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Chain-site versus plane-site Cu substitution in YBazCu3 — M 07 (M Co, Ni):
Hall and thermopower studies
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Substitution of Cu by Ni at Cu(2) (plane) sites in YBazCu307 has a weak effect on the Hall
constant, but turns the thermopower negative. In contrast, substitution at Cu(1) (chain) sites by
Co decreases the Hall number exponentially. The suppression of T, is due to different mecha-
nisms in the two cases. We discuss how doping affects the carrier density, and the evidence in
favor of a filling factor of 2 in the undoped system.

Recently, several groups' have shown that isomor-
phous substitution of Cu in YBa2Cu307 —' by Fe, Co, Ni,
Zn, Al, and Ga systematically suppresses the transition
temperature for superconductivity T, . Thermogra-
vimetric analysis (TGA) evidence on the binding energy
of the O(l) (chain) oxygen suggest that Ni and Zn enter
the Cu(2) sites (in the planes) whereas Co and Al substi-
tute into the Cu(1) sites (on the chains). Fe appears to
enter both Cu(1) and Cu(2) sites, depending on x. Co,
Fe, and Ga doping induce an orthorhombic-to-tetrag-
onal transition near x 0.1, whereas Zn and Ni-doped
YBa2Cu307 remain orthorhombic up to x 0.4. A sug-
gestive correlation has been established between the
Cu(1)-O(4) bond length and T, in the Co-doped sam-
ples. [O(4) is the apical oxygen between Cu(1) and
Cu(2); O(1) is at the chain site. l Hall and thermopower
measurements are useful complementary tools to structur-
al and chemical techniques because they provide a mea-
sure of the carrier density n, which is one of the major fac-
tors affecting T, . From the transport data on YBa2Cu307
ceramics doped with Co and Ni, we show that there is a
striking difference in the transport properties, depending
on the site preference [Cu(1) or Cu(2)). While the Hall
number is little affected by Ni substitution, it is decreased
exponentially by Co dopants. This implies that the ob-
served suppression of T, in the two cases is most probably
due to different causes. We also discuss the evidence from
the transport, chemical, and structural data supporting a
hole density of & per Cu(2) for undoped YBa2Cu3O7.

Thermogravimetry and iodometric analysis show that
the oxygen content in the Ni-doped samples is roughly un-
changed from the undoped compound. In the Co-doped
samples the oxygen content remains constant up to
x 0.2, then increases slightly as x approaches 1.0, con-
sistent with an extra oxygen being bound by two Co ions.
The Hall measurements on the Ni-doped samples were
carried out in a fixed field of 8 T by rotating the sample.
The Hall measurements on Co-doped samples were per-
formed in a 15-T Bitter magnet.

Figure 1 shows the variation of the thermopower S with
temperature (T) in three of the Ni-doped samples. We
find that the magnitude of S (negative) rises monotonical-
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FIG. 1. The thermopower vs temperature of Ni-doped
YBa2Cu30q for three Ni concentrations.

ly as T decreases from 290 K, attaining a maximum -20
K above T, . At small x, S is apparently very sensitive to
the dopant level. This is brought out in Fig. 2 where S is
plotted versus x at three fixed T's. The most interesting
features are the steep increase of S (to larger negative
values) at low x, and the very broad maximum at higher
x. The thermopower of undoped YBa2Cu307 (both
ceramic and single-crystal samples) has been studied by
many groups. " All studies find a small, weakly T-
dependent thermopower (~S~ &4 pV/K). However,
there are conAicting reports on the sign of S in ceram-
ics ' (and of the in-plane component S,b in single crys-
tals"). Figure 1 clearly shows that S is very sensitive to
very low concentrations of Ni. A slight increase in x from
0 to 0. 1 is sufficient to change S from -0 to —8 pV/K at
100 K. (The trend in our data implies that S is either
close to zero or slightly positive in the x-0 sample. ) For
x & 0.1, S saturates to the value —8 pV/K at 100 K. The
sensitivity of S to very light doping may account for the
disagreements in sign. Apparently, very slight doping lev-
els or changes in sample processing are sufficient to alter
its sign.
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FIG. 2. Variation of the thermopower S with Ni context x in

YBa2Cu307 at 100, 200, and 300 K. The magnitude of S in-

creases rapidly with x for x & 0.1, before saturating. The trend

as x 0 suggests that S is close to zero or slightly positive in

the undoped system.

We discuss next the Hall effect of the Ni-doped sam-
ples. At the lowest doping level (x 0.02) the tempera-
ture variation of RH is closely similar to that ob-
served' ' ' in undoped ceramics (nH =1/RHe is linear in
T). Further increase in x suppresses the slope of nH vs T,
so that at the highest Ni-doping level (0.4), nH is only
weakly T dependent, increasing by less than 20% between
100 and 200 K. (A full discussion of the T dependence of
RH appears elsewhere. ' ) In Fig. 3 we have plotted the
variation of the Hall number, defined as nH V (V is volume
of a unit cell) with x at 100 K. As x increases from 0, nH

increases rapidly before reaching a maximum near
x=0.05. For x larger than 0.2, nH saturates to a value
close to 1 hole/unit cell.

The anomalous 1/T dependence' '3 of RH is observed
in undoped YBa2Cu307. RH also decreases with increas-
ing T in TlqCaqBaqCu30„(Ref. 15) and La2 „Sr„Cu—04
(Ref. 14) (x 0.15) although more weakly than 1/T. In
Ref. 14 it is proposed that in YBa2Cu307 the Hall resis-
tivity is dominated by anomalous scattering which ob-
scures the conventional Hall effect. This precludes a sim-
ple inference of the actual carrier density n from RH.
However, as the Ni content increases both the supercon-
ductivity and the anomalous scattering are suppressed,
leaving the normal component which is insensitive to T.
As in Ref. 14, we make the reasonable assumption that in

highly doped samples, in which RH is only weakly T
dependent, it is justified to identify nH with the carrier
density n. %ith this assumption we deduce that n ap-
proaches I hole/unit cell as x increases beyond 0.4.

Photoemission experiments' indicate that in YBa2-
Cu307 the holes reside in orbitals d L with predominantly
0 2p character. The d L combination is equivalent to a
formal valence of 3+ on the Cu site. If Ni substitutes
into Cu(2) sites as a divalent impurity it cannot alter the
total ligand hole population (assuming the oxygen content
remains at seven per cell). ' Therefore, the Hall results
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are consistent with assuming (i) that Ni is in the 2+ oxi-
dation state, and (ii) the ligand holes remain itinerant up
to x 0.4. However, the singlet state, which is formed
from the hybridization of 3d„2 y2 2po orbitals and
thought to be crucial to superconductivity, ' cannot occur
at the Ni site. Thus, the observed suppression of super-
conductivity with Ni content may be caused by the
effective removal of these sites, rather than from a de-
crease in available itinerant holes.

Next we compare these results with the Hall data in
Co-doped samples. The TGA and neutron-diffraction re-
sults confirm that Co substitutes into the Cu(1) sites. "'

Furthermore, the Cu(1) —O(4) bond length shrinks from
1.845 to 1.830 A as x increases from 0 to 0.3. Over this
range, T, decreases from 93 to 22 K (see Fig. 3). Both
the sharp decrease in T, and the contraction in the bond
length suggest that the carrier density is greatly de-
creased. Figure 4, which displays the variation at two
temperatures of nH vs x for YBa2Cu3 —„Co„07
(0.02(x &0.5), confirms this inference. As in the Ni
case, nH is linear in T at small x. At large x, however, the
T dependence becomes negligible, so that we again identi-
fy nH with n The data at. large doping levels (x )0.2) in

Fig. 4 suggest that n, in fact, decreases exponentially with
x. This is to be contrasted with the large-x behavior of nH

in the Ni case (Fig. 3). The striking difference between
the two cases is consistent with the conclusion that Ni
substitutes for a Cu site different from Co. In view of the
neutron diffraction results, we conclude that Ni enters
into Cu(2) sites, in agreement with the TGA results.

The exponential decrease of n with x (x & 0.2) in Fig. 4

FIG. 3. Solid circles: the Hall number Idefined as V/(RHe),
where V is the unit-cell volume, 174 A3] at 100 K vs Ni content
in YBa2Cu307. Note the sensitive variation of nH at low x, and
the saturation to the value —1 hole/cell at high x. The solid tri-
angles indicate the temperature for the onset of the supercon-
ducting transition measured resistively while the open triangles
indicate the highest zero-resistance temperature for the Ni-
doped samples. The dashed line indicates the variation of T,
with x for the Co-doped samples as reported in Refs. 4 and 7.
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FIG. 4. The Hall number at 100 and 295 K vs Co content in

YBaqCu307. The exponential decreases of nH at large x is com-
pared with the Ni case in the text. The lines are drawn to guide
the eye. We expect both curves to show a maximum between
x 0.0 and 0.02, as in the Ni case. The inset shows the designa-
tion of the Cu and 0 sites.

may seem surprisingly rapid. Simple valence counting
suggests that each trivalent Co dopant decreases the hole
density in the CuOz planes by 1 hole/cell. However, this
is not valid because of the additional oxygen bound by
every two Co ions. The increased oxygen content com-
pensates for the extra electrons donated by Co. The other
important factor is the dramatic change in the Cu(1)—
O(4) bond len th. As x increases, the oxygen O(4) at
the apical site see inset of Fig. 4) is pulled away from the
Cu02 planes. (Ba is pulled towards the planes, but its
filled states are far from the Fermi level. ) If we assume
that the increased Cu(2)-O(4) separation induces an elec-
tron transfer back to the Cu02 planes, we may anticipate
a dramatic decrease in the itinerant hole population. Be-
cause the Cu(2)-O(4) separation is large (2.305 A), the
overlap integral between the Cu(2) 3d, ~ and O(4) 2p,
states decreases exponentially with the separation. Since
the energy level of O(4) 2p„ in relation to the Fermi level,
depends on this overlap, the electron transfer increases ex-
ponentially with x. We propose this scenario to explain
the observed exponential decrease in nH with x. The
strong decrease in n implies that in the Co-doped system
the reduction in T, is primarily due to carrier reduction,
similar to the case in La2-„Sr,Cu04 (x (0.15.)

One of the important parameters in undoped
YBa2Cu307 is the carrier concentration, or filling factor b
[8 is defined as the fraction of Cu(2) in the formal 3+
state]. Are all the ligand holes confined to the Cu02

planes [i.e., all Cu(1) are 2+], or are they uniformly dis-
tributed between Cu(2) and Cu(1) sites? The former
case would correspond to n 1 hole/cell (filling factor

0.5), whereas the latter should correspond to n 0.67
(in-plane) holes/cell (8 0.33). From neutron scattering
results, Miceli et al. infer that all the Cu(1) are in the
2+ state. Hall studies' on oxygen-doped YBa2Cu307 —y
indicate a sharp transition in RH when the oxygen
deficiency y exceeds 0.50 per cell, suggesting that the
itinerant hole population at y 0 is 1 hole/cell. Thus,
both experiments are in favor of 8 0.5.

This conclusion is corroborated by the transport data
presented here. As discussed above, it is hopeless to derive
n from nH in the strongly superconducting samples be-
cause of the linear T behavior. However, the suppression
of high-T, behavior in the Ni-doped samples leads to a
number for the ligand holes also approaching (approxi-
mately) 1 hole/cell. Within the assumptions stated
above, ' we propose that this is a more reliable way to
determine the actual carrier density in the undoped sys-
tem. (Hall measurements on one YBa2Cu307 single crys-
tal with the field aligned in the a bplane -shows a weakly
T-dependent Hall number close to 1 hole/cell as well. 's)

The very small thermopower measured in good ceram-
ics and the sharp increase to large positive values when
YBa2Cu307 is doped with Pr, Ga, or by oxygen removal
has been suggested by Anderson' as evidence for mid-
band filling of the lower Hubbard band. (This picture as-
sumes a large U and a b of 0.5.) The demonstration that
S can be driven negative with systematic doping of Ni is
consistent with midband filling, and lends support to the
broad picture of a large U and a value of 8 =0.5. It is well
known that thermopower of a metal is generally a very
difficult quantity to calculate. The relative contributions
of phonon drag, many-body corrections, and iinpurities
(especially magnetic) still remain to be sorted out for
most simple metals. Nonetheless, the present data show
that there are two distinct classes of behavior in doped
YBa2Cu30q. In one class [doping with Pr (Ref. 10) and
oxygen ] S increases rapidly to very large positive values()50 tuV/K), indicating that these oxides have an intrin-
sically large S (because of correlation). The large S is
suppressed as we approach the pure system because of
cancellations, arising from electron-hole symmetry in the
midband situation. The rapid change in S vs x is a band-
filling effect. In the second class (Ni doping) i S i

remains small ( ( 10 pV/K) because the chemical poten-
tial is not strongly affected by the impurity content. The
variation of the Hall coefficient is quite consistent with
this classification.
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