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Effect of Zn and Ni substitution on the local electronic structure
of the YBa,Cu;0;, superconductor
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Embedded cluster calculations at the MP2 electron correlation level of pure and Zn- and Ni-doped
YBa,Cu;0,(Y123) ceramics reveal great changes of the local charge distribution and crystal bonding in the
vicinity of impurities. In the Zn-doped ceramics the obtained changes are stronger and more extended than in
the Ni-doped ceramics. This can be one of explanations of the stronger depresSiprdo¢ to Zn. The
calculated increase of positive charge for both impurities, comparing with substituted Cu, indicates that the
impurity atoms lose more negative charge than Cu. As a result, all nearest@it® around impurity lose
their holes: completely in the Zn case and partly in the Ni case. This leads to the breaking of the hole pairs in
the vicinity of impurity and correlated with an increase of the coherence length in Zn- and Ni-doped Y123
crystals measured by Timomogd al. [Phys. Rev. B50, 114 (1999]. Both Zn and Ni impurities, the latter to
a less extent, act as effective pair breakers due to the elimination of holes on adjacergrGuis.
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I. INTRODUCTION cated band structure calculatiosee Refs. 21-23have to
be supplemented by a calculation of local electron configu-
It is now well documentedsee Refs. 2—7 and references rations. A suitable approach for this is the embedded cluster
therein that a small amount of Zn and Ni impurities substi- method (ECM).?*?® There are many published studies of
tuted for Cu in the YBaCu,0,('Y123) ceramics destroys the copper oxides based on the application of the EE€M?but
superconductivity. The detrimental effect of the Zn substitu-n most of them the electron correlation effects were not
tion is about three times as much as that due té Whe taken into account. ioas _
substitution of only 8—10% of Cu by Zn results in the full !N previous studied*°we elaborated on the version of
suppression of the superconductivity. This experimental findth® ECM in the framework of the Gaussian package. This
ing is in a sharp contrast with the impurity effect in the allows one to take into account the electron correlation, at

conventional superconductdt§where nonmagnetic impuri- ItﬁaSt’ ?lt/lg]ze) S_?ﬁotnd order r?f the (lj\/lzllttar-dPIestsr:at E‘g&"&?ﬁgn
ties such as Zn depress the transition temperalurenuch eory - hat approach was denoted as the | ) '
o o ; For a low concentration of impurities, modifications in the
less than magnetic impurities such as Ni. electronic structure of pure Y123 ceramics are localized in
Both Ni and Zn have a valence she#? however, Ni has b

. d b 2| d . the neighborhood of the impurity. To study these changes,
a magnenc_ moment, created byl 33 ectrons, and Zn is 2 the cluster approach with the cluster built around the impu-
nonmagnetic atom. The comparative study of Zn and Ni aCtity atoms is most appropriate. Recently, Gupta and

tion can help to elucidate the nature of pairing in hiBh-  Gypta”-38ysed the tight-binding recursion method for calcu-
superconductors or, at least, to exclude some pairingating a large cluster around isolated Ni and Zn atoms. Their
hypotheses? The mechanisms that might be responsible forapproach allows one to employ a cluster of more than 10 000
the depression off. by Zn and Ni were extensively dis- atoms, but the method is very approximate. In
cussed in the literatur®’ '~ Most of the proposed sce- calculationd”8 only p functions at the oxygen sites amd
narios are consistent with d2_,> symmetry of the order functions at other sites were considered and, certainly, the
parameter. But the reasons for such an exceptionally largéght-binding model does not take into account the electron
depression off¢ by Zn are still unclear. Experimental obser- correlation. The latter plays an extremely important role in
vations of localized magnetic moments on Cu sites arounthe copper-oxide ceramié8 As shown in our studi€§ of
each Zn(Refs. 1619 further complicate the issue, adding Y123 ceramics, the electron correlation effects calculated at
some extra enigma in the mechanism of Thesuppression the ECM-MP2 level essentially change the noncorrelated
by the Zn impurity. charge and spin distributions, e.g., the magnitude of the elec-
It is well known that the effects of the unusually strong tron correlated MP2 charge on copper ions decreases by a
localization in the oxides of transition metals make the taskactor 1.5 in comparison with the charge, calculated at the
of performing electron structure calculations very difficilt. restricted Hartree-FockRHF) level 3®
To reveal the peculiarities of electronic structure, sophisti- In the present work, we carried out the calculation at the
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ECM-MP2 level of the local electronic structure of a pure MP, Cug O
crystal YBgaCu;O; and of the crystal doped with Ni or Zn.
Although, according to some experimental d®&zn and,
especially, Ni substitute for Cu not only in the Cu@lanes,

the main detrimental effect of the impurity is caused by the
substitution in the Cu@planes. That is why we considered
clusters located in the Cy(planes. The preliminary results
for the Zn-doped ceramics were published in Refs. 36 and
44. In the present study, we used a more representative clus-
ters, Cy405, CuNiOg, and CyzZnO;4, and performed a
comparative study of Ni and Zn action on the local electronic
structure in the Cu@planes.

Il. METHODOLOGY

The ECM-MP2 methodology was described in details in
Refs. 34 and 35; the peculiarities, arising in the case where
the symmetry of cluster does not coincide with the point
symmetry of the crystal, were summarized in Ref. 36. Hence
only the relevant features of the methodology relatives to the
studied CyOs; cluster(see Fig. 1 are presented.

The methodology is based on a procedure originally pro- olss
posed by Kelires and D4s which consists of adjusting the
external charges of an array that embeds the cluster under
study in order to reproduce the correct value of the Made-
lung potential on each cluster site. This is realized by solving
a system oh+1 linear equations if the potential ancluster
sites has to be reproduced; an additional equation is needed
to express the electrical neutrality. The number of point-
symmetry operations of the @0y cluster(the C,, symme-
try) is less than that of the GO, clustef*3® (the latter
possesses the same point symméiry, as the YBaCu;O,

MP, Cu, Zn0,

crysta) and the number of cluster sites to be adjusted has %
been increased from 15 to 21. As a consequence, the number
of linear equations which allow to adjust the Madelung po- b)

tential of the embedding charges to that of the infinite crystal

has been increased from&s in Refs. 34 and 3%p to 14 in

the case of the G4 cluster. As one equation is left to

express the electrical neutrality of the charge an@yster

plus background charggsl3 sites were directly adjusted,

but a very satisfactory agreement between the Madelung po-

tential of the infinite crystal and the background charges was

found on 17 sitegthe difference being less than 1%) and

only on the four external oxygen ion&ig. 1) was a less

satisfactory agreement found, the Madelung potential differ-

ence being less than 37% in that case. These four oxygen

ions were introduced into the cluster in order to reproduce

the correct bonding of the four external coppers. Further-

more, due to the boundary effects which occur when the

bonds between cluster and background atoms are not taken

into account, the charge of these outermost oxygens is dif-

ferent from that of the oxygen ions inside the cluster, and the

results relative to the former ions are not taken into account )

in this study. But, as follows from our results, these boundary

effects have a small influence on the external Cu charge; the

modification of the external Cu charges is only 6% in com-

parison with the central Clsee Fig. 19)]. FIG. 1. Charge distribution at the MP2 level on clusters embed-
The charge arraybackgroundl has to possess the point ded into YBaCu;O, obtained from the Mulliken charge matrita)

symmetry of the crystal. It was found that it is sufficient to CtsOs, () CusZnOye, and(c) CuyNiOg.

214509-2



EFFECT OF Zn AND Ni SUBSTITUTION ON TH . .. PHYSICAL REVIEW B 65 214509

use not very large charge arrays. In our case it contains 322 TABLE |. Self-consistent charge distribution at the MP2 level

charges. obtained from the NBO population analysis for clusters @y,
The second point, which characterizes the methodology, i§WZnOs, and CuNiOe with chargeq=—16 embedded into

to obtain a consistent set of charges between cluster angl23 ceramics.

background for the perfect crystal represented in this case by

the CO, cluster. This is achieved through a series of cal- Charges on Valence orbital
culations where the charges obtained as a result of a atoms population
guantum-mechanical calculation are taken as background (@) ClO
. . 16

charges for the next calculation. The starting values of Cu(centr) 1.21 2450-31349-37
charges were taken from Ref. 46, which gives a cluster cua 125 4503034935
chargeq= —16. 0.30349.34

For the pure Y123 we have to consider a singlet state in Cub) ) 112379 :1,92(15_38
the CuQ planes®* When the charge of the G0;¢ cluster is n'n'qg) '1'40 231.932p5_39
g= — 16, the singlet state cannot be constructed because the n.n.03) - P
total number of electrons is odd. In order to consider a sin- ) 4Z"Oss 0344973
glet state in the Cu®planes the following procedure was L.75 ‘50'4‘1‘3(19'43
used: two series of RHF calculations were performed, one Cu(@ 0.97 450'4 3d9'37
with g= — 15 and the other one withp= — 17, the average of Cu(b) 0.99 4°"'3d®
the two final results after convergence being considered as n.n.Q2) -1.44 &-9%p>42
representing the GO,¢ cluster when its charge = — 16. n.n.Q3) -1.43 xH9p>H
In each case, three cycles were sufficient to obtain consis- (¢) CuNiOsg
tency. As a consequence of the previous procedure, the cal- Ni 1.41 45%°%3d°10
culations of clusters with impurity atoms (§ZnO;¢ and Cu(@ 1.21 45%-923d°%7
CwNiO;4, with the chargeg= —16) have to be performed ~ Cu(b) 1.18 45%3%3d%%
with two backgrounds for the pure crystal corresponding to  n.n.Q2) -1.58 251928
the cluster chargeg=—15 and —17. The final result is n.n.Q:3) -1.62 x19%9p56L

obtained by taking the average of the results for each back . . .
ground, although, as follows from the calculations, the dif_aThe notation n.n refers to the nearest neighbors of the central ion of
ference between these two cases is rather small. The RHED€ cluster.

and MP2 calculations were performed with the standard tri-

ply split valence 6-311G basis set of th@USSIAN 94  pure YBgCuy,O, ceramics and ceramics doped with the Zn
program?’ All core electrons were included in thb initio  and Ni impurities. Charges on bonds are given as fractions of
calculations without using any pseudopotential. Afinite arraythe electron charge; thus they are negative. The cluster
of background charges was introduced as solvent chargesu,0,4 is more representative than the cluster used in Ref.
using the Charge keyword of tr@nussian program. To cal-  36. It consists of the central atom Cu and two shells of near-
culate the charges on atoms we used the natural bond orbitakt neighbors: four O atoms and four Cu atoms that are not
(NBO) analysis, the charges on bonds were obtained fromyn the cluster boundary because they are surrounded by 12
the Mulliken charge matrix, both at the MP2 level. In order outermost oxygen atoms. Thus these oxygen atoms shield the
to determine the symmetry of holes on cluster atoms, thénner ions from the point-charge background. In Fig. 1, the
NBO population data were used. charges are indicated only on inner ions of the clusters. In
this study, we consider the case of a small impurity concen-
tration. Therefore, only the central Cu atom was substituted
for by Zn or Ni, and the cluster with an impurity was em-
The ab initio quantum-mechanical calculation of clusters, bedded into the Madelung field of the pure crystal.
discussed above, was performed in the Madelung field of the In Table I, charges on atoms and the valence orbital popu-
perfect crystal mimicked by the finite charge array. As shownation, obtained from the NBO analysis, are presented. The
in our previous studie¥,~*the influence of the crystal field central atom of the cluster and the two neighbor shells are
on the charge distribution is very strong. For the,Gy and  considered. In the valence orbital population, the small popu-
Cuw,Zn,0O4, clusters studied in Ref. 36, the comparative cal-lated excited orbitals are not included, although their popu-
culation of the isolated clusters and clusters embedded intation is taken into account in the presented values of atomic
the Madelung potential field revealed, after embedding, arharges. The charges on atoms represented in Fig. 1 corre-
increase of the Cu charge by a factor 3—3.4 and an increaspond to the diagonal elements of the Mulliken charge ma-
of the oxygen charge by a factor 1.6—-1.7. The Zn chargdrix. If we take into account the charges on bonds, usually
undergoes a relatively smaller increase: 1.2. This indicatesegative, the difference with the NBO chard@able |) will
that the results obtained for the isolated cluster cannot bdiminish. As follows from our calculations at the MP2 level,
extended to the local crystal structure. the Mulliken total charges on most of atoms differ from the
In Fig. 1, we present the charges on atoms and bondsiore precise NBO charges by less than 0.1e.
obtained from the condensed two-atom Mulliken charge ma- According to the valence orbital population in crystal
trix calculated at the MP2 electron correlation level for the(Table ), both 3d and 4s copper electrons are involved into

IIl. RESULTS AND DISCUSSION
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TABLE II. Change in the electric charge due to the impurity, place on the n.n. oxygens; on the n.n. coppers and on n.n.n.

Ag=q (doped crystat-q(pure crystal oxygens the decrease of the positive charge is rather small.
- Thus the Zn substitution results in stronger and more ex-
Zn Ni tended changes of the charge distribution than the Ni substi-
Central atom 0.54 0.20 tution. . . .
a The comparison of the data in Table Il with the Gupta-
n.n. Q2) -0.05 -0.19 . L . .
n.n. Q3) -0.03 021 Gupta calculatio?f indicates large discrepancies, although
n'n' Cua -0'28 _0'04 their qualitative conclusion about the extended charge
n'n' Cub) -0.28 _0'09 changes in the Zn-doped crystal coincides with our calcula-
o 5 0'20 0'04 tion result. Almost zero charge changes were reported in Ref.
n.n.n. 42) e e 38 for the Ni doping. These discrepancies may be attributed
n.n.n. @3) -0.18 -0.02

to the approximate nature of the approach used in Ref. 38.
*The notation n.n and n.n.n. refer to the nearest neighbors and tbN€ authors of Ref. 38 did not take into account the valence
next-nearest neighbors of the central ion of the cluster, respectS €lectrons of Cu and impurities, involved in the charge-
tively. transfer processes and in the covalent bonding witfogy-
gen electrons, as well as the electron correlation effects. The

the interaction with the nearest oxygen neighbors. The interatter is evident, because the tight-binding model is based on
action Cu(31)-O(2p) leads to an antibonding stefé}®  the one-electron approximation.
while the interaction Cu(€)—O(2p) stabilizes the crystal, It is well established that Y ceramics are characterized by
forming a covalent bond with an electron density equals tdhe hole conductivity; the charge carriers are the hole pairs.
0.05€[Fig. 1(@]. The 4s electrons of Zn and Ni are to a great According to experimental datd;*" the superconductivity in
extent involved in crystal interactions. TheXpopulation of ~ Y123 ceramics is achieved when the mean hole depsgity
the isolated atoms in crystal become® # for Zn and 4°3  in the range of (0.10-0.26)per CuQ unit. In Ref. 50
for Ni. On the other hand, thed3electrons of zn and Ni chemical methods indicatfi ,ax at pp=0.22, Tallon
practically do not participate in the binding. The Subshell €t al®* obtained T max at p,=0.16e. Let us estimate the
of Zn is unfilled only on 0.17e, and in Ni there is a small changes of the hole concentration cause by the impurity dop-
increase of thed-electron population on 0.16e, compared N9.
with the 3d® population in the isolated atom. This means that According to Table II, a loss of negative charge on Zn and
the antibonding state Cu@3—O(2p) almost vanishes at the Ni leads to an increase of negative charge on the Quits
sites of impurity substitution. The bonds Zn-O and Ni-O are@djacent to the impurities and, consequently, to a decrease of
more ionic than the corresponding Cu-O bdimdthe case of the hole density on these units. The estimation of hole den-
Zn to a great exteftalthough the covalent nature o§@p  Sity decreased py,, per adjacent CupPamounts—0.52 for
bonding is still preserved. In the case of Zn, the negativéhe Zn impurity and—0.2€e for the Ni impurity. We should
electron density on the Cu-O bond adjacent to impUsge compare thesé py, values with the value opy, in the pure
Fig. 1(b)] indicates a completely antibonding character,crystal. A comparison has to be done in the framework of
while the same bond in the case of Ni is still covalf#ig. one model. In the pure crystal, for the plane cluster used in
1(c)]. this study, we obtairp,=0.4%. This value is larger than

The substitution of the central Cu atom by the Zn or Nireported experimental valué?*but for a study of impurity
atoms results in a large change of the net charge on theffects the comparative changes gp are more important
central atom, and changes of the net charge on neighbdhan the absolute valu€$ Thus all the nearest CyQunits
atoms which are different for the Zn and Ni substitutions. Inaround the Zn impurity completely lose their holes, and the
Table Il we present these changes for the central atom, th@ean density of charge carriers in the vicinity of impurity
nearest copper atoms, and nearest-neiglibor) and next-  drops down. The Zn impurity acts as an effective breaker of
nearest-neighban.n.n) oxygen atoms. In the case of the Zn the hole pairs. For the Ni impurity there is only a decrease in
substitution, there is a large increa@54e of the positive  the hole density. The hole-pair breaking action of Ni is much
charge on Zn. This means that, in crystal, in spite of the extrdess pronounced than that of Zn.
electron, Zn loses more negative charge than Cu. The addi- For elucidating the mechanism of the hole-pair formation,
tional negative charge is distributed relatively far from zn.it is important to know the symmetry of holes. This problem
There is a small increase of negative charge on the n.n. das a long history. In the early band calculatiohs; the
atoms, and a large transfer of negative charge to the mor@po symmetry of the holes on oxygen ions was obtained.
distantly located Cu atoms and n.n.n. O atoms. Later, in the generalized valence bond calculatinsithout

In the Ni-doped crystal there is also an increase of positaking into account the crystal field, thep2 symmetry of
tive charge on Ni in comparison with the substituted Cu, buthe holes on oxygen ions was reported. In our recent
2.8 times less than that on the Zn atom. Ni, like Zn, has? 4 studie$*~*° of YBa,Cu;0; ceramics by the ECM-MP2 ap-
valence shell and, though the Ni atom possesses one electrproach, we obtained thep2r symmetry of the holes on the
less than the Cu atom, it still donates more electrons than thexygens in the Cu@plane. We confirm these results in the
4s' valence shell of Cu to the crystal chemical bonding. Inpresent calculations; see Fig. 2. This information was ex-
contrast to the Zn case, the Ni substitution causes a ledgacted from the NBO analysis data after calculation at the
extended perturbation. The largest changes of charge takdP2 level of the CyO,¢ embedded cluster. The holes on the
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16 tuted in one small cluster. In the case of the single impurity
[Cu Oy :| atom in cluster considered in this study, Zn and Ni impurities
do not change the qualitative picture of the hole symmetry
® Cu on oxygen atoms.
- C@é - @ O According to Table |, there is an increase of electron

population on thel subshell of Cu close to the impurities; it
is equal to 0.08 and 0.0 in the case of Zn and to 0.85
and 0.02 in the Ni case. Although in the Zn case the in-
crease has a slightly larger magnitude, it is difficult to con-
2p 3dety? clude if this increase in the electron charge of the Cu near-
- @®> % C@:D - ) est to Zn can explain the small local magnetic moments
cu observed on Cu in the experimetfs'®upon zn substitution.

IV. CONCLUSIONS

S S The4_l§6C:M—MP2 approach develop_ed in our previous
Cu works® allows one to make calculation of the local elec-

tronic structure of doped crystals at the electron correlation
level provided by thesaussiaN package. One of the advan-

tages of the methodology developed is the possibility to use
the rather precise NBO population analysis at the electron

FIG. 2. Symmetry of holes in a pure YBau,O, crystal froma  Correlation level. The application of this approach to the
NBO population analysis at the MP2 level. comparative study of the local electronic structure of pure

Y123 ceramics and ceramics doped with Zn and Ni reveals
O atom are estimated with reference toQi.e., they are that the antibonding state Cu§B-O(2p) almost vanishes at
real holes in the solid estimated with respect to the filledthe sites of impurity substitution. The bonds Zn-O and Ni-O
oxygen band, while the holes on the Cu atom are estimatedre more ionic than the corresponding Cu-O bdimdthe
with reference to the isolated neutral Cu atom and reflect anase of Zn to a great extentlthough the 4-2p covalent
electron deficit. The quantitative measure of the electromature of the bond is still preserved.
deficit can be found from the valence shell population pre- For both Zn and Ni impurities there is an increase of
sented in Table I. As follows from the NBO analysis, the positive charge at sites of substituti¢in the case of Zn of
main contribution to the hole density in tllesubshell has a 2.8 timeg and changes in the net charge of neighbor oxygens
dy2_y2 origin. and coppers. The Zn doping causes stronger and more ex-

It is interesting to note that a qualitative picture, similar totended changes of neighbor atom charges and of their bond-
that represented in Fig. 2, was proposed without any rigoroug than the Ni doping. These stronger and more extended
treatment by Zhang and Ric&.They assume that on the perturbations of electronic structure in the neighborhood of a
CuG, planes of superconducting ceramics the hybridizatiorZn impurity can be the reason for the stronger depression of
of 3d (Cu) and 2 (O) electrons is realized, and all spins are T. due to Zn. The study of Zn-substitution effects on the
paired (the so called Zhang-Rice singlefTheir hypothesis normal-state charge transport in Y5O, ceramics has
was substantiated by our ECM-MP2 calculations in Ref. 34revealed a large scattering cross section of the Zn
where it was shown that there are no unpaired spins in thimpurities> According to Fukuzumet al.® the primary ef-
CuG, planes. The results about thp@ hole symmetry pre- fect of Zn doping is to produce a large residual resistivity as
sented in Fig. 2 give to the hybridization hypothesis an ada potential scattering center in the unitary limit. As
ditional support. These theoretical results are in a goodollows from our results, this is not a pointlike scattering
agreement with the NMR experimerftS’ and x-ray absorp- center located on Zn; it is rather delocalized in the vicinity of
tion spectroscopy studiés. impurity.

The NBO analysis gives the following mean orbital con-  The increase of positive charge on the impurities means
tributions to the hole density on oxygens in the pure crystalthat impurity atoms lose more negative charge than copper
0.07 2+0.51 2p0+0.07 27 (L to plang. In the doped atoms. The additional negative charge is distributed on
material for the oxygens adjacent to the Zn impurity we haveneighboring O and Cu atoms. As a result, all the nearest
0.06 2+0.50 200+ 0.06 2p7 (L to plang, whereas in the CuG, units around the impurity lose their holes, completely
case of the oxygens adjacent to the Ni impurity we have 0.0& the Zn case and partly in the Ni case. In the normal state,
25+0.37 200+0.06 2p7 (L to plans. an increase in the slope of the electrical resistivity versus the

Thus the Do symmetry of holes on adjacent oxygens is temperature as a function of the Zn concentration is observed
preserved for both impurities, although to a less extent in thexperimentally, and may be attributed to a decrease of carrier
Ni case. The P (in-plane symmetry contribution to the density®® This experimental fact is consistent with our result:
hole symmetry on the oxygens atoms adjacent to Zn, rea decrease of hole concentration is expected in the presence
vealed in Ref. 36, proceeds from the two Zn atoms substiof a Zn impurity. In the superconducting state the decrease of
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the hole concentration provokes the breaking of hole pairs immpurities, the latter to a less extent, act as effective pair
the vicinity of the impurity, and is correlated with an increasebreakers, and the elimination of holes on adjacent £uO
of the superconductivity coherence length of Zn- and Ni-groups can be considered as a possible mechanism respon-
doped Y123 single crystal, as measured in Ref. 1. In agressible for the pair breaking.

ment with our calculation results, the rate of the measured
coherence length increase in the Zn-doped crystal is larger
than that due to Ni. The measured increase of the in-plane
coherence length, as noted by the authors of Ref. 1, is in an
excellent agreement with the prediction of the pair-breaking This work was supported by grants from CONACyT
theory in thed-wave superconductivity? Thus the Zn and Ni (Mexico), Project No. 32227E.
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