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Dimensionality of the Cu-O double-chain site of PrBaCu,Og
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We report measurements of the resistivitya-axis magnetoresistandep,/p, and Hall coefficieniR,, of
PrBaCu,Og (Pr124 single crystals. The in-plane anisotropy/p,, in Pr124 is extremely large, reflecting the
guasi-one-dimensional nature of the highly conducting Cu-O chains oriented alorg akis. Interchain
resistivity, however, also shows metallic behavior below a pedk=at40 K, where intriguinglyRy(T) has a
minimum.Ap,/p, (B//c) is large, positive and obeys Kohler’s rule below 100 K. Moreover;ltdependence
of square root ofAp,/p,(T) follows closely that ofl ;5 {T) wWherelg,.i{T) is the mean-free-path of the
carriers along the chain direction determined frpp(T). Collectively, these results prove the existence of a
finite and coherent interchain charge transfer alongatheis direction at low temperature, in the absence of
mobile carriers within the CuPplanes.
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I. INTRODUCTION 123 and 124 compounds might stem from the structural sta-
bility, i.e., the carriers on the single chain site are more easily
The ground state of one-dimensioraD) metals, the so- localized due to oxygen defects.

called Tomonaga-LuttingeTL) liquid, is theoretically pre- In Pr124, electronic conduction and superconductivity in
dicted to be dramatically different from that of a 3D Fermi the CuQ planes are suppressed, presumably due to the hy-
liquid. Most notably, the spin and charge degrees of freedorridization of Pr 4 and O 2 orbitals? Therefore, Pr124
are separateti? Experimental studies on carrier-doped 1D offers a unique opportunity to directly probe the metallic
systems are frequently aimed at seeking evidence for suchfate of the Cu-O structure without being influenced by car-
departure from FL physics. The Cu-O chain structure foundiers in the plane site. Obviously, high quality single crystals
in some of the high-temperature superconductors and relatefe necessary for extracting the behavior of the metallized
materials is an excellent candidate for a 1D conductor prochains and studying the anisotropic transport properties. Re-
vided enough mobile carriers are doped. Indeed, experimergently, we have successfully grown single crystals of Pr124
tal evidence for TL behavior has surfaced in recent yearsdy means of a flux method under high oxygen presStre.
Kim et al. studied angle-resolved photoemission spectrosResistivity measurements revealed a large in-plane anisot-
copy (ARPES in SrCuG, and claimed evidence for spin-
charge separatiohMizokawa et al. also reported ARPES
data for the Cu-O chain site of PrBau;O; (Pr123 and
revealed two structures that could be interpreted as holon and
spinon band$. 1t is well known, however, that the chain /
structure in both SrCuand Pr123 is insulating. On the @
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other hand, the behavior of Cu-O chains is totally different <\_single

when they are doubly stacked. While the only essential dif- c @ ©  chain &r

ference in the structure of PrBau,Og (Pr124 and Pr123 is v ZIN double

the Cu-O chain site that is running parallel to thvaxis as O O o chain

shown in Fig. 1, resistivity measurements in polycrystalline b O O O
Pr124(Refs. 5-F and YBaCu,Og (Y124) single crystal® a PrBa,Cu;0y., PrBa;Cu,Os

suggest that the Cu-O double-chain site is a good conductor
with self-doped, mobile carriers. The striking difference in  FIG. 1. Schematic pictures of the crystal structure of Pr(23
the electronic conduction of the Cu-O chain structures in theand Pr124(b).
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ropy and the highly conducting nature of the Cu-O double 1© ] 003

chain site down to low temperatures. However, the dimen- @ ®)

sionality of the chain structure remained an open question
The a-axis resistivity p,) exhibits metallic behavior at low o
temperature in the sense that it decreases with temperatuig / =hadll

after passing a pedk.A possible scenario is that the Cu-O ; sl | ; /

site undergoes a 1D to 2[br 3D) dimensional crossover & /15 E s

upon lowering the temperature, similar to some organic com- < . < ot € o

pounds. Terasalkdt al.reported some evidence of such cross- g /\ g

over at about 100 K from a study using a magnetically N E

aligned Pr124 polycrystalline sampfeThe polarized optical b0 20000 00% T
spectrum measured at 300 K can be interpreted within the 0 oo 000 090 02000 4050 8000 8000 10000
framework of a TL liquid® while ARPES data at 10 K do not T2(K2) T2 (K2)
reconcile with the TL liquid picturé® which seems to sup-

port the dimensional crossover scenario. FIG. 2. Resistivity of Pr124 along (a) andb axes(b) as a

To shed more light on the dimensionality of the Cu-O function of T2 Each inset shows the sampg(T) andp,,(T) data as
chain site of Pr124, we have studied ta@xis magnetore- a function ofT, as previously reported in Ref. 10.
sistance(MR) and Hall effect(with 1//b) of Pr124 single
crystals. Our results give a consistent picture that support&(a), p,(T) follows fairly well the T? law expected for a
the establishment of a FL ground state in Pr124 at low temFermi liquid at low temperaturébelow about 60 K A simi-
perature with coherent interchain conductivity along thelar behavior was reproduced in all crystals for whighwas
a axis. measured.
pp(T) has a metallic temperature dependence in the whole
temperature range down to 2 K, as shown in the inset of Fig.
Il EXPERIMENTAL 2(b). The residual resistivity oby, of this crystal is estimated
Single crystals of Pr124 were grown by a self-flux methodto be 1240 cm by extrapolating the low-temperature data,
in MgO crucibles under high-pressure oxygen gas of 11 atmthough residual resistivities as low asgd) cm have been
as reported previoushk. The typical size of the crystals was observed? Similarly to pa(T), pp(T) also followed well the
approximately 0.5 mmg0.2 mmx0.04 mm. The direction T2 law at low temperature, as shown in Figb® Intrigu-
of each crystallographic axis was determined by using a paingly, this behavior ofo,(T) in Pr124 is consistent with the
larizing microscope or a precession x-ray camera. Microbehavior of the resistivity along the Cu-O double chain site
scopic observations revealed no indication of twinning.of Y124 extracted from the in-plane resistivity via a parallel
a-axis andb-axis resistivity measurements were carried outresistor modet®
between 2 and 300 K using a standard ac four-probe method. The resistive anisotropy,/py, is roughly 25 at 300 K,
The a-axis MR measurements were conducted in a 9 T magthen increases with decreasing temperature, exceeding 300
netic field aligned along each crystallographic axg.(T) below T,,.x. The large anisotropy between theandb-axis
was measured in a six-probe configuration, with two pairs otlirections implies that the metallic behavior pf is gov-
voltage electrodes attached to the same crystal to ensure cogrned solely by the double chain site. We pointed out in our
sistency(see the inset to Fig.)5The magnetic field in the previous papéf that there are at least two possibilities for
Hall effect measurements was swept frend T to 5 T with  the origin of the peak ip,(T). First, the conduction along

an interval of 1 T. the CuQ planes dominates that across the CuO chains for
the whole temperature range, and the peaj ) simply
Ill. RESULTS AND DISCUSSION indicates a change in the conduction mechanism intrinsic to

the plane site. The second possibility is that the peak signi-

The results of resistivity measurements of Pr124 alang fies a switching of the dominant conduction path from CuO
andb-axes were reported in our previous pafféFhese data chain to CuQ plane with increasing temperature. In the lat-
are replotted as a function @ in Figs. 2a) and 4b) for  ter interpretation, conduction alorgy and b axes are both
pa(T) and py(T), respectively. The inset of each figure governed by the Cu-O chain site at low temperature, and the
shows the linear plot reported in the previous pdfeks  Fermi-liquid behavior can be attributed to the twer
shown schematically in Fig. 1a and b axes are running threej dimensionality of the Cu-O chain site. In this regard,
perpendicular and parallel to the chains, respectively. Supeit should be noted that we have recently observed a metallic
conductivity was not detected down 2 K for all crystals  c-axis transport in Pr124, with a similar magnitudeptg T)
that were examined. The value pf~4 mQ cm at 300 K, and aT?-dependence at low temperatufés.
indicating that the number of mobile carriers within the Figure 3 shows thél dependence ofAp,/p,(T) in a
CuG, plane is significantly less than that of optimally doped magnetic field of 9 T applied along the and ¢ axes. The
high-temperature superconductopg(T) possesses a maxi- isotropic contribution to MR has been removed from the raw
mum atT,,,,~140 K, below whichp, decreases with de- data by subtracting the longitudinal MR measured with
creasing temperature down to 2 K, reaching a valueB//a. ForB//b, the magnitude of MR was comparable with
~4 mQ cm [inset of Fig. Za)]. As can be seen from Fig. our experimental resolution for the whole temperature range,
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FIG. 3. Temperature dependenceafxis MR Ap,/p, under
magnetic field of 9 T applied parallel tnaxis (open squargsandc
axis (closed squargsInset: Kohler analysis of the orbita axis
MR data for Pr124, as explained in the text.

FIG. 4. Temperature dependence of the mean-free-path of the
chain site of Prl24 estimated from,(T) (solid line and
Ap,/pa(T) (closed squargs

Tmax (—140 K), implying that these temperatures are uncor-
and similarly withB//c aboveT=150 K. However, below related.

150 K, a sizable MR develops fd8//c, which increases For a more quantitative argument about the nature of the
monotonically down to 3 K. The value dfp,/p,~4.5% at interchain conduction, we checked the consistency.of,
3 K, whereAp, is defined by the difference im, at 9 T and  estimated by two different methods. If the double-chain site
zero field; p,(B=9 T)—p,(0). If the carriers are moving has a quasi-1D electronic structure and the chain bands are
coherently across the chains, a finite positivp, is ex- represented in reciprocal space by two undulato_ry sheets
pected forB//c since the Lorentz forc€ = e[ v g B] is alonga- a_ndc-axes, one obtalns_the_followmg equation fr(_)m
largest in this configuration. Fd//b, the field is parallel to t.he. Imearlzeq Boltzmann equation in the low magnetic field
the main velocity componentg,,,, the Lorentz force is a limit for B//c:
minimum and the orbital MR is correspondingly small. A Ap
Hence, the MR data plotted in Fig. 3 can be understood, at \/—, (1)

Pa

. . . . . . Chain:eBa
least qualitatively, ifa-axis transport is dominated by the

interchain carriers and the Cgcplane site is irrelevant for wherea is the interchain distance alormxis (~388 A) _16

a-axis transport. Similarly, | gnain is related topy, by
Further insight into the electron dynamics can be gained

from performing Kohler analysis on the orbital MR data. In a

conventional metal, Kohler's rule is written adp/p |chain=—2—,
~f(B/p)~(B/p)? for an orbital MR varying a82. Thus, at 2e” Po
a fixed field, the producfp,- p, should be constant, inde- \wherec represents the inter chain distance along dteis
pendent of temperature. In one sense, Kohler’s rule impliegirection (~13.7 A).Y’

that all the carriers that determine the form of the zero-field The temperature dependencelgf,;, estimated by these
resistivity are susceptible to the same scattering mechanism&o methods is compared in Fig. 4. Theaxis MR forB//c

in a magnetic field. In the inset of Fig. 3 we have plottedin Fig. 3 is very small above 150 K, and therefore one can
Apap, (at 9 7) as a function of temperature. As can be seenhardly discuss the consistency laf,.i, estimated using the
Kohler’s rule is obeyed below 100 K, indicating coherenttwo methods. Below 150 K, on the other hand, we can safely
a-axis conduction in this temperature range, but at higheconclude that the agreement between the two methods is
temperatures, deviations from Kohler’'s rule appear as interguite satisfactory taking into account that,, at low tem-
chain conduction becomes incoherent and additional contriperature is affected by the residual resistivity that is sample
butions to thezero-field resistivity emerge. Indeed, optical dependent. This agreement appears to confirmgdh@f) is
reflectivity data have revealed that the electronic state of thendeed governed by the conduction across the Cu-O chains at
Cu-O chain site has a strong 1D charactefTat300 K.'2  low temperature. It is also interesting to note that we ob-
Intriguingly, this crossover temperature is much smaller tharserved quite recently a metallic behavior &eaxis resistivity

acmh 1
(2
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6.0

T T small, given the size d{Fb estimated from ARPE&Ref. 13

b )
PrBa,Cu,O4 ) and optical measuremerisand may reflect an additional
1 (small) contribution from the plane carriers or a reduced Hall

% Bife Iiib voltage parallel to thea axis due simply to the low
interchain conductivity.
Although the peculiaim dependence dRy(T) is not un-
i derstood, it is intriguing to note that the temperature where
Ry(T) has its minimum corresponds closely wilh,,, in the
EI | inset of Fig. 2a), suggesting that a drastic change in the
éﬁ transport behavior occurs around this temperature. From our

40 |k
2.0

H—e=a—
———
o]

| N

0.0 [ . a-axis MR data, we have inferred that coherardxis con-
duction is generated from carriers on the double chain site
i Vit vz but that coherence may be lost around 100 K. Collectively,
50 L iy = the MR data and th&(T) data suggest that there are two
c I / relevant temperature scales in the problem, iTes,100 K
k,:la . 1" and T,,,=140 K, with the latter more likely reflecting an
. b, . emerging contribution from the Cy®lane carriers at higher
temperatures. Indeed, in untwinned semiconducting Pri123,
where the chains play no role in the conduction procpss,
Temperature(K) ~10 m cm at T=300 K (Ref. 20 compared withp,
o ~4 mQ cm for Pr124. This suggests that the Gu@anes
FIG. 5. Temperature dependence of the Hall coefficient alongy, indeed start to contribute to theaxis transport in Pr124

thea-axis direction B//c, 1//b). A six-probe configuration as sche- at high temperatures, even though they are nonmetallic
matically shown in the inset was adopted that facilitates an easy ' '

double check of the results.

R, (10 cm®/C)

-4.0 : L
0 100 200 300

IV. CONCLUSION

of Pr124* and a magnetic field induced metal-insulator | summary, we have studied the resistivity, magnetore-
transition ofp.(T) at approximately 20 T wit#B//a,*® simi-  sistance, and Hall effect of Pr124 single crystals. The con-
larly to the one observed for Y124.These results suggest dyction along the- andb-axis directions is very anisotropic,
that the conduction along the-axis direction is also gov- ith palpy~300 at 3 K, reflecting the highly 1D nature of
erned by interchain conduction, and the Cu-O chain site i$he Cy-O chains running parallel to theaxis direction.
essentially 3D with a Eermi liquid ground state. As discusseq\evertheless, both, andp,, followed well theT? law that is
above, Kohler's rule is violated in the present compoundexpected for a Fermi-liquid state at low temperature. The
above approximately 100 Kinset to Fig. 3. Therefore, we 4 axis MR data were quantitatively analyzed in terms of a
think that the conduction across the chains starts to lose CQuasi-1D band model, and the results support the presence of
herency above 100 K, but still the interchain transport domi- finite and coherent interchain interaction along &hxis
nates that of the Cufplane up to, at least, 150 K.~ jrection at low temperature. Moreover, the MR data fol-
We also measured the Hall effect in a geometry in whichigwed Kohler's rule below 100 K. Hence, both the resistivity
the Lorentz force exerted on the electrons is directed alongnd MR data indicate that the chain site is essentia")(@D
the a axis, i.e.,//b andB//c. We measured th& depen-  3p) in nature, and the low temperature state is indeed a
dence ofRy(T) for three different crystals, two of which Fermi liquid. Finally, we have presented evidence that the

were double-checked with two pairS of Hall V0|tage eleC-Cqu p|anes may begin to p|ay some role in #@xis con-
trodes. Figure 5 summarizes these five data sets, and thgiction at higher temperatures.

excellent reproducibility shows that the results reflect the
intrinsic Ry(T). The value of Ry is roughly 4.0

X 10~ * cm?/C at 300 K, which is extremely small compared
with the in-planeRy of optimally doped cuprate&,; mono- S.H. was financially supported by the Japan Society for
tonically decreases with decreasing temperature down tthe Promotion of SciencedSP3. Part of this work was sup-
about 130 K, changing sign at= 170 K. Below 130 KRy ported by a Grant-in-Aid for Scientific Research on Priority
begins to become more positive, changing sign once morérea from the Ministry of Education, Culture, Sports, Sci-
and at 5 K,Ry~3.0x10 % cm®/C. This value is rather ence and Technology of Japan.
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