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Pressure effect on quasi-one-dimensional charge transport in PrBa2Cu4O8:
Magnetotransport study

J. Kikuchi,* I. Terasaki,† T. Machi, S. Tajima, N. Koshizuka, N. Seiji, S. Adachi, and K. Tanabe
Superconductivity Research Laboratory, International Superconductivity Technology Center, 1-10-13 Shinonome, Koto-ku

Tokyo 135-0062, Japan

C. Murayama and N. Moˆri
Institute for Solid State Physics, University of Tokyo, 7-22-1 Roppongi, Minato-ku, Tokyo 106-0032, Japan

~Received 30 June 1998!

The electrical resistivity and the magnetoresistance of PrBa2Cu4O8 have been measured under hydrostatic
pressure up to 1.0 GPa. It was found that magnetoresistance is sensitive to the applied pressure below 100 K
where the resistivity shows metallic behavior. This suggests that the interchain hopping energy is increased by
pressure, which makes the low-temperature electronic state more two dimensional.@S0163-1829~99!01505-2#
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Electric and magnetic properties of low-dimensional el
tron systems have attracted much attention since the dis
ery of high-TC superconductors. Of these, a one-dimensio
~1D! metallic chain is of particular interest. Because of t
simplicity of the models, the exact solution is available f
some 1D Hamiltonians such as the 1D Hubbard mod1

which can directly be compared with the experimental
sults of the appropriate model compounds. Theoretically
1D metal is not a conventional Fermi liquid unlike the sy
tems with higher spacial dimensions but a so-called L
tinger liquid where the spin and charge degrees of freed
can move separately in space. This has promoted an ex
mental survey of the systems with conducting chains to
vestigate experimentally how the Luttinger-liquid state is d
ferent from the Fermi-liquid state.

PrBa2Cu4O8 ~Pr124! is one of the promising candidate
for the 1D metal with self-doped CuO chains.2,3 Pr124 is a
nonsuperconductor like PrBa2Cu3O61d ~Pr123!, but is quite
different from Pr123 in that Pr124 shows a metallic cond
tion at low temperatures.2–4 Since the CuO2 plane in Pr124
show antiferromagnetism belowTN;220 K,5,6 as is similar
to Pr123, it will not participate in the metallic conduction
low temperatures. Hence, the metallic behavior should
assigned to the CuO double chain, which is the only diff
ence in the crystal structure from Pr123 with the single C
chain. It is plausible that the oxygen vacancies in the C
chain, which may prevent Pr123 from being metallic, are l
important in Pr124 than in Pr123 because Pr124 is stoic
metric. The metallic nature of the CuO double chain in Pr1
is further supported by the anisotropic in-plane resistivity
the isostructural YBa2Cu4O8.

7

Terasakiet al. have measured the temperature~T! depen-
dence of the resistivity, Hall coefficient, magnetoresistan
and thermoelectric power at ambient pressure.4 All of these
quantities were found to depend strongly on temperat
which is quite different from the behavior of high-TC cu-
prates or conventional metals. They proposed that the
usualT dependence of the transport parameters arises es
tially from the 1D nature of the conducting path along t
CuO double chain modulated by a small interchain hopp
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-
v-
l

r
,
-
a

-
t-
m
ri-
-

-

-

e
-

O
s

o-
4

e,

e,

n-
en-

g

energyt' . The existence oft' results in the crossover from
the quasi-1D to the quasi-two-dimensional~2D! electronic
state at a certainT wheret' exceeds the thermal fluctuatio
energykBT ~i.e., t'@kBT!. The crossover is evidenced by
rapid increase of the Hall coefficient and the magnetore
tance, and the small thermoelectric power below 100 K.

It is quite attractive to study how such an anisotropic el
tronic system behaves under pressure because a varie
electronic states such as superconducting and density-w
states, and a transition between them could be realized in
conductors.8 Even in the absence of such an ordered grou
state, applying pressure is one of the promising experime
techniques to change dimensionality of the system thro
the shrinking of the lattice, and can be used as an exte
probe to elucidate essential features of the low-dimensio
electron systems. In this paper, we report measuremen
the transverse magnetoresistance~MR! of PrBa2Cu4O8 under
hydrostatic pressure up to 1.0 GPa. We found that the tra
verse MR strongly depends on the applied pressure e
cially in the low-T metallic region, namely, theT dependence
of the MR is weakened by pressure. This is consistent w
the dimensional crossover from 1D to 2D in the metal
CuO double chain, and indicates that the system beco
more 2D under high pressure.

FIG. 1. Temperature dependence of the resistivityr of
PrBa2Cu4O8. The inset shows the temperature derivative ofr as a
function of temperature.
3385 ©1999 The American Physical Society
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Polycrystalline samples of Pr124 were prepared by
solid-state reaction technique as described in Ref. 2. Ele
cal resistivity and the magnetoresistance were measure
conventional four-probe method in magnetic fields~H! up to
7 T. External fields were applied perpendicular to the curr
direction (H'I ) so that the transverse MR can be measur
Hydrostatic pressure was applied by using a BeCu pis
cylinder cell which is designed to keep the applied press
constant even at low temperatures. A mixture of Fluorin
(FC70:FC7751:1) was used as a pressure-transmittin
fluid. Absolute values of the applied pressure were calibra
by using the superconducting transition temperature of
metal. All the measurements were performed on the sa
ceramics with the above-mentioned high-pressure cell~even
at ambient pressure! to minimize possible instrumental erro
and sample-dependent factors.

Figure 1 shows theT dependence of the resistivity~r! in
Pr124 at ambient pressure and 1.0 GPa. The observed
sure dependence ofr is consistent with the previous study b
Matsushitaet al.9 As shown in Fig. 1, a broad maximum
observed around 150 K at ambient pressure and 170 K a
GPa, below whichr exhibits a metallicT dependence. A
major effect of applying pressure onr is to increase its mag
nitude in the high-T semiconducting region, and to shift th
broad maximum toward higherT. As a clear contrast, the
resistivity does not change appreciably with pressure at
T where the metallic behavior is observed. The resistiv
below ;70 K ~;80 K at 1.0 GPa! is roughly expressed a
r5aT1.51r0 with an increase~;5%! of r0 and a decrease
~;11%! of a under pressure. TheT dependence ofr at low
T is quite different from that of the resistivity of the Cu
chain in YBa2Cu4O8 which shows clearT2 dependence.7 The
difference in powers ofT might be intrinsic to Pr124, al-
though a possibility that it is merely an effect of in-plan
contribution cannot be ruled out.

The origin of a broad maximum inr is not clear at
present. One possible explanation for this is to regard
conducting paths in Pr124 as a parallel circuit composed
the metallic CuO chain and the semiconducting Cu2
plane.3,4,9 In this picture, the temperatureTmax wherer ex-
hibits a maximum corresponds to temperature where the
sistivities of chain and plane,rchain andrplane, respectively,
becomes comparable, and the CuO2 plane is responsible fo
the semiconducting behavior aboveTmax. If this is the case,

FIG. 2. Temperature dependence of the transverse magne
sistanceDr/r under the applied field of 7 T.
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the pressure dependence ofTmax indicates thatrplane is in-
creased appreciably by applying pressure whilerchain is not.
As for the increase ofrplane under high pressure, it is plau
sible that the number of charge carriers in the CuO2 plane
decreases due to increased hybridization between Pr 4f and
O 2p orbitals.10 Measurement of the in-plane anisotropy ofr
using single crystals is highly desirable to examine the
lidity of the above model.11

We have observed a small hump in thedr/dT versusT
curve around 20 K as is shown in the inset of Fig. 1. T
hump is visible even at an ambient pressure which indica
that this anomaly is not induced by pressure. The temp
ture is very close to temperature where the bulk magn
susceptibility shows a knee, which is believed to be acco
panied by long-range magnetic ordering of Prf
moments.2,3 Therefore, it seems reasonable to attribute
anomaly indr/dT to Néel order of Pr moments as wel
Since the metallic conduction at lowT is considered to occu
along the CuO double chain, the existence of such
anomaly suggests finite magnetic couplings between Prf
moments and the conduction-electron spins in the C

re-

FIG. 3. Transverse magnetoresistanceDr/r plotted as a function
of (H/r)2 whereH and r are the applied field and the zero-fie
resistivity, respectively.~a! Dr/r at ambient pressure, and~b! Dr/r
at 1.0 GPa.
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double chain. The change of the Brillouin zone due to
antiferromagnetic order of Pr moments is also a possible c
didate for the origin of the anomaly indr/dT.

The pressure dependence of the magnetoresistance~MR!
makes a clear contrast to the results at zero external mag
field, in a point that the MR in the low-T metallic region is
rather sensitive to the applied pressure. As is shown in
2, the T dependence of MR is characterized by a rapid
crease below about 100 K, which is indicative of the 1D-2
crossover.4 Since in an ideal 1D conductor the Lorentz for
cannot bend the trajectories of mobile carriers across
conducting chain to give no MR, vanishingly small MR su
gests that the high-T electric conduction is essentially 1D
even under high pressure.

Figures 3~a! and 3~b! are the plots of MR at variousT as
a function of (H/r)2. The MR is positive and is almos
linear in H2, indicating that the observed MR is classic
MR, i.e., MR being caused by the change in the trajecto
of mobile carriers induced by the Lorentz force.12 It is
known that classical MR in metals is roughly equal
(vct)2, wherevc andt are the cyclotron frequency and th
scattering time, respectively, and follows a scaling funct
of (H/r)2.13 Below 10 K, the dependence of MR on (H/r)2

merges into a single curve. This implies that the scaling
Kohler’s rule, holds in the low-T limit. However, at higherT
where MR varies strongly with temperature, MR does n
scale to any universal functions of (H/r)2. This can be un-
derstood within the framework of the 1D-2D crossover
introducing theT-dependentvc which is vanishingly small
in the high-T (kBT@t') 1D region and finite in the low-T
(kBT!t') 2D region as suggested by Terasakiet al.4

The qualitative feature of the violation of Kohler’s ru
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with increasingT does not change by applying pressur
which suggests that the crossover scenario even holds u
high pressure. It should be emphasized, however, that un
high pressure the deviation of MR from the low-T scaling
curve remains small compared with that under ambient pr
sure. As shown in Fig. 3, decrease of MR at 50 K relative
MR at 5 K amounts to;43% for the value of (H/r)251.8
3108 T2/V2cm2 @which is the largest value of (H/r)2 that
can be reached at 50 K# at ambient pressure, whereas at 1
GPa, a relative decrease of MR from 5 to 50 K is at mo
;22% for the same value of (H/r)2 @see Fig. 3~b!# aside
from a small shift nearH50 observed for the 5 K data.14

This suggests that pressure widens the temperature ra
where Kohler’s rule is valid to higher temperatures. In oth
words, the low-T quasi-2D electronic state is stabilized b
applying pressure. This may arise from the increase oft' or
more rigorously, the increase of the ratio oft' to the intra-
chain hopping energyt i under high pressure, which is ex
pected from the decrease of the lattice spacing.

In summary, the magnetoresistance of PrBa2Cu4O8 is
found to depend strongly on the applied pressure in
low-T metallic region. TheT dependence of the magnetore
sistance is weakened by pressure, which is consistent w
the 1D-2D crossover in the charge transport occurring in
CuO double chain. The main effect of applying pressure is
stabilize the low-T quasi-2D electronic state, which is likely
to come from the increase of the interchain hopping ene
as a consequence of shrinking of the lattice under high pr
sure.
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