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Asymmetrical effects of copper-site holes versus oxygen-site holes in La-Sr-Cu-O
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The effects of the copper-site holes and oxygen-site holes on structure, superconductivity, and
normal state in La, 3sSro.15CuQO4 have been studied by use of a method in which the hole concen-
trations at both sites are varied independently. The filling of both the Cu?* holes and the O~
holes induces a tetragonal-to-orthorhombic structural transition. Such a behavior supports strong-
ly the interpretation that the driving force for the bending of Cu—O—Cu bonds is the stabiliza-

*

tion of the o™ antibonding interaction.

The two hole-filling processes generate profoundly

different effects on 7., normal-state transport, and magnetic susceptibility. We will discuss the

causes of these highly asymmetrical effects.

It is generally accepted that the Cu 3d,:..,2 and O p,
orbitals, both pointing to each other along the Cu—O
bonds in the CuO;, plane, play a dominant role in the elec-
tronic properties of the high-7, superconducting cuprates.
What remains unsettled is whether the CuO; plane can be
described by an effective Hamiltonian' involving a single
band with strong on-site Coulomb interaction or multi-
bands involving both the 3d,._,2 and p bands. The prob-
lem is complicated by the fact that the energetics of the
orbitals is influenced not only by the hybridization effect
but also by the large intrasite and intersite Coulomb
repulsion.2”™* Spectroscopic evidence suggests that the in-
troduced extra holes reside near the O site® since these
holes have the O p character and the Cu3* state is not
found. However, theoretical analysis has indicated that,
due to the covalent nature of the Cu—O bonds, a hole on
each square of O atoms should be strongly bound to the
central localized hole on the Cu?* ion, forming a local
singlet whose motion can be modeled by a single-band
effective Hamiltonian with a new set of hopping and in-
teraction parameters.#® An important question is how the
location (or the character) of the extra holes affects the
electronic nature and superconductivity of the cuprates.
Of course, the hole location is not a variable which can be
readily changed in experiment. Instead, as described in
this Rapid Communication, we have used a special
method to study the effect of hole location on the struc-
ture, superconductivity, and the normal state of (La,
Sr),CuO;.

Another interesting aspect is the effect of hole doping
on structural distortions. It has been established that the
CuO; planar structure is highly susceptible to symmetry-
lowering distortion. For example, the CuO; planes are not
flat but puckered in both La;CuQOy4 and YBa,Cu307 s, re-
sulting from the bending of Cu—O—Cu bonds. In
La;CuQy, such a distortion causes the structure to be or-
thorhombic. But hole doping by Sr substitution tends to
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destroy the distortion.” In LajgsSrg sCuOy4 (with a max-
imum T,), the tetragonal-to-orthorhombic (7-0) transi-
tion is lowered to T=190 K. When Sr content reaches
0.2, the structure becomes tetragonal down to 7=0 K. It
is not clear whether the bending of Cu—O—Cu bonds is
important to the superconducting and electronic proper-
ties. But the extra holes do affect the T and the ortho-
rhombic distortion at the same time. At this stage, it has
not been determined what drives such a distortion, and
why the extra holes affect the driving mechanism.

It is the intent of this Rapid Communication to address
some of the questions raised above. For simplicity, the su-
perconducting CuQO; plane is considered as one that con-
sists of concentrated localized 3d holes (one per Cu?*
site) and an appropriate amount of mobile O ~ holes. We
regard LajgsSrosCuOy as the parent compound with
0.15 O ™ holes per square. The effect of the hole location
has been studied by doping this parent compound with
electrons at the O~ sites and at the Cu?* sites. The
former is achieved by reducing the Sr content, the latter
by doping the Cu?* 34 sites with Zn?* 34'°, For com-
parison, we also doped the Cu?" sites with Ni?* 348 ions
which is equivalent to doping one more localized hole into
3d®. This hole may go to the hybridized 3d,:— 2 orbital,
or it may go to the 3d,: orbital should the Coulomb repul-
sion in 3d,2. 2 be large. As we will demonstrate, dopings
at the Cu?* sites and at the O~ sites produce highly
asymmetrical effects in La; 3sSrg ;5CuQOs.

Samples of La, gsSrq 15(Cu; —xA4,)OQ4 (4 =Zn,Ni) were
made by using the standard solid-state reaction method. ®
Every sample was carefully characterized by x-ray
diffraction and confirmed to be single phase. The oxygen
content was not determined, but it should remain un-
changed, since both Zn and Ni ions are divalent as Cu?*.
A structural study® by Hilscher et al. has shown that as
much as 45 at.% of Zn can replace the Cu site in La-Sr-
Cu-O without affecting the oxygen content. The com-
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FIG. 1. The temperature dependence of resistivity of

Lay.85Sro.1s(Cui —xZnx)O4.

pound La;NiQO, with the same oxygen content also exists.
Zn and Ni dopants definitely substitute for the Cu site as
demonstrated by the fact that the samples with Zn or Ni
content as high as 30 at.% remain single phase. The lo-
calization nature of the 3d states of the Zn and Ni
dopants ensures that the extra 3d charges go to the substi-
tuted Cu sites.

Figures 1 and 2 show the temperature dependence of
the resistivity for the Zn~- and Ni-doped La, 35Srp,15CuQOy4
systems. Overall, both systems exhibit similar transport
behavior. At high temperatures resistivity is linear in T
with a positive temperature coefficient, typical of high-T,

Layy gsSra.15(CuyNie)O,

p (mQ cm)

T (K)

FIG. 2. The temperature dependence of resistivity of
La, 8sSro.5(Cuy —x Nix)Oq.
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samples. The slope of the resistivity remains approxi-
mately constant. The residue resistivity, p(0 K), obtained
by extrapolating p(T") in the linear region to 7=0 K, in-
creases linearly with doping, consistent with an impurity-
scattering mechanism. At low temperatures, doping of Zn
or Ni induces a resistivity upturn and suppresses 7.

In Fig. 3, the data of lattice parameters (a,b,c), T,
normal-state conductivity o(300 K), and magnetic sus-
ceptibility x(50 K) are presented for the La;—xSrxCuOy,
LajgsSro.15Cuy—xZnx04, and La gsSro.15Cu; —xNiyOq
systems, The data are plotted in a special way, in which
the middle line represents the parent material La; gsSro i5-
CuQ4. To the left-hand side of the line, electrons are
doped into the O ~ sites (by reducing the Sr content),
whereas to the right-hand side of the line, electrons (or
holes) are doped into the Cu?* 347 sites by Zn (or Ni)
doping. The data for the La;—,SryCuO, system and

some data (denoted by crosses in Fig. 3) for the Lajgs-
" Sro.15Cu; —xNixOy4 system at high doping levels were tak-
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FIG. 3. Lattice parameters (a,b, and ¢), T, conductivity o,
magnetic susceptibility y as functions of Sr content in
Las—«SrxCuQs, Zn content in La; gsSro,15Cu1 —xZn0s, and Ni
content in La;gsSro.15Cuy —xNizO4. The central line represents
the parent compound LajgsSro1sCuOs The data for the
Laz—xSryCuOy system and some data (denoted by crosses) for
the La;.ssSro.1sCus—xNicOs system are taken from Refs. 10 and
11, respectively. All the remaining data are obtained from this
study.
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en from Refs. 10 and 11. All the remaining data were ob-
tained from our samples.

The lattice parameters (a,b,c) are shown in Figs. 3(a)
and 3(b). There is a striking resemblance in the evolution
of the structural distortion between electron doping at the
O~ site and at the Cu?* site. A tetragonal-to-ortho-
rhombic transition at the left-hand side (Sr doping) of the
parent compound is well known. Most interestingly, we
have also uncovered such a transition upon Zn doping, on
the right-hand side. In general, disorder induced by
dopants tends to suppress a phase transition. But here the
disorder inherent to Zn doping does not prevent the phase
transition from appearing. Contrary to Zn doping, the
structure of the Ni-doped samples remains tetragonal up
to at least 30 at.% of Ni. Thus, there is a distinct
difference between electron doping and hole doping at the
Cu?* sites as far as the structural distortion is concerned.
Figures 3(a) and 3(b) also show that the lattice constants
a,b always increase and c¢ decreases as the system is
moved away at both sides from La, g5Sro.1sCuQOs. In other
words, the lattice parameters of La;gsSro 1sCuO4, which
exhibits the highest T, also attain extreme values.

As mentioned earlier, the orthorhombic distortion is
due to the puckering of the plane. There are a few pro-
posed mechanisms for the distortion. One argument ' is
that the bending of Cu—O—Cu bonds is due to the stabili-
zation of the #* antibonding interaction which is the ad-
mixture of Cu 3d ty; orbitals and O p, orbitals. The
bending of Cu—QO—Cu bonds reduces the overlap integral
between the 3d and 2p orbitals; consequently there is a
drop in the energy of the z* interaction. Since the *
band is far below the Fermi level, the T-O transition in
La,CuQ; should have practically no effect on the electri-
cal properties according to this model. The bond-bending
mechanism due to the 7™ interaction is also found in eth-
er, where the z* interaction between the p orbitals on car-
bon and oxygen forces the C—O—C bonds to bend.'?
Another argument ' for the bending is that it can also be
due to the o* antibonding interaction, i.e., admixture of
Cu 3d,:_,2 and O ps, whose energy can also be lowered
by reducing the overlap of the Cu and O orbitals. To find
out the actual mechanism responsible for the distortion is
of importance not only for the structural aspect, but also
for the possible interplay between the structural distortion
and other properties, such as superconductivity, normal
state, and energetics of various bands.

Obviously, the model of distortion should not only ex-
plain the distortion itself, but also account for the T-O
transition shown in Fig. 1(a) as electrons are doped into
the O ~ sites or Cu?? sites. Since the z* states are below
the Fermi level, the doping process should have a negligi-
ble effect on #*. Thus, it is implausible to invoke the role
of =* interaction in the bending of Cu—O—Cu bonds. On
the other hand, the Fermi level lies in the c* band. Dop-
ing electrons either at the O~ or the Cu?? sites have the
same effect of filling up the o* band. Therefore, it is more
likely that the distortion mechanism is related to the o*
band. This is strongly supported by the data in Fig. 1(a).
The stabilization energy due to bond bending is strongest
when both the Cu 3dxz_y2 and O 2p, orbitals are filled.

In Lay g5Sr0.15CuO4, where the 3d,2_,2 band is half-filled

and the O 2p, band is not full, the stabilization energy in
this case is not large enough to sustain the orthorhombic
distortion (at 300 K). However, as electrons are doped
into the O ~ sites or into the Cu?¥ sites to fill the o* band,
stabilization energy increases, and eventually, a T-0 tran-
sition occurs. Based on this mechanism, Burdett and Kul-
karni'® have recently calculated the energy difference be-
tween the tetragonal and orthorhombic structures of
La; 35Srg1sCuQy4 as a function of 3d electron count.
Indeed, they found that the orthorhombic form is most
stable for 340 (i.e., Zn?"). In the case of Ni doping, sub-
stitution does not cause any structural transition up to at
least 30 at.% Ni [see Fig. 3(a)]. This is again consistent
with the ¢* interaction mechanism. Hole doping at Cu?*
sites actually reduces further the stabilization energy of
the o* interaction which makes the tetragonal structure
more favorable.

The values of T, are plotted in Fig. 3(c). The effect of
doping at different sites is markedly asymmetrical. To
suppress T, the critical electron content is x, =0.1 (mea-
sured from La;gsSrg5CuOy4) at the O~ sites, and only
x.=0.028 at the Cu?" sites as in the Zn doping. Extra
holes at the Cu?™ sites also lower T rapidly (x, =0.04) as
in the Ni doping. This is a very strong indication that the
localized holes on the Cu?? sites play a significantly
different role than those on the O ™ sites in superconduc-
tivity.

The asymmetrical effect is further evident in normal-
state conductivity o. Figure 3(d) shows the room-
temperature conductivity o versus Sr, Zn, and Ni doping.
On the left-hand side, o decreases with increasing electron
doping at the O ™ sites. Near an electron content of 0.1,
the Fermi level is pushed up to the mobility edge, causing
a metal-insulator transition and the disappearance of su-
perconductivity. Therefore the O ™ holes are more direct-
ly associated with the carrier transport and affect T, in a
gradual fashion. On the right-hand side of Fig. 3(d), elec-
tron doping by Zn?* at the Cu?? sites reduces o much
more slowly. In particular, when T is suppressed to zero,
o is reduced by only 15% for Zn doping (35% for Ni dop-
ing). As seen in Figs. 1 and 2, when Zn- or Ni-doped
samples become nonsuperconducting, they are still metal-
lic in nature at high temperatures as indicated by the al-
most constant positive slopes of resistivity. At any rate,
the localized Cu2* holes are intimately related to the su-
perconductivity mechanism, but affect the conductivity in
a much lesser degree.

While the electron doping at different sites have similar,
although asymmetrical, effects on the properties men-
tioned above, it affects the susceptibility of the doped sys-
tem in a completely different fashion. Figure 3(c) shows
the susceptibility (y) at T=50 K (above 7.) as functions
of electron doping at O~ and Cu?" sites. Since the di-
amagnetic contribution (~ —1%10~% emu/mol) of the
ionic cores is approximately constant for different sam-
ples, the variation in y in Fig. 3(c) is a consequence of the
magnetic spin susceptibility. As electrons are doped into
the O~ sites, y is reduced. But electron-doping at the
Cu?* sites has the opposite effect of increasing y, even
though a filled 3d band is not supposed to carry a magnet-
ic moment, This can be explained as follows, In the re-
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gion where the Sr content is between 0.02 and 0.15, there
is no long-range magnetic order. x(7T) can be well-
described by the short-range two-dimensional (2D) anti-
ferromagnetic (AF) fluctuation'# which is enhanced with
increasing Sr content. In the AF-fluctuating state, the
Cu?* magnetic moments are compensated (net spin =0).
However, electron doping at the Cu?? sites destroys the
moment compensation, hence, inducing a localized Cu?™*
moment which enhances y(T). A detailed analysis of
2(T) is presented elsewhere. '’

The strong and deleterious effect on 7. due to Cu-site
doping serves as a good probe for the superconductivity
mechanism. This effect which underscores the signifi-
cance of the CuO; plane'® has not been understood. The
short coherence length does not lead to an extreme sensi-
tivity of T, to impurity. In fact, the strong magnetic-
pairing effect in conventional superconductors is in part
related to the large coherence length. An important
characteristic of the oxide superconductor is its poor elec-
tron screening, which may enhance the impurity effect.
Both the nonmagnetic Zn>* and magnetic Ni%* induce or
carry a local moment in the CuO; planes, and it is expect-
ed that the dynamics of the magnetic background in CuO,
be affected by such local moments.'*> Together with the
poor local screening, the disorder in the exotic magnetic
state may effectively suppress 7,. The extreme sensitivity
of T, to the filling of the d holes clearly indicates the
strong interaction between the localized d holes and the
carriers. Cu-site doping also affects severely the virtu-
al processes such as p°d°p®— p3d'% 35— p%d°p° and
p3d°pS— p%d®p®— p®d°p3, whose importance has been
emphasized in some models.> In addition, we suggest
another scenario which may be detrimental to supercon-
ductivity. In the case of Zn, for example, in the CuO;
plane the d,2_ 2 level of the local Zn site should be lower
than that of Cu, otherwise the extra electron would not go
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to the Zn site to fill the 34. Due to hybridization, the
lowered d,:. 2 level may also drag down the neighboring
Do level, creating a barrier for the conducting holes. Con-
sequently, carriers tend to stay away from the Zn sites,
generating a much larger effective interaction between the
carriers and the dopants.

The data presented in Fig. 3 provide support for the
multiband description!” of the CuO; plane. In this model,
there is one half-filled localized band (holes predominant-
ly on the Cu site) and other partially filled bands with car-
riers (holes on the O~ site). The strong interaction be-
tween these bands may give rise to superconductivity.
Whether this multiband model could be reduced to a
single-band effective Hamiltonian cannot be resolved
here, because the holes in the single-band picture are mix-
tures of Cu?* and O~ holes. The filling of either the
Cu?* or O~ holes generates different sets of energy pa-
rameters in the Hamiltonian,® which could result in the
asymmetrical properties seen above. However, regardless
of whether or not the two approaches are equivalent, the
large asymmetrical effects of Cu?* and O ~ holes have to
be accounted for by any viable theory. In this sense, the
data presented in Fig. 3 serve as strong constraints to the
theoretical models.

Note Added. We have recently carried out Hall-effect
measurements of a few Zn-doped samples (up to 4 at. %).
The carrier concentration near room temperature remains
basically unchanged. Therefore, the strong suppression of
T, due to Zn cannot be caused by any change in the car-
rier concentration, and the oxygen content should not be
affected by Zn doping.
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