asincreases. However, for
sample, respectivelynis the mass of the oxygen liberated in samplex=0.15, the tweed structure in the image and the
the above reactionx refers to the doping content in diffuse streaks at the diffracted spots, which can be seen
YBa,Cu;_«FgO, . Therefore, the oxygen conteptcan be  when x<<0.15, disappear simultaneously. As a result, the
obtained using Eq2). tweed boundary density drops abruptly.

According to Eq.(1), we have
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There have been some attempts to interpret the diffusbws. Copper atoms located in the Cu-O chains have only
scattering and the tweedlike morphology in these systems. fourfold coordination. If we substitute e for C?*, these
previous study of YBgCu;,Fe,O, by high-resolution elec- Fe* impurities tend to attract more oxygen atoms than
tron microscopy led Hirokt al. to conclude that the tweed Cu?* in order to keep charge balance. Therefore, either cop-
structure and the streaks are due to microdomains of thper loses a nearest-neighbor oxygen or extra oxygen atoms
orthorhombic phase. They also suggested that the domaitmave to be put into the Cu-O plane. Because most oxygen
are squares and each corner of the square domain is occupipdsitions along the Cu-O chaifb direction are occupied,
by Fe atoms?® Considering the different valences and coor-the extra oxygen atoms will be placed along the a direction.
dination number of Ct and F€', we can describe the This leads to the formation of new Cu-O chains perpendicu-
formation mechanism of the tweed microstructure as foldar to the original ones. In other words, the random occupa-

TABLE I. Lattice parameters, experimental and calculated oxygen contents, zero-resistance tempgragoséron lifetimes, and their
intensities of YBaCu;_,FeO, .

X a (A) b (A) c (A) Yexpt Yeal A T (K) 71 (PS) I, (%) 75 (PS) I (%)

0.00 3.8201 3.8879 11.6787 6.98 7.00 0.02 91 187 87.21 525 12.79
0.02 3.8228 3.8882 11.6730 6.97 7.01 0.04 90 192 86.31 534 13.69
0.04 3.8386 3.8811 11.7012 6.97 7.02 0.05 84 193 84.87 521 15.13
0.08 3.8524 3.8700 11.7003 6.95 7.04 0.09 81 196 86.94 526 13.06
0.10 3.8535 3.8672 11.7001 6.965 7.05 0.085 75 200 85.44 523 14.56
0.12 3.8597 3.8658 11.6955 6.964 7.06 0.096 68 201 86.93 543 13.07
0.15 3.8630 3.8630 11.6938 6.99 7.075 0.085 55.5 194 84.61 495 15.93
0.20 3.8634 3.8634 11.6910 6.99 7.10 0.11 48 198 85.52 501 14.48
0.25 3.8702 3.8702 11.6952 7.04 7.125 0.085 40 200 85.81 495 14.19
0.30 3.8696 3.8696 11.6928 7.05 7.15 0.10 198 84.51 492 15.49
0.40 3.8711 3.8711 11.6825 7.06 7.20 0.14 199 84.99 481 15.01
0.50 3.8754 3.8754 11.6867 7.08 7.25 0.17 197 84.75 493 15.25
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FIG. 2. Resistance vs temperature curve for several
YBa,Cu;_,Fe0, samples from 300 to 4.2 K.

tion of Fe on the C() site induces the grain boundaries e
developing along two perpendicular directions and the tweec (b) (e)
structure is produced. The selected-area electron diffractior
patterns show narrow streaks of diffuse scattering along the
[110] and[110] directions through most of the diffracted
spots, thus forming a cross.
When x=0.15, the lattice parameteis and b become

symmetrically equivalent in the tetragonal structure and ther

are no differences between th&10] and[110] directions
any more. Consequently, the tweed structure disappears al
the crosses in the diffraction patterns submerge.

C. Positron annihilation experiment

(c) 0

In the YBCO compounds, the positron annihilation pro-
cesses include free-state annihilation and trapping-state anni- FIG. 3. [001] zone-axis electron diffraction patterns of
hilation. The free-state annihilation occurs at the perfect/BaCl; xFeO, are shown in(@ x=0.08, (b) x=0.12, and(c)
crystal areas and the corresponding positron lifetime is beX=0-15.(d), (), and(f) are the respective dark-field transmission
tween 160 and 180 r}g,_l? The trapping-state annihilation electron mErographs. Note that the diffuse streaks along both of the
refers to the annihilation that take places at the imperfect!10l and[110] directions at each of the diffracted spots(@ and
areas where the electron densities are low. Owing to the Coyb)- Whenx=0.15, the tweed structure in the image and the diffuse
lomb attraction effect, positrons are trapped easily by defectglreaks at the diffracted spots disappear simultaneously.
and annihilated soon after that. The positrons annihilated at
the low-electron-density areas have a longer lifetime becausgharp drop is not accidental. Therefore, we prepared a series
positron lifetime varies inversely as the electron deri$ity. of Co-doped YBCO samples(YBa,Cu;_,CoO,, X
We divide the trapping-state annihilation areas into shallow=0.0—0.5 using identical preparation conditions and stud-
trap areas and deep trap areas. The shallow trap areas includd them using the same experiment technology. We found
ing oxygen vacancy, twin boundary, dislocation, cation va-that Co-doped YBCO samples show the same variation trend
cancies, etc., where the positron lifetime varies between 200f 7; as the Fe-doped ones. The positron short-lifetime com-
and 300 p$.Deep trap areas are porosities and cracks, angonentr,; increases from 187 to 203 ps &s$ncreases from
positron lifetimes are longer than 400 Js. 0.0 to 0.12. Thenr; also falls sharply to 197 ps at=0.15.

The variation of the positron short-lifetime component  Therefore, the sudden drop of at x=0.15 is intrinsic, and
as a function of Fe substitution conteqis plotted in Fig. 4. it is not an artifact originating from the difference in the
Herer, increases from 187 to 201 ps:xascreases from 0.0 preparation process. According to superimposed-atom calcu-
to 0.12. Thenr; falls sharply to 194 ps at=0.15. When lations, the single oxygen vacancy and twiweed bound-
x>0.15, ; gradually increases and reaches saturation afteary are the weak traps for the positron. Their binding ener-
x=0.2. There is a sudden drop whe# 0.15 in the curve. If gies are low, and their positron lifetime merely slightly
the single datum point is removed, the sharp drop will dis-exceeds that of a free state].?° It causes the problem that
appear. We must find some evidence to determine that thignnihilation in the free state and shallow trapping centers
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w0 According to the trapping modét,the value of the posi-
- ] tron characteristic parameter should be the weighted average
205 | 4 of their values at the free and trapping states:
20| H | _' n=Pri+ Py, €
N et ]
\
Z st % N i M
190 |- /, .
i// ] Pv + Pf: 11 (5)
185 | 8 whereP; and P, are the relative proportion of the positron
annihilated at the free and trapping statgsand r, are the
180 M I positron lifetime of the free and trapping states, respectively.

L 1 L 1 L
0.0 0.1 0.2 0.3 0.4 0.5

\¢ is the annihilation rate of the free state, aKd is the
X in YBaZCu“_,‘Fe,‘Oy

trapping rate of the trapping center.

Based on the structural characteristics of the Fe-doped
YBCO system and our experimental results, we proposed a
simple model to describe the relationship betweeand the
imperfections in this system. In this model, oxygen vacan-
cies and twin(and tweed boundaries are two major trapping
could not be accurately separated. We had attempted a threganters that cause the variation of. The densities of the
lifetime component fit on our spectra, but the results are nopther trapping centers do not change significantly with Fe
reliable. The obtaineg? values are very large, and the stan- content so that their contribution tq can be considered as a
dard deviations are even larger than the lifetime themselvegonstant. According to this model, E@) can be rewritten as
This indicates that the lifetime of the shallow trap centers
cannot be resolved from the free-state lifetime, in agreement T1=Pi7i+ ProTyot Pyt (6)
with the theoretical calculation. However, the results of tWO'wherePUo andP,, are the relative proportion of a positron

lifetime componer_1t apalyses are reasonabjer.anggs .from annihilated in the oxygen vacancy and twiweed bound-

187 to 201 ps, which is larger than the free-state lifetimg ( 4y, respectively,r,, and 7,, are their corresponding life-
and smaller than the lifetime of the trapping centers such agmes. The proportion of the positron annihilated in the free
the oxygen vacancy and twiftweed boundary. In such a  state and shallow trapping center varied between 84.5% and
case,r; is the average positron annihilation time in free andg7.2% in our experimer(see Table)land can be considered
shallow trapping states. The variation of positron long-as a constant, so we have

lifetime componentr, as a function of Fe substitution con-

tent x is plotted in Fig. 5. Before the phase transitiamn, p.— A

varied between 521 and 543 ps. Thenhas a sharp drop to N+ KyoCpot KyiCyt
495 ps where th®©-T phase transition occurs and after that

T, varied between 501 and 481 ps. Pyot Pyt=1—Ps. (8)

FIG. 4. Positron short-lifetime component; vs x for
YBa,Cu;_,Fg0,, which were obtained from a two-component
analysis.

)

For certain defections such as the oxygen vacancy and
twin (tweed boundary, their formation energy, size and bind-
ing energy are all definite under a particular temperature. The
positron annihilation experiments were conducted at room
temperature, so the lifetimes of the positron annihilated in an

} } T oxygen vacancy %,,) and twin (tweed boundary ¢,;) can

L -—{-- ] be considered definite in every sample. We assumerthat
S0 { \ T 7,, andK, are all positive constants. Thereforg, is only

I Y ] dependent o€, , the concentration of trapping centers. It is
500 - \} { } y clearly that wherC,, andC,, increaseP; will decrease and

D At } -------------- P,ot P, increase. In other words, if the concentrations of
} T oxygen vacancy and twiritweed boundary increase, the

1 relative proportion of the positron annihilated in the shallow
T T o o o3 oa os trapping centers will also increase, which madeincrease
xin YBa,Cu, Fe O, becauser,; andr,, are both larger thanm; .
B In order to understand the dependence-06n the doping

FIG. 5. Positron long-lifetime component, vs x for  content, it is necessary to know the variation trend of oxygen
YBa,Cus;_,Fg,0,, which were obtained from a two-component vacancies and twiriand tweed boundary. We consider the
analysis. formation of oxygen vacancies at first. The substitute Fe ions

580 . ; : . . T y T

540 |-

T, (ps)

480
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Now we discuss the variation of, as a function ofk on
the basis of Eqs(6)—(8). Before the phase transitiornx (
=<0.12), both densities of the oxygen vacancy and the twin
(and tweed boundary increase monotonously withthat

0.20 |-

0.16 |-
— madeP,, and P, increase sor; increases fast. An abrupt
3 ozl disappearance of the tweed structure leads to the sudden drop
- of 7, from x=0.12 tox=0.15. After that, the main factor
5 that influencesr; is only the valid oxygen vacancy; in-
&5 0.08 |- creases again whenis between 0.15 and 0.20 because the
O

oxygen vacancy density increases. Howewvegr,reaches a
saturation whex>0.2, indicating that the actual oxygen va-
cancy density does not increase anymore. This can be con-
sidered as a clue for the formation of Fe clusters wkés
0.00 1 L 1 2 1 " 1 " 1 " 1 |arge
0.0 0.1 0.2 0.3 0.4 0.5 . . i X
xin YBa,Cu_Fe O Beloyv x=0.20, Fe atoms sub_stltuted primarily on the_
! Cu(1) sites. For every two substituted Fe atoms, approxi-
FIG. 6. Schematic drawing &, vs x in the YBaCus_,Fg0, mately one additional oxygen atom is needed to incorporated
system, which was drawn according to the data listed in Table I. into the Cu1)-O layer”® However, upon increasing the Fe
concentration, more and more Fe atoms will substitute in

are trivalent. One additional oxygen is needed for every twd>4(2) Sites. This kind of replacement will not introduce ad-

substituted Fe atoms in the lattice in order to maintain the&itional oxygen because the oxygen coordination number of

charge balance. Therefore, the ideal oxygen content can (U2 is already 5. In adqlition, if the Fe content is large
expressed as enough, some Fe atoms will get together to form clustefs.

Two neighboring Fe atoms in the clusters share one oxygen
atom. Therefore, the number of oxygen atoms required by

0.04 |-

ideal oxygen content7+0.5x. (9 the Fe coordination whex>0.2 will less than that whenis
small. Whenx>0.2, no more valid oxygen vacancies are
The calculated result§.e., y., are listed in Table)l generated an€, will be a constanisee the dotted line in

The actual oxygen contents measured by experiment arfeig. 6). Consequentlyr; reaches a saturation. The clustering
also given in Table I. It is clear that the actual oxygen con-behavior is in line with previous neutron-diffraction and
tents are smaller than their respective ideal values. We at-ray absorption studies that find evidence for defect cluster-
tribute this phenomenon to our preparation conditions. A preing in doped samples. The atomistic simulation technique
vious study show$? for undoped YBaCuy;0,, that the has also indicated a strong tendency towards -cluster
oxygen content can approaches 7 so that eadi)Chas 4 formation?*
oxygen coordination. However, the Co and Fe-doped YBCO In summary,r; varies as a function of the doping level,
specimens cannot get enough oxygen contents in air becaupeedominantly due to the variation of imperfections such as
their equilibrium oxygen pressure is higher than that of thethe oxygen vacancy and the twiand tweeg boundary.
pure YBCO. Sydowet al.obtained much higher oxygen con-  The positron lifetimer is defined as the inverse of the
tents andT . by treating specimens in high-pressurg @ in  overlap integral between the positron densipy.  and the
O3. Our samples were prepared in air, so the ambient oxygeelectron density 4_). 7, remains a large value whex
partial pressure is lower than the equilibrium oxygen pres<0.12 and has a large drop where the phase transition oc-
sure of the materials and the oxygen content is less than thaurs, illustrating that the volume of cavities becomes smaller
ideal values. As a result, valid oxygen vacancies were proafter theO-T structure phase transition and the electron den-
duced around the Fe atoms and their concentration increassiy increases.
with the increase of the Fe doping level.

We calculated the number of valid oxygen vacancies per

. . . IV. CONCLUSIONS
unit cell (defined asC,,) by subtracting the actual oxygen

contents from the ideal values. The curveQy, versusx is A series of samples YB&u; _,Fg 0O, (x=0.0-0.50) was
plotted in Fig. 6. With the increasing of the doping content,prepared in air by the standard solid state reaction method.
C,o increases monotonously. The crystal structure analysis reveals that ¥Ba;_,Fg O,

In addition to oxygen vacancy, another important trappingundergoes a structure phase transition from orthorhombic to
center in this system is twifand tweedl boundary. As we tetragonal arounc=0.15. Accompanied by th®-T phase
discussed in Sec. Il B, the twifand tweed boundary den- transition, the tweed microstructure disappears and the posi-
sity increases monotonously up xe=0.12 in our samples. tron short-lifetime component; falls abruptly. Therefore,
Due to the phase transition wherexceeds 0.12, the tweed the positron is very sensitive to the phase transition, which
structure disappears and the boundary density drops conseannot be determined precisely by x-ray diffraction because
quently (see Fig. 3 Approximately, the twin(and tweedl it is troublesome to resolve the tiny orthorhombic distortion
boundary densitL,, is proportional tax belowx=0.12 and  near theO-T phase transition. In order to give a reasonable
falls suddenly betweer=0.12 and 0.15. explanation to our experimental results, we determined the
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oxygen content and calculated the number of valid oxygemather than being randomly distributed over the crystal lat-
vacancies for each specimen. An empirical model is protice.

posed to describe the relationship between the positron short-

lifetime componentr; and the concentrations of imperfec- ACKNOWLEDGMENTS
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