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Transport properties of large-angle grain boundaries containing point defects in YBgCu30;_s
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The transport properties of large-angle grain boundai@Bs) containing point defects and charges in
YBa,Cuz0;_s (YBCO) are studied by computer simulation methods. The results of simulation of the atomic
structures of large-angle symmetrical tilt GB$ (misorientation angles 36.87° and 53.13213 (misorien-
tation angles 22.62° and 67.382.17 (misorientation angles 28.07° and 61.934nd 229 (misorientation
angle 43.60f containing point defectéeutral and charged oxygen and yttrium vacances presented. The
techniques of the strain analysis and the bond-valence-sum analysis are applied to determine the thicknesses of
nonsuperconducting layers enveloping these GBs. Our data shows that the presence of neutral oxygen vacan-
cies decreases the thicknesses of nonsuperconducting layers and may improve transport properties of some
large-angle GBs. Adsorption capability of GBs with respect to neutral oxygen vacancies is evaluated. Its
analysis demonstrates that the tilt GBs in YBCO are most probably intrinsically nonstoichiometric.
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The study of the transport properties of GBs has showrActually, oxygen deficiency and charge presence at the GBs
that there is a sharp decrease by orders of magnitude in tlmuld substantially change the atomic structure of GBs and
critical current densityl. across the large-angle GBs relative influence the suppression af through the structural factor.
to the bulk. Different possible causes of this phenomenohe influences of the strain and oxygen deficiency at the
were consideredfor details see, for example, Ref).IThe  GBs were usually considered analytically as separate causes
suppression of the superconductivity by strain has been welf suppression of the superconductivity. We will try to use
analyzed. In 1991, Chisholm and Pennycbivkroduced the  the computer simulation to investigate how they are related
phenomenological criterion of suppression of superconducthrough the strain field factor. We will use the same approach
tivity by strain. This criterion was successfully used by manytg investigate the effect of the charge presence at GBs. The
authors for the case of low-angle GBe, for example, Ref. 4oa| of this paper is to evaluate the influence of the real
3). In this case, the dislocation arrangement along GBS SUpsiycture of GBgpresence of point defects—oxygen and yt-
presses the superconductivity locally. At the large-angle reg;,, yacancies and chargem the suppression of supercon-
gime, the dislocation model of GBs becomes inapplicabley, it at these boundaries. Usually it is assumed that the
The strain field near a large-angle G.B cannot be analypcall resence of oxygen vacancies at GBs might increase insulat-
calculated. In the large-angle regime, the only reliable

method for predicting the structure of a given interface is byIng properties of GBs. It seems logical to assume that the

direct modeling with appropriate interatomic potential angPresence of yttrium vacancies at GBs increases their E.lb'l'ty
simulation techniques. to adsorb Ca iongthe presence of Ca at GBs essentially

In Ref. 4, we carried out a computer simulation of the €nhances the supercurrgnt _ _
atomic structure of the perfect large-angle GB®s without Below we present the results of the computer simulation
other defects on thenin the YBCO crystal lattice using the ©Of the symmetrical large-angle tilt GBs containing point de-
molecular dynamics method. The precise physical meaninfgCts with the misorientation axd801]: 25 (310,/(310),
of the phenomenological criterion of suppression of supermisorientation angle #=36.87°; 35 (210,/(210, 6
conductivity by strain was not well understood. We sug-=53.13°;213 (510,/(510, 6=22.62°;213 (320,/(320),
gested that it could be a direct mesoscopical revelation of th€=67.38°,217 (410),/(410), 6=28.07°;%17 (530);/(530),
atomic level schem@small changes of the local structure in #=61.93°; 329 (520),/(520, 6=43.60°. Boundary planes
the vicinity of the GB should induce large variations of the common for the two grains are given in parenthesis. The
valence of the copper ions, which control the transport propindexes 1 and 2 refer to the two neighboring crystals of a
erties. We related the microscopical bond-valence-sunbicrystal. The229 GB is chosen as an example of a GB
analysis to the strain analysiof GBs. It was shown that the close to the GBs of common type. The GBS, 313, and
phenomenological criterion for the suppression of the super®,17 were chosen as examples of the special GBs that cover
conductivity by strain at lattice level in YBCO should be a wide range of misorientation angles and are experimentally
approximately 3%-4%, which is several times greater tharobservable in YBCO. In particular, the symmetric GBS,
it was assumed to be when this criterion was introduced. >13, andX17 have been observed as facets at the GBs of

The relative contribution to the suppressionJgfat GBs  common typgsee, for example, Ref.)8
by various mechanisms is hard to estimate. However, we The configuration of the models is as follows. The
would like to concentrate on another aspect of the problemXOY-plane coincides with the basal ab-plane of the lattice.
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TABLE I. Thicknesses of nonsuperconducting layers enveloping grain boundaries yC¥&%_; de-
termined by strain analysis.

b 6 GB plane  Vacancy in GB h,(A) e¢it=1%  hy(A) e¢it=3%  hy(A) egii=4%
313  22.62° (510 15.92 9.88 8.06
313 22.62° (510 Neutral O4 15.31 8.87 7.20
313  22.62° (510 Charged O4 15.47 8.94 7.22
317  28.07° (410 15.16 9.70 8.26
317  28.07° (410 Neutral 04 15.40 9.16 8.04
317  28.07° (410 Charged O4 17.16 10.24 8.43
35 36.87° (310 13.62 7.54 5.96
S5 36.87° (310 Neutral O4 11.07 4.80 3.15
35 36.87° (310 Charged O4 13.24 6.56 4.81
35 53.13° (210 11.16 5.70 4.16
35 53.13° (210 Neutral O4 11.85 5.76 4.15
35 53.13° (210 Charged O4 15.60 7.32 5.30
317 61.93° (530 14.61 9.42 8.07
317 61.93° (530 Neutral 04 14.60 8.84 7.31
317 61.93° (530 Charged O4 15.14 9.72 8.31
313 67.38° (320 19.28 11.46 9.42
313 67.38° (320 Neutral O4 18.50 10.80 8.78
313 67.38° (320 Charged O4 15.00 9.10 6.76
329  43.60° (520 17.28 10.56 8.80
329  43.60° (520 Neutral O4 16.31 9.79 8.07
329  43.60° (520 Charged O4 16.13 9.80 8.14

The XOZ-plane coincides with the geometrical plane of thevacancy and charge-1.9e per area of GB in the case of
GB. TheX-axis lies in the geometrical plane of the GB. The yttrium vacancy(e is the elementary chargjeTo create an
Y-axis is perpendicular to the geometrical plane of the GBelectroneutral vacancy, we, similarly to Ref. 9, doubled the
The Z-axis is directed along the-axis of the crystal lattice charge of the closest to the vacancy atom of the same kind as
and coincides with the misorientation axis. The extent of theemoved. When the charged vacancy was created, no such
model along theX-axis is equal in all cases to one period of doubling of the charge was done.
the coincident-site-lattice of the corresponding GB. The total In each case of GB simulation, we started with a sharp
number of ions in model bicrystals for GBS #=36.87°, geometric initial configuration of the boundary with one va-
25 6=53.13°,%13 =67.38°, and 17 #=28.07° is 624. For cancy created at a GB. It took us hundreds or thousands of
GBsX13 §=22.62°,217 #=61.93°, and>29 #=43.60° itis  time steps to achieve a relaxed configuration. For example,
650. in the case of GB.5 #=53.13° with neutral oxygen vacancy
The molecular dynamics method was used in calculationi took 655 time steps, in the case of GR3 =67.38° with
(details are described in Ref).4The new substantial feature charged oxygen vacancy it took 3023 time steps, in the case
is the introduction of the point defects into models of GBs.of GB X5 #=36.87° with neutral vacancy of yttrium it took
The computer simulations of point defects in YBCO was6833 time steps. For all modeled GBs stable relaxed configu-
done in a number of papefsee, for example, Ref)9ln our  rations were achieved. It is interesting to note that we could
case, we create the point defe@gygen and yttrium vacan- not achieve a stable relaxed configuration of perfe2®
cies directly in the GB(as close as possible to the geometricGB# It was suggested in Ref. 4 that the GBs with lakje
plane of the GB. There are 4 different positions of oxygen could exist only if the oxygen vacancies exist at GBs. Our
atoms in the crystal lattice of YB&usO;_s. Vacancy was results now confirm this prediction, at least for the GR9.
created at the position of O4 in the layer Cul—04. In each To find the relation of the atomic structure of GBs to their
case only one point defect at GB was created. The areas ofansport properties, we estimatég (the thickness of the
GBs are about1-2)nn?. In order to estimate the relative nonsuperconducting layer enveloping the \GBhe bond-
contribution of charges to the suppression of the supercurremalence-sum analysisand strain analysiswere applied to
at the GBs, we introduce them into the model in a naturathe relaxed atomic structures of the GBs obtained by com-
way: we perform the computer simulation in the cases ofuter simulation. The results of strain analysis are repre-
presence of charged and neutral vacancies separately. Thented in Table | for the cases of neutral and charged oxygen
creation of charged vacancies is equivalent to the appearanwacanciegthe data for perfect GBY5, 213, and>29 were
of the chargg+1.3)e per area of GB in the case of oxygen presented earlier in Ref.)4The thickness of the non-
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superconducting zonke, is determined for the various GBs the effect is much smaller. The presence of charged yttrium

using strain analysidor several different values of the criti- vacancies at GBs gives a similar result.

cal strain levelie;;=1%, e¢,y=3%), ande;;=4%. Thus, based on these estimates, we can expect that the
Analyzing the data presented in Table I, we can deducgresence of neutral oxygen vacancies at the analyzed &Bs

that the presence of neutral oxygen vacancies redyc€or  |east, at concentrations corresponding to the conditions of

eqrit=3% this reduction for most GBs is around 10%. GBsqyr computer experiments, which show decrease in the strain

35 are the two exceptions: for GB wit#=53.13° h,  |eyve| at GB$ could increasel.. It is necessary to stress

changes very slightly, but, for GB witl#=36.87°,h, de-  54ain however, that only the influence of the strain state at
creases by approximately 40%. On the one hand, one COUSZBS on superconductivity is taken into account. Actually,

gxpect tha}]the pr.es.enche of oxygen vacancies at GBs wou pends on the value of the superconducting order param-
deCf_e‘?‘SE‘ the strain in the GB region and IMProve SUPErcoliie \which is a function of the oxygen concentration. The

uctivity, but, on the other hand, it could substantially influ- hanae of the barrier heiaHt d by th . i
ence the length of the atomic bonds and spoil GB transpor(f 9 rer heigrit caused by the vacancies pres
properties. Therefore, one could have expected that the bon§'c€ CO.UId decreas. The re_Iat|ve contr|b_ut|on of the;e
valence-sum analysis would give the opposite results a@echanlsms t'o the changngng hard tq estimate theorep-
compared to the strain analysis. In fact, the data obtained b§2!ly @nd it might be revealed in experimental observations.
this analysis is more scattered, but for some GBs the tenl/€ can assume that if experiments would show the increase
dency of changindy, by the presence of neutral oxygen va- Of Jc at GBs with oxygen vacancies, it would be ascribed to
cancies is revealed quite clearlffor example, for the GB the strain reduced factor revealed in this work.
313,0=22.62°, containing a neutral oxygen vacarigygde- Experiment* demonstrated that helium irradiation at
creases by 40%; for the GB5,0=36.87°,h, decreases by 80 keV increase§; of the GB junction in YBaCu;0;_,. It is
25%). Apparently, the overall contribution of the strain re- also experimentally showt that oxygen vacancies at GBs
laxation of the atomic structures of these GBs exceeds thappear as a result of irradiation. Our computer simulation
effect of local change of atomic bonds lengths in the imme-data might be considered as one possible explanation of
diate vicinity of the oxygen vacancy. these experimental observations.

The supercurrent can pass through nonsuperconducting Because of the substantial effect of oxygen vacancies on
region of GB only by some form of tunnelityand must the transport properties of GBs, it is interesting to evaluate
therefore show an exponential drop given by, the adsorption capability of these boundaries with respect to
= exp(—2«h,) wherex is a decay constant determined by the 0Xygen vacancies. This capability can be characterized by
barrier height® (ke ®?) 11-13 The precise calculation of Eg- *°—the binding energy of an oxygen vacancy with the
Jo(hy) taking into account all aspects of the problem is a veryGB—which could be calculated by computer simulation
difficult task. This is noted repeatedly in articles and reviewsM€thods. These methods were used in studies of the interac-
on this problem. The theoretical description &f remains ~ tion of vacancies with twin and grain boundanes in metals
incomplete, not the least because of a variety of reIevarﬁSGeB‘?;Vgor example, Ref. 16Generally, numerical values of
physical mechanisnis.Any relation between “atomistic Ey ~ are very sensitive to the choice of the interatomic
make-up” and “tunnel conduction” across weak links suffergpotential. We vylll try to avoid this complication and evaluate
from clarification of relevant mechanisms and, hence, an®hly comparative values of binding energies for GBs with
approach is phenomenologiddiThe transport mechanisms dlfferer_lt angles of misorientation. One could expect that this
present in GB Josephson junctions still have not been iderlata will be more reliable than numerical valuese§*°
tified in detail and are discussed controversi#lin view of obtained by direct calculation. It can be shown that the ratio
the complexity of the problem, we estimate the change of th@f binding energies for two different GBs, denoted by GB1
J. only due to the change of titg, caused by the presence of and GB2, can be estimated as follows:
vacancies at GBs. If only strain induced suppression of su-
perconducting order parameter at GBs were taken into ac- -
count, the decrease of may substantially increask. Us- ESB2HVO  EGB2_ pGBZWVO
ing, similarly to Ref. 5, the approach of Ref. 1this
approach is considered in detail also in Refs. 12 anddr&e ~ where is the binding energy of the grain boundary
can show that, in the considered idealized limit, Jpevould ~ GB1 and oxygen vacancy VE&S#*V?is the binding energy
be increased for most of the analyzed GBs. For example, foof grain boundary GB2 and oxygen vacancy VE¥E! is the
the GBX13,6=22.62°, the increase might be by 5 times, for energy of the microcrystallite containing the perfect grain
the GBX5,0=36.87°—by 70 times. boundary GB1ECB*VOis the energy of the microcrystallite

The presence of the neutral yttrium vacancies for someontaining grain boundary GB1 with oxygen vacancy in it;
GBs increases, (for example, for the GB13,0=22.62°, E®B2andE®B2*VO are the corresponding values for the grain
the increase is by 4 timgswhile for some GBg, is slightly ~ boundary GB2. Computer simulation data for different GBs
decreasedfor example, for the GB17,0=61.93°, the de- were used to calculate relative adsorption capabilities of dif-
crease is by 129 Comparing the data for charged and un-ferent GBs with respect to oxygen vacancies. The results are
charged vacancies, we can estimate the influence of chargpsesented in Table II. In all cases the grain boundsby 6
at the GBs on their transport properties. For GBS the  =36.87° was taken as GB2.
presence of charge decreadgsubstantially: by 15 times for We can expect that GBs with great®rhave a greater
35,0=36.87°; by 5 times fok5,0=53.13°. For other GBs stress level in the region of the boundary. As a result, their

EEB:HVO EGBl _ EGBl+V0

1)

ESBl+VO
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TABLE II. Relative adsorption capability of grain boundaries in common type in YBCO are all the more intrinsically nons-

YBa,Cu07_5 with respect to oxygen vacancies. toichiometric. Really, the GE29, that was chosen in this

study as an example of a GB close to the GBs of common
GB 213 X177 X5 X5 217 213 type, could not even achieve a stable relaxed configuration
P 2262° 28.07° 36.87° 53.13° 61.93° 67.3ge Without the presence of oxygen vacancies.

The effect of nonstoichiometry has recently been shown
to be important in complex oxidé&1” A combination of
experiments and first-principles calculations in Ref. 17 re-
elastic interaction with point defects should be strongerVeal that the introduction of nonstoichiometry into the GBs is

From this point of view, one could expect that GBS energetically .favorable and results in structures th.at are ob-
would have smaller adsorption capabilities, which does inServed experimentally. The assumption that there is a strong
deed agree with the data of Table I. However, there is élonstmchlometry_m all YBCO grain boundaries was used in
surprise: the GBS13 have greater adsorption capabilities Ref. 10 to explain the observed dependencelobn the
than GBsX17, even though they have smallBr Another ~ Misorientation. According to our_results,_at least all special
surprise is that, in the case of the GB43, the GB with a and common type symmetrical tilt GBs in YBCO are most
smaller angle of misorientation has greater adsorption capdrobably intrinsically nonstoichiometric.
bility than GB with a larger angle of misorientation. Thus, it
is obvious that the elastic interaction of GBs with point de- The authors express thanks to A. B. Kuklov for a useful
fects in these cases is not dominant. discussion, to V. V. Boyko for assistance in performing the
For all analyzed GBs, the formation of neutral oxygencomputer simulation, and to Edward Friedman for assistance
vacancies is energetically favoralES®*V°>0). The posi- in providing the computer resources for the development of
tive nonzero adsorption capability of analyzed GBs showshe computer simulation software. This work was supported
that they are intrinsically nonstoichiometric. Thus, the spe-by grants from the City University of New York PSC-CUNY
cial symmetrical tilt GB5, 213,217 in YBCO are intrin-  Research Award Progra(Projects No. 63500-00-32 and No.
sically nonstoichiometric. We can expect that tilt GBs of 60056-32-33.

EbGB+VO/ E§5+vo 326 122 100 148 172 252

1H. Hilgencamp and J. Mannhart, Rev. Mod. Phy&4, 485  19S.J. Pennycook, Adv. Imaging Electron Phy3 173(2002.

(2002. 113, Halbritter, Phys. Rev. B6, 14861(1992.
M. F. Chisholm and S. J. Pennycook, Natgt®ndon 351, 47  12R_Gross, L. Afft, A. Beck, O. M. Froehlich, D. Koelle, and A.
(199D. Marx, IEEE Trans. Appl. Supercond, 2929(1997.

jA. Gurevich and E. A. Pashitskii, Phys. Rev.5, 13878(1998. 133 paipritter, Supercond. Sci. Techndlg, R47 (2003
5\’\/1' SD Bé)yko gnd A M. Levine, Phys. Rey. B4, 224525(2001). 14M. A. Navacerrada, M. L. Lucia, and F. Sanchez-Quesada, Phys.
. D. Browning, J. P. Buban, P. D. Nellist, D. P. Norton, M. F. Rev. B 61, 6422(2000
Chisholm, and S. J. Pennycook, Physica2@4, 183(1998. 15 : ’ s o )
6\ S. Boyko, J. Malinsky, N. Abdellatif, and V. V. Boyko, Phys. M. A. Navacelrrada, D. Arias, Z. Sefrioui, G. Loos, M. L. Lucia,
Lett. A 244, 561(1998. J. Santamaria, and F. Sanchez-Quesada, Appl. Phys. T&tt.
7G. Hammerl, A. Schmehl, R. R. Schultz, B. Goetz, H. Bielefeldt, 3289(2000.
C. W. Schneider, H. Hilgenkamp, and J. Mannhart, Nature'®K. W. Ingle, P. D. Bristowe, and A. G. Crocker, Philos. Ma&8,

(London 407, 162(2000. 663(1976.
8Q. Jin and S.-W. Chan, J. Mater. RekZ, 323 (2002. 17M. Kim, G. Duscher, N. D. Browning, K. Sohlberg, S. T. Pan-
9X. Zhang and C. R. A. Catlow, Mol. Simull2, 115 (1994). telides, and S. J. Pennycook, Phys. Rev. L8, 4056(200J).

212502-4



