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Anomalous transport properties in a YBa2Cu4O8 crystal
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Resistivityr(T) and thermoelectric powera(T) have been measured under hydrostatic pressure on a 1%
Ni-doped YBa2Cu4O8 crystal grown under 600 bars O2 pressure. The Ni are shown to substitute predominantly
for the chain Cu and to suppress the chain superconductivity. A giantdTc /dP51.2 K/kbar and
da(300 K)/dP50.2mV/K kbar are interpreted to signal a reduction of Ni~III ! to N~II ! in the chains by the
application of pressure. The temperature of the transition inra(T) andrc(T) remains near 170 K independent
of significant changes in the charge distribution between chains and bilayers, consistent with a structure-
induced transition rather than the opening of a spin gap.@S0163-1829~98!51230-1#
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The opening of a spin gap, or pseudogap, below a t
peratureTs.Tc has been identified in several copper-oxi
superconductors.1 Ts decreases asTc increases with increas
ing hole concentration in the underdoped superconduc
CuO2 sheets, which has fueled speculation that the spin-s
interactions are the driving force for the formation of sup
conductive Cooper pairs. If this speculation were true,
should expect to find some change in the transport prope
at Ts .

Stoichiometric YBa2Cu4O8 ~Y1248! is an underdopedp-
type superconductor containing CuO2-Y-CuO2 bilayers alter-
nating along thec axis with Cu2O2 edge-shared doubl
chains. As-grown Y1248 crystals are stoichiometric a
naturally detwinned. There is no oxygen loss up to 850
which makes these crystals ideal for obtaining separate tr
port data for the bilayers~a-axis measurements! and the
chains plus bilayers~b-axis measurements! as well as along
the c axis. Therefore, the observation2,3 of a change in slope
near 170 K of thea-axis resistivityra(T) in Y1248 is sig-
nificant. Since similar anomalies have been noted in ot
underdoped copper-oxide superconductors, it was consid
to be a candidate signature of the opening of a spin ga
Ts .2,4

In Y1248, as in YBa2Cu3O72d ~Y123!, an overlap of the
Cu~III !/Cu~II ! redox energies of the chains and bilaye
makes the chains a charge reservoir of the bilayers. If
thermoelectric power is obtained as a function of press
and temperature along the three crystallographic axes,
possible to monitor the transfer of charge between the ch
and bilayers as a function of pressure as well as tempera
We3 have used this strategy with single-crystal Y1248
demonstrate that the anomaly inra(T) near 170 K in this
cuprate is not associated with the opening of a spin gap aTs
but, instead, with a maximum in thec-axis resistanceRc(T).
Most copper-oxide superconductors show only an activa
c-axis conductivity aboveTc , the metallic temperature de
pendence ofRc(T) observed3,5 below 170 K in Y1248 is
unusual. Sendykaet al.6 have revealed with pulsed-neutro
scattering experiments the formation of fluctuating mic
domains in the Cu2O2 chains below 170 K and Suteret al.7
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have detected enhanced charge fluctuations in both the b
ers and chains around 180 K with NMR and nuclear qu
rupole resonance~NQR! spectroscopies on Cu, O, and
isotopes; the charge fluctuations mark the onset of an e
tron transfer from the bilayers to the chains. The change
transport properties atTD'170 K apparently reflect electro
coupling to cooperative structural fluctuations that enha
c-axis electron transfer rather than the opening of a spin g

In this paper, we extend our previous work3 by reporting
transport measurements made under different hydros
pressures on a 1% Ni-doped Y1248 crystal that were un
taken to clarify~1! whether the Ni substitutes for chain o
bilayer Cu in a crystal grown under 600 bars O2 pressure,~2!
how the nickel atoms in such a crystal influence the cha
distribution between chains and bilayers, and~3! whether the
anomaly inra(T) and maximum inRc(T) are retained in the
Ni-doped samples and how the temperatureTD of the
anomaly responds to changes in the charge distribution
Tc . In addition, a possible suppression of the supercond
tivity in the chains, but not in the bilayers, allows us~4! to
test further the correlation we have noted8 between supercon
ductivity and an enhancement below 300 K of the therm
electric power with a maximum atTmax'140 K.

Dopants can influenceTc by changing the charge distri
bution between the chains and CuO2 sheets as well as by
disrupting the periodic potential in the CuO2 sheets. In the
Y123 and Y1248 crystals, substitution for chain copper h
little influence on the periodic potential in the CuO2 sheets
whereas substitution into the sheets suppressesTc sharply. In
general, trivalent cations substitute preferentially into t
chain sites and divalent cations into the CuO2 sheets.9 Spe-
cifically, Ni~II ! ions substitute into the bilayers of Y124
synthesized under ambient pressure.10 However, oxidation of
the Ni~II ! to Ni~III ! ions under high oxygen pressure can
expected to remove the nickel from the bilayers to t
chains. In the absence of high-quality single crystals, pre
ous determinations of a dopant location have used lo
probes such as Mo¨ssbauer spectroscopy.11 Here we use
transport measurements to interrogate the location of
nickel dopant in a high-quality 1% Ni-doped single crys
R2956 © 1998 The American Physical Society



d

-

p

en
f
t
s
s
e
da

B
e
h
th

o
h

g
r

l
th
lso
he
ye

arri-
e
lo-

he

on

ay-
ith

n
ng
the
s is

ature
ear

ly,

tive
of
n

o-
a-
low

th a

o-

RAPID COMMUNICATIONS

PRB 58 R2957ANOMALOUS TRANSPORT PROPERTIES INA . . .
grown in a high-temperature, high-pressure furnace un
600 bars O2 pressure.12 LnNiO3 perovskites ~Ln
5rare-earth atom! containing Ni~III ! ions have been synthe
sized under the same oxygen pressure.13 ac magnetic-
susceptibility measurements showed a nonfilamentary su
conductivity with aTc557 K, which is to be compared with
Tc581 K in a pure Y1248 crystal.3

The size of the crystal used in our transport measurem
was 0.430.330.1 mm3. The b axis was in the direction o
the long axis of the crystal; thec axis was along the shor
direction. Four gold spots were deposited on the corner
the crystal plate before copper wires were attached with
ver epoxy. All the transport measurements reported w
performed on the same crystal; the basic features of the
were reproducible on other crystals. We defineT0 as the
temperature below which no voltage is resolvable with
nanovoltmeter.

The pressure experiments were carried out in a Cu
pressure cell as reported elsewhere.14 The pressure inside th
chamber was monitored with a coil of manganine wire. T
contribution from the Cu leads was subtracted from all
a(T) data.

Figure 1 compares the resistivitiesra(T) and rb(T) at
ambient pressure with those reported3 for pure Y1248. The
two ra(T) curves are similar, each showing a change
slope near 170 K. The Ni-doped sample has a somew
higher resistivity and lowerTc , indicative of fewer holes in
the underdoped bilayers; there is no evidence of a stron
scattering of charge carriers by nickel atoms in the bilaye
On the other hand, theb-axis resistivity rb(T) shows an
important change. Whereasrb(T) for the pure Y1248 crysta
shows no change of slope on cooling through 170 K,
rb(T) for the nickel-doped sample is not only higher but a
shows a minimum near 170 K. In the pure crystal, a hig
conductivity in the chains masks the anomaly in the bila
contribution torb(T). In the Ni-doped samples, therb(T)

FIG. 1. Resistivity vs temperature along thea, b, c axes of 1%
Ni-doped Y1248 compared to that along thea and b axes in pure
Y1248.
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curve clearly shows a progressive loss of chain charge c
ers and/or their mobility on cooling below 170 K, and w
can unambiguously conclude that the nickel atoms are
cated predominantly in the chains as Ni~III ! ions. Since re-
tention of oxygen stoichiometry is a basic feature of t
Y1248 structure, the introduction of a higher-valence Ni~III !
ion into the Cu2O2 chains should increase the net electr
transfer from the chains to the bilayers, thus loweringTc by
reducing further the oxidation state of the underdoped bil
ers. This deduction is also consistent with an increase w
Ni doping in thea-axis thermoelectric poweraa at 300 K;
see Fig. 2 and discussion below. The modest decrease iTc
at atmospheric pressure from 81 to 57 K with 1% Ni dopi
appears to reflect primarily the greater underdoping of
bilayers and suppression of any chain superconductivity a
discussed below.

From Fig. 1, the change in slope ofra(T) for the Ni-
doped sample occurs over a somewhat broader temper
range than in the pure crystal, but it remains centered n
160<TD<180 K. Independence ofTD on the charge distri-
bution would be characteristic of a lattice-driven anoma
but not of the opening up of a spin gap.

The thermoelectric power along theb axis ~Fig. 3! con-
tains a negative contribution from the chains and a posi
contribution from the bilayers, but the higher conductivity
the chains ~Fig. 1! makes the negative contributio
dominant.3 Within a narrow range of temperature aboveTc ,
the a- andb-axis resistivities are nearly equal. The therm
electric poweraa , however, is negligible at these temper
tures. Therefore the negative contribution dominates be
room temperature. A negative chain contribution toa(T) has
been demonstrated in Y123.15 Whereasab(T) for pure
Y1248 has an important negative enhancement term wi
maximum nearTmax'140 K,3 this maximum is largely sup-

FIG. 2. ~a! Thermoelectric power and~b! resistivity vs tempera-
ture along thea axis of 1% Ni-doped Y1248 under several hydr
static pressures.
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pressed in the Ni-doped crystal. We have shown8 that an
enhancement ofa(T) with a maximum near 140 K is a sig
nature of superconductivity, and indeed Fig. 2~a! shows a
positive enhancement peak for the bilayers that beco
more pronounced asTc increases with pressure. This e
hancement is essentially confined to the temperature ra
T,300 K; above 300 K we find a nearly temperatur
independenta(T) so thata~300 K! gives a measure of th
relative concentration of mobile holes in the bilayers. In fu
oxidized Y123, the chains have been shown to
superconductive,16 and a corresponding negative enhan
ment inab(T) has been found.15 Since the chain-only struc
ture of Sr2CuO3 does not become superconductive on dop
into the metallic state,17 the chain superconductivity in Y12
appears to be induced by coupling to the bilayers. A sim
correlation should be applicable to Y1248, and indeed
have found a negative enhancement inab(T) in pure
Y1248.3 In the Ni-doped crystal, the lack of a similar neg
tive enhancement ofab(T) leads us to conclude there is
suppression of the chain superconductivity by the Ni ato

Figures. 2~b! and 3~b! show that the pressure dependen
of ra(T) is dramatic, particularly above 170 K, where
rb(T) is relatively insensitive to pressure. On the other ha
the temperatureTD of the anomaly is essentially unchange
This behavior is similar to that found for pure Y1248.3

In Fig. 4, the increase in the superconductive transit
temperature with pressure,dT0 /dP'1.2 K/kbar, is the larg-
est ever reported. AdT0 /dP'0.44 K/kbar for 123 is con-
sidered to be unusually high and has been attributed
pressure-induced electron transfer between the chains
the bilayers in that structure.18 We have reported adT0 /dP
'0.58 K/kbar for pure Y1248 and have confirmed, w
thermoelectric-power measurements, that the high valu
due to a pressure-induced transfer of electrons from the
layers to the chains.3 This model should also be applicable
the Ni-doped Y1248 crystal, and the pressure coeffici

FIG. 3. Same as Fig. 2 along theb axis.
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da(300 K)/dP'0.2mV/K kbar seen in Fig. 2~a! confirms
an exceptionally large pressure-induced charge transfe
smaller da(300 K)/dP'0.07mV/K kbar found for pure
Y1248 is consistent with its smallerdT0 /dP. Pressure sta-
bilizes the redox energies of the chains relative to those
the bilayers, and the exceptionally high pressure-indu
electron transfer from bilayers to chains in the Ni-dop
Y1248 implies that the Ni~III ! ions of the chains are reduce
to Ni~II ! ions by the application of pressure. At low temper
tures, the nickel atoms are not mobile, and the press
induced reduction of the Ni~III ! is reversible. From the
square-coplanar configuration of the chain sites, we wo
expect the Ni~II ! ions in the chains to be in their low-spin
diamagnetic state. Alternatively, the large pressure coe
cient might be attributed to a conventional charge transfe
there is also a recovery under pressure of superconduct
in the chains. However, the shapes ofab(T) and rb(T) in
Fig. 3 change little under pressure, which means there is
evidence of a recovery of superconductivity in the chains

In summary, measurements ofr(T) and a(T) on a Ni-
doped Y1248 crystal under different hydrostatic pressu
have allowed us to draw the following conclusions:~1! In a
1% Ni-doped Y1248 crystal prepared at 600 bars O2 pres-
sure, Ni substitutes for chain Cu as low-spin Ni~III !. The Ni
atoms suppress the bilayer-induced superconductivity in
chains and, below 170 K, introduce a semiconductive te
perature dependence in the chain resistivityrb(T). ~2! The
presence of Ni~III ! in the chain sites lowers the oxidatio
state of the bilayers. Since the bilayers are underdoped,
ering of their oxidation state lowers the superconduct
transition temperatureT0 , and the lowering ofTc from 81 K
in pure Y1248 to 57 K in 1% Ni-doped Y1248 is due in larg
part to the lower oxidation state of the bilayers and suppr
sion of the chain superconductivity. Pressure induces an
ceptionally large electron transfer from the bilayers to t
chains indicative of a reduction of low-spin Ni~III ! to Ni~II !,
and a giantdT0 /dP'1.2 K/kbar demonstrates the sensiti
ity of T0 to the oxidation state of the bilayers even in t
presence of Ni atoms in the chains that suppress the bila
induced chain superconductivity.~3! The anomaly in
ra(T) is broadened by Ni doping; but unlikeT0 , the center
of the temperature interval over which it occurs remains

FIG. 4. Pressure dependence ofT0 from ra(T) andrb(T) data.
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sentially independent of the charge distribution betwe
chains and bilayers. This behavior is consistent with
structure-induced transition and not with the opening o
spin gap. ~4! The observation of an enhancement ofaa(T)
below 300 K that has a maximum atTmax'140 K and in-
creases with the superconductive transition temperature
vides one more example of the association of this enha
ment with high-temperature superconductivity in the cop
oxides. The observation that this enhancement is found
the chains inab(T) of pure Y1248 but is suppressed in th
Ni-doped Y1248 is consistent with location of the Ni atom
ck

be

i,

E.

on
n
a
a
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or

in the chains where they suppress the chain supercondu
ity induced, in pure Y1248, by the bilayer superconductivi
~5! Finally, Fig. 1 shows that in the Ni-doped sample t
metallic temperature dependence ofRc(T) below TD

'170 K is retained, but that ofrb(T) is not, which indicates
that thec-axis resistivity is only weakly coupled, if at all, to
the conductivity of the chains.
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