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The resistivity and the in-plane Hall coefficient are investigated on Zn-doped YBa,Cu30;_, single crystals
with emphasis on the underdoped spin-gap phase (y ~0.37) where a correlation between charge transport and
spin dynamics is clearly seen. The doped Zn acts as a strong potential scatterer on one hand, and induces a
local spin magnetic moment on the other even when the charge carriers are not localized. It is found that the
characteristic temperature in these transport coefficients, which indicates that a spin gap starts to open, do not
change with Zn doping in contrast to a radical depression of the superconducting transition temperature.

The mechanism of charge transport in the normal state has
been one of the fundamental problems of high-T,
superconductor.1 Recently, an intimate relationship between
charge dynamics of doped holes and spin excitations in the
CuO, plane has been strongly suggested by the transport®>
and optical experiments* on underdoped YBa,Cu;0,_ y
(Y123) and YBa,Cu,Og (Y124). For the underdoped Y123
(Ref. 2) and Y124,% the in-plane resistivity (p,) deviates
from the T-linear behavior and the Hall coefficient (Ry)
from the 1/T one below a certain temperature 7* well above
T, , indicating a suppression of carrier scattering at low tem-
peratures. NMR experiments on these compounds show that
the Knight shift (AK) decreases with decreasing tempera-
ture, and the relaxation rate (777) ! on Cu site [Cu(2)] in
the CuQ, plane is reduced with respect to a Curie-Weiss law,
forming a peak at a temperature below 7*.° The NMR re-
sults are suggestive of opening of a gap (or a pseudogap) in
the spin excitation spectrum—so-called spin gap—which has
been confirmed by the recent neutron experirnents.6 Surpris-
ingly, the out-of-plane (c-axis) optical conductivity spectrum
for the underdoped Y123 (Ref. 4) and Y124 (Ref. 7)com-
pound displays the development of a pseudogap below
T*—the optical conductivity in the low-frequency region is
progressively suppressed with lowering temperature in the
normal state—which appears to be associated with the open-
ing of the spin (pseudo) gap and responsible for the semi-
conducting 7 dependence of the c-axis resistivity.®

As is well known and is still debated, nonmagnetic Zn
substitution for Cu(2) in the high-7, cuprates radically
suppresses T...° Only a few percent of the Zn substitution
completely suppresses superconductivity and makes the
compound insulating at low temperatures. °Y NMR mea-
surements on the Zn-doped Y123 have given an evidence at
the microscopic level that the Zn doping creates in-plane
disorder without affecting the hole density.!® However, the
NMR as well as uSR studies'"*'? have revealed an interest-
ing change in the magnetic properties of the CuO, planes.
The Zn doping in the underdoped regime induces local mag-
netic moments, possibly associated with Cu(2) spins, and
when the superconductivity disappears, the local moments
freeze at low temperatures, creating a spin-glass-like disor-
dered magnetic state.!? In this case the pseudogap in the spin
excitation spectrum seems to be destroyed as also suggested
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by the recent NMR experiments on Zn-doped Y124.13 Since
the magnetism and the charge transport in the CuO, plane
arise from a strongly hybridized state between Cu(3d) and
O(2p) [Cu(3d) spins and O(2p) holes are never
decoupled],' a change in the magnetic properties should ac-
company the change in charge dynamics. Therefore, the
study of Zn-doping effect on the transport properties will
yield a unique opportunity to get deeper insight into the in-
terplay between charge and spin in high-T'. superconductors.

We present in this paper the results of transport prop-
erties measured on the Zn-doped Y123 single crystals
[YBay(Cu, _,Zn,);0;_,] with optimum (y =0.07, T, =92 K)
and underdoped (y=0.37, T.~60 K) oxygen content.
Single crystals of Zn-doped Y123 were grown by CuO-BaO
self-flux method using a Y,0; crucible to avoid contamina-
tion from the crucible. This is crucial for the present experi-
ments, as we are concerned with the Zn doping level of 1%.
The oxygen concentration was controlled by annealing the
crystals at 600 °C for 12 hours in a sealed quartz tube to-
gether with Y123 powders which had a prescribed oxygen
concentration.” Then we cooled them slowly to promote oxy-
gen ordering and to ascertain the same oxygen concentration
as that of the powders. The crystals grown and annealed by
these processes have high quality and homogeneity which
are evidenced by a sharp superconducting transition as well
as by the lowest normal-state resistivities among so far re-
ported values, and thus allow for a systematic and quantita-
tive study. The crystals of y=0.07 were detwinned to mea-
sure the pure contribution (p,) from the CuO, planes.

The Zn content was examined by electron-probe-micro-
analysis (EPMA) and we did not find inhomogenity in the Zn
concentration within the accuracy of the instrument. Further-
more, we checked the sample dependence of p,; using sev-
eral crystals grown and annealed at the same time. The varia-
tion of 7. among different crystals was within 1 K and that
of p,, was within 5%. A rather sharp superconducting tran-
sition even for Zn-doped crystals and systematic increase in
the normal-state resistivities with z as shown below provide
further evidence for homogeneous distribution of Zn. The
measurements of Ry and p,;, were performed using conven-
tional six-probe method, and the interplane resistivity (p.)
was measured using tetragonal-symmetry Montgomery
method.'

Figure 1 shows the temperature dependence of p,, for
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not affect the characteristic temperature 7* in p,, which
indicates the temperature below which the spin gap starts to
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open.”” Thus we may conclude that Zn doping increases the
elastic scattering rate without much influencing the inelastic
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FIG. 1. Temperature dependence of the in-plane resistivity for
YBa,(Cu; _,Zn,);0,_, with y = 0.37 and z ranging from 0 to 0.04.
The inset shows the temperature dependence of the resistivity both
in a and b direction measured on twin-free single crystals of fully
oxygenated (y~0.07) crystals with z = 0 and z = 0.02.

Zn-doped Y123 microtwinned single crystals with oxygen
deficiency y=0.37. As far as the T dependence is concerned,
Pap is basically the same as p, which includes the contribu-
tion only from the CuO, planes since the chain contribution
should be very small due to oxygen disorder in the chains.®
For both optimal and underdoped compounds, a temperature
independent residual resistivity component (py) adds to p,,,
of Zn-free crystal with increasing Zn concentration.

Figure 1 demonstrates that, for the oxygen-reduced Y123,
Zn doping induces a superconductor-insulator transition at
z.~0.03. The critical resistivity is ~400 u£) cm which cor-
responds to ~6.8 k€}/[J) per CuO, plane and is close to the
universal value h/4e*=6.45 kQ/C1. The critical resistance
in the two-dimensional system which separate the supercon-
ducting regime from insulating one have attracted much in-
terest. Haviland, Liu, and Goldman'® showed that for amor-
phous Bi thin films the transition takes place at the sheet
resistance equal to the universal value. It has been reported
that for high-T', films, DyBa,Cu30;_, and
Nd,_,Ce,CuO,_;, the transition takes place at ~6 k€}/[]
(Ref. 17) and 8~9 kQ/[1,'8 respectively.

The most notable fact in Fig. 1 is that the Zn doping
induces a T-independent term in p,, without changing the
T-dependent term. This is the case also with fully oxygen-
ated Y123 (Ref. 19) as shown in the inset of Fig. 1 for
detwinned single crystals with z=0 and 0.02 in which Zn
does not affect the T-linear term in p,. Particularly, in the
case of the oxygen-reduced compound, even for the z=0.04
where superconductivity disappears, the feature in p,,(T)
around T* remains, although the carriers tend to localize
below 50 K. The results demonstrate that the Zn doping does

the spin gap formation has recently been suggested for un-
derdoped Y123.*8 It is shown that a crossover in p (T from
metallic T dependence (at high temperatures) to nonmetallic
one takes place at a temperature near 7*. In this regard, the
semiconducting p.(7T) is more sensitive to the opening of a
gap or a pseudogap. It is remarkable that both magnitude and
T dependence of p. do not change with Zn doping, providing
another evidence for the persistence of the spin gap in the
Zn-doped compounds.

To get further insight into the effect of Zn doping on the
in-plane charge transport, we measured Hall coefficient
(Rpy). Magnetic field is applied parallel to the ¢ axis and the
current flows in the ab plane. We show in Fig. 3 the tem-
perature dependence of Ry for Zn-doped Y123 single crys-
tals. For y=0.07, Ry varies with T, being almost propor-
tional to 1/T. For the oxygen-reduced sample Ry deviates
from the 1/7 dependence below about 250 K and forms a
peak at about 100 K. With increasing Zn concentration Ry
increases over the entire temperature range,zo but the tem-
perature below which Ry starts to deviate from the 1/T be-
havior does not change [see the solid curves in Fig. 3

YBaZ(Cul—zznz)3O7—y
jllab Bllc

Ry (103cm3/C)
H

[\

Temperature (K)

FIG. 3. Temperature dependence of the in-plane Hall coefficient
for YBa,(Cu, _,Zn,)30,_, with y=0.07 and y=0.37. The solid
curves represent the 1/7T fit to the data in the high-temperature re-
gion.
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(Ry=A/T+B) which best-fit the data in the high-
temperature region]. Thus, the characteristic temperature in
Ry(T) which appears to coincide with 7* in p,, dose not
significantly change with Zn doping. We should note that the
characteristic temperature in these transport coefficients does
not change in sharp contrast to the rapid suppression of
T.. Therefore, it may be concluded that Zn does not affect
the spectrum of excitations or a portion of their spectrum
which couples with the charge dynamics in the normal state,
even if it might seriously affect different parts of the spec-
trum which were responsible for superconducting pair for-
mation.

Now we discuss the Zn-doping effect on the transport
properties in relation with the magnetic properties investi-
gated for Zn-doped Y123 and Y124. NMR studies have pre-
sented quite significant results of the Zn-doping effect on
spin dynamics. For Y123 and Y124 which are in the under-
doped regime, (T,T) ! of Cu(2), proportional to the suscep-
tibility x"(Q,w~0) with Q= (7, 7) representing antiferro-
magnetic (AF) wave vector shows a Curie-Weiss-like T
dependence at high temperatures. As temperature goes down,
(T,T)~ ! is reduced relative to the Curie-Weiss behavior be-
low a temperature indicating spin gap formation and as a
result forms a peak well above T . Upon Zn doping the peak
of (T;T) ! is washed out and (7;7) ! continues to increase
with lowering temperature.!® This result seems to indicate
that the spin gap at Q =(m,7) disappears, which was sug-
gested also by the neutron inelastic scattering by Kakurai
et al.,” showing that the spectral density in the low-energy
region increases with Zn doping. On the other hand, the neu-
tron experiment by Harashina et al.?” have observed the
spin gap feature at high temperatures while it almost disap-
pears at low temperatures, possibley due to the disorder ef-
fect which creates a spin-glass-like state.

The sensitiveness of (T;T) ! to Zn doping is in sharp
contrast to the T dependences of p,,(T) and p.(T). In par-
ticular, p.(7), which is expected to have a more intimate
connection with the spin gap,*® shows no significant change
with Zn doping. This fact may indicate that the spin gap at
g =0 has no direct connection to the charge transport.

In contrast to (T;7)~1, the Knight shift at Cu(2), AK,
does not change appreciably with Zn doping, as demon-
strated by the measurement on Zn-doped Y124 (Ref. 13)
which is an intrinsically underdoped material. AK is propor-
tional to the uniform susceptibility x(g=0) and shows a
sharp decrease with lowering T for any high-T, cuprate in
the underdoped regime. The NMR result indicates that the
spin gap persists against Zn doping at least at g=0 and so
that the spin gap is a local phenomenon,??* that is, the de-
velopment of the spin gap extends over most of the momen-
tum space. As evidenced by the recent NMR experiment,!! a
Zn impurity affects the Cu(2) sites only in its vicinity and it
does not change the global feature of the spin pseudogap. We
may conclude that the charge transport has a connection with
the global feature in the spin fluctuations in the momentum
space, not with a particular spin gap, say, at g=Q.%

Figures 4(a) and 4(b) demonstrate how the in-plane resis-
tivity mimics the uniform susceptibity. We plot in Fig. 4(a)
[Pap(T)— pap(0)]/aT vs T, where p,,(0) is the intercept of
the T-linear part of p,,(T) at T=0 and « is the slope of the
T-linear p,;,. For x(0) we plot in Fig. 4(b) the static mag-
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FIG. 4. (a) [pap(T)— pap(0)1/ T as a function of tempera-
ture, where a,, is the slope of the T-linear region of p,; curve and
pap(0) is the extrapolated value to 7=0 K from the T-linear re-
gion. (b) Temperature dependence of the magnetic susceptibility
measured on the sintered pellets with the same oxygen contents as
those of the single crystals utilized for resistivity measurement.

netic susceptibity x,,(T) measured on the sintered pellets
with the same Zn and oxygen contents and annealed in the
same procedure.

For the maximum oxygen content (~6.93) all the curves
in Figs. 4(a) and 4(b) are nearly flat in the normal state,
reflecting the T-linear p,;, and the Pauli-paramagnetic x,,
over a wide temperature range, respectively. The Zn doping
does not cause any appreciable change in the 7 dependence
of p,;, and similarly the T dependence of x,, remains nearly
flat with a small Curie term seen for z=0.02, which corre-
sponds to the magnetic moment of ~0.2up or less per Zn.

The plots for the oxygen-reduced compounds are also
similar in the high-temperature region, showing a character-
istic decrease below ~250 K. The effect of Zn doping does
not change the main feature in the high-temperature region.
A difference becomes apparent only in the low-temperature
region, where a Curie term in y,, due to local magnetic mo-
ments develops progressively with z. The induced moment is
estimated to be ~0.8up per Zn, consistent with the results of
NMR and SR experiments.'1? By contrast, an appreciable
change is not seen in the resistivity data plotted in Fig. 4(a)
for small Zn contents (z<<z.). A pronounced upturn, remi-
niscent of a Curie term in x,(7), appears only for nonsu-
perconducting z=0.04 reflecting a carrier localization at low
temperatures.

A surprising fact is that the Curie term, an evidence for
the localized magnetic moments induced by nonmagnetic
Zn, manifests itself in x,,(T) even for z<<0.04, whereas the
in-plane resistivity is metallic over the entire temperature
range above T, without showing any indication for carrier
localization. This is quite anomalous in view of the NMR
evidence that Cu(3d) and O(2p) holes forms a strongly hy-
bridized state,'* that is, the decoupling into localized Cu(3d)
spins and O(2p) charge carriers does not take place in the
CuO; plane. Formation of localized moments in the metallic
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state is a challenging problem for both Fermi liquid and non-
Fermi liquid theories. In the Fermi liquid picture where the
same electron carries both charge and spin, it seems hard to
suppose that the strong impurities, in the unitarity scattering
limit, produce localized magnetic moments in the metallic
state. Actually, in the highly doped material, 90 K-Y123, Zn
induces a reduced magnetic moment'! and the magnetic mo-
ment is much more reduced in the overdoped
La,_,Sr,CuO, with x=0.30.% Nagaosa and Ng have re-
cently shown that a nonmagnetic impurity can induce local-
ized moment when the spin gap is presumed in the uniform
RVB state.?’

In summary, we have investigated the Zn-doping effect on
the transport properties of YBa,Cu30,_, with particular em-
phasis on its underdoped spin gap phase. It is found that the
doped Zn acts as a strong scatterer for the in-plane charge
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transport, but the principal feature in the T' dependences of
the transport coefficients, associated possibly with the open-
ing of a spin pseudogap, is not affected by Zn doping. From
these results we conclude that the charge transport has rel-
evance to local spin fluctuations not restricted at g=Q in the
momentum space. It is also characteristic of the underdoped
spin gap regime that Zn induces fairly large local magnetic
moments (~0.8up) even when charge carriers are not
localized.
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