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Magnetotransport and magnetism in single-crystal PrBaCu;O-,_ 5
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The PrBaCu;0;_ s (Pr 123 system is known to exhibit antiferromagnetic ordering of the Cu spins in the
Cu-0 planes and chains, in addition to the observed antiferromagnetism due to the ordering of the Pr ions. The
antiferromagnetism of the Cu-O planes is generally associated with the insulating nature of transport in Pr 123
and electrical conduction is believed to result through “hopping” transport between disordered Cu-O chain
segments. However, the possible effects of magnetic ordering in the Cu-O chains on transport properties have
not been discussed. If the Cu-O chains play a dominant role in the electrical trafepeuggested by many
of the popular theorigsthen the magnetic ordering of the chains should also be seen in the transport proper-
ties. We present magnetization and magnetotransport measurements on single crystal Pr 123 samples which
suggest that the magnetism associated with the Cu-O chains does indeed mediate transport in this system.
These results confirm that the chains play a significant role in the transport properties and underscore the need
for further study of the interplay between magnetism and transport in Pr{$2363-182@06)01742-0

[. INTRODUCTION ever, many of the theories agree that hybridization of Pr 4
orbitals with Cu-O valence band states is the underlying
PrBaCu;O;_ 5 is unique among the “123” cuprates in source of the anomalous behavior observed in Pr 123.
that it is nonmetallic and does not exhibit a superconducting Mapleet al'? were among the first to suggest that hybrid-
transition. The insulating nature of Pr 123, together with itsization of Pr 4 orbitals with valence band states was the
ideal lattice match to the superconducting 123 materials sugsource of the nonmetallic behavior and the absence of super-
gest this material as a good candidate for a barrier layer igonductivity in Pr 123. Experimental evidence for the hy-
tunnel junctions. Such junctions have been fabricated and, ibridization of Pr 4 orbitals with Cu-O valence band states
some cases, have resulted in the observation of an anomiacludes the observations of an anomalous pressure depen-
lously long proximity effect? Recently, Cucoloetal®  dence ofT, in mixed Y;_Pr,BaCu0;_s compounds?
have reported the successful growth of planarthe small(as compared to the free ion value of Py effec-
YBa,Cu;0;_ 5/PrBaCus0;_ 5 /' YBa,CusO;_ 5 junctions in - tive moment obtained from susceptibility measurenteats
which evidence fofs-1-S quasiparticle tunneling is observed. the complex line shapes of resonant-photoemiséiand in-
These observations are difficult to reconcile with experi-elastic neutron scattering measureménits.addition, band
ments suggesting that variable range hopdii&H) trans-  structure calculatiofshave shown the Prfdlevels to be near
port dominates in the PrB&u;O;_ 5 system. Understanding in energy to that of the Cu-O valence band levels. Fehren-
transport in Pr 123 is crucial if real applications are to bebacher and Ric& have developed a theory based on hybrid-
achieved. In this paper we present magnetotransport megation of localized states which accounts for the semicon-
surements which show that the magnetism associated withucting behavior of this material. Liechtenstein and M&zin
the Cu-O chains affects the transport properties of this sysaoted that this model failed to explain the results of doping
tem. The implication of our results for variable range hop-studies”*8indicating that the suppression f with Pr con-
ping between disordered Cu-O chain segments as a dominagéntration levels is dependent on the host rare earth. In their
mechanism of conduction in this system are discussed. interpretation of the Fehrenbacher and Rice model, Liecht-
enstein and Mazin describe the hybridized state as a disper-
sive band, rather than a well localized phenomena. Both
models assume delocalized states among Cu-O chain seg-
Several models have been proposed which incorporataents with the insulating nature of Pr 123 being attributed to
mechanisms such as magnetic pair breaRihgle filling>~’  oxygen disorder.
and hole localizatichto explain the lack of superconductiv- Hybridization of rare earth impurity #orbitals with con-
ity and/or the nonmetallic behavior of Pr 123. Each of thesaluction band levels in metals is known to be the source of
explanations places certain restrictions on the allowed vainteractions which produce anomalous magnetotransport
lency of the Pr ion. At present, none of these theories can bproperties® and which can induce antiferromagnetism in
simultaneously reconciled with the experimental results obboth the carrier spins and the magnetic i6h& Self-
tained from inelastic neutron scatteringlossbauef® and  consistent, spin-polarized band-structure calculations suggest
x-ray-diffractiont’ measurements which have provided con-that the hybridization of the Prf4orbitals in Pr 123 intro-
flicting evidence concerning the valency of the Pr ion. How-duces excess spin into the Cu-O plahé&ecent NMR stud-
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surements we have obtained on polycrystalline samples and

000015 == with those of by Kebedeetal” also on polycrystalline
0.00014 a samples. The pnset of the highe.r tempgrature t_ransition oc-
7 - curs at approximately 13 K and is consistent with the anti-
2 ferromagnetic ordering of the Pr ions observed in elastic neu-
§ 0.00013 tron diffraction?® specific heaf, and susceptibilit§*?
g 0.00012 | g measurements. The onset of the lower temperature transition
= g occurs at approximatel6 K and is attributed to antiferro-
A g magnetic ordering of Cu spins in the Cu-O chains. Rosov
0.00011 3 / et al?® have studied this transition in oxygen deficient single
i 1 crystal samples and have shown that the onset of antiferro-
0.0001 "——— e magnetism in the Pr 123 Cu-O chains is strongly dependent
0 15 20 on oxygen content. Their results indicate that theeNem-

10
temperature (K . ey g
P () perature of the Cu-O chains decreases with increasing oxy-

gen content. This would account for the suppression of the

FIG. 1. Temperature dependence of the magnetic susceptibilityee| temperature observed in our samples as opposed to the
for a single crystal sample of PrBau;0;_, (sample ongin an >80 K transition observed in Rosacst al’s results, since
applied field 2 T showing the antiferromagnetism associated with g, samples are estimatédased on x-ray-diffraction stud-
the Prions Ty,) and Cu-O chainsTyy). The solid line is a guide jag 1 have an oxygen content¥=6.8—6.9. The reason for
to the eye. The inset shows the data plottedi @& T versus tem-  gnaer antiferromagnetism in the Cu-O chains with increas-
perature. ing disorder is unclear, however, one explanation is that the

disordered segments are more easily coupled to the antifer-

ies have provided evidence for a Pr induced ferromagnetigomagnetic Cu-O planes.
coupling between the Cu-O plan&sBased on these results,  |f Cu-O chain segments play a major role in the transport
we consider antiferromagnetic interactions mediated by th@roperties of this system, as suggested by Rice and
Cu-O planes a possible source of the ordering observed ipehrenbaché? and Liechtenstein and MaZfh then mag-
the Prions at anomalously high temperatures between 12—yetic ordering in the Cu-O chains must certainly be observed
K.®**"*The Cu spins in the Cu-O planes in highly oxygen-in transport measurements. In particular, one would expect to
ated Pr 123 are also antiferromagnetic with &Nempera-  see a significant change in the temperature dependence of
ture near 300 K? This is reminiscent of the oxygen deficient hoth the resistivity and the magnetoresistance near fre Ne
superconducting 123 materials which exhibit antiferromag-temperature of the Cu-O chains. Since the Cu-O planes are
netism in the Cu-O planes at temperatures considerabljresumed to be antiferromagnetic insulators, then if the chain
higher than 300 K. A third magnetic transition has also beersegments consist of delocalized states a dominant contribu-
observed nea5 K by Kebedeet al.” in both their specific  tion to the resistivity is expected to occur at the “ends” of
heat and susceptibility measurements. There is considerablge disordered chain segments where the current must pass
experimental evidence which suggests that this low temperanrough the insulating Cu-O planes. It is due to these regions
ture transition s related to the ordering of the Cu-O chainthat one might expect to see variable range hopping behavior
spins”"“"If the 5 K transition is indeed due to antiferromag- petween disjointed chain segments, with antiferromagnetic
netism in the Cu-O chains thefassuming chain segments fjyctuations contributing to the conductivity at temperatures
are an integral part of electrical conduction in this systém slightly above the Nel temperature of the Cu-O chains. In
should also be seen in the magnetotransport properties.  thjs picture, we expect that the antiferromagnetic ordering of
the Cu-O chain segments makes it energetically less favor-
able for a charge carrier to “hop” to a nearby segment,
thereby increasing the hopping distance. We would, there-

In order to further understand the relationship betweerfore, expect that the antiferromagnetism of the Cu-O chains
transport and magnetism in the Pr 123 system, we have me®ould adversely affect electrical transport.
sured the magnetoresistance and magnetization of single The resistivity of Pr 123 is typically analyzed in terms of
crystal samples. The Pr 123 single crystals reported on heneriable range hoppirig>! which predicts a temperature de-
were grown using a self-decanting flux metif8dVlagne-  pendence of the fornR=Rgyexp(T,/T)P. The parametep
totransport measurements were made in a 13 T supercodetermines the dimensionality of the system with 1/4 for
ducting magnet with the field applied parallel to the crystals’'three-dimensional3D) hopping ando=1/3 for 2D hopping.
c axes and the current applied along i planes. A hall It should be emphasized that the resistivity data reported in
sensor mounted on the sample holder was used to orient thbe literature is characterized by wide variability in the de-
crystals in field. Magnetization measurements were perterminedp values. This, together with the uncertainty con-
formed in a dc superconducting quantum interference deviceerning the nature of transport in the chains, leads us to
susceptometer manufactured by Quantum Design. conclude that the exact nature of electrical conduction in this

Pr 123 has proven to be a complex magnetic system. Figsystem is undetermined, with no decisive evidence to support
ure 1 shows the magnetic susceptibility as weltdgéd T for  exclusivelyVRH (either 2D or 3D and/or activated trans-
a single crystal Pr 123 samplsample ongat low tempera- port, rather than a composite of insulating and metallic be-
tures. The data clearly show evidence of two magnetic tranhavior. However, in order to present our data in a way con-
sitions. These results are in excellent agreement with measistent with previously published results we analyze the

Ill. EXPERIMENTAL RESULTS AND DISCUSSION
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FIG. 2. Resistance versus temperature for single crystal samples F|G. 3. Magnetoresistance of a single crystal sample of
(samples 1 and)2f PrBgCu;0;- 5. The solid lines represent fits  prBa,Cu,0,_ 5 (sample 1 at T=6 K (filled circles andT=4.5 K
of the 3D VRH expression data above the ordering temperature Qfopen circle above and below the ordering temperature of the
the Cu-O chains. Cu-O chains. The solid lines represent fits of taf field depen-
dence to the data over a range to which a satisfactory fit could be
temperature dependence of our resistivity measurements @btained.
terms of 3D VRH and simply note that we were able to

obtain equally good fits using 2D VRH and activated expresqata obtained from the two samples reveals that the effect is
sions. Figure 2 shows the resistance versus temperature dafgyhtly suppressed in sample 2 as might be expected due to
for two single crystal samplesamples 1 and)2The solid  the increased oxygen deficiency of this crystal. These results
lines in the figure represent the fit of a 3D VRH expressiongre consistent with those of Lext al®? and Iwasakiet a3

to the data above 15 Kwhere the effects of the antiferro- \who have observed large positivé? ldependent magnetore-
magnetic fluctuations are presumed to be negligjbtgboth sistances in PrB&u;0;_ 5 thin film samples. Leet al. in-
samples, the low temperature data fall above the fitted curvgrpret their results as evidence for a coexistence of metallic
which suggests that the antiferromagnetism associated Withng nonmetallic hopping conduction in the Pr 123 system.
the Cu-O chains adversely affects transport in this system. The magnetoresistance of thin film samples of
Again, similar results were obtained when we tried to fit thePrB@CLgO7_5 has also been measured by van Ancum
expressions for 2D VRH and semiconducting behavior to thgyt 5134 who interpret their results in terms of VRH which
data. It is interesting to note that the effect is somewhahegicts a “crossover” from low field behavior

§uppressed in sample 2. This §ample also obtained a reSiStiE/f)(H)/p(O)OCexp(|—|2)] to high field behavior p(H)/p(0)

ity that was an order of magnitude larger than sample 1. Acoyn115)] at a critical fieldH(T). For comparison, we
larger effect was also seen in a third sample which exhibitedpow the results obtained from applying van Ancatral’s

a resistivity comparable to sample 1. The high resistivity, théynalysis to our data in Fig. 5. Although we obtain similar
observation of a slightly increased &letemperaturdcom-  tands as van Ancunet al. (ie., a crossover from “low-

pared to sample)land sample 2's historfwhich included a  fie|q” 1o “high-field” behavior), in order to get a reasonable
high temperature anneal in piare all evidence of an in-

creased oxygen deficiency. Since the disorder associated

with the Cu-O chains is presumably the source of the insu- 04 -1\ 1o
lating character of Pr 123, it is perhaps not surprising that the f >
effects on the transport properties of the antiferromagnetic 035 |- 107
transition are less pronounced in an oxygen reduced sample 0.3
where the chains are less effective in “shorting” the current. 0.05 F
Figure 3 plots the magnetic field dependence of the mag- ° :
netoresistance data for sample ond at6 and 4.5 K, above }1 02 i
and below the low temperature magnetic ordering transition, 0.15 |
respectively. The field was applied parallel to the crystal’'s 01 |
c axis. The solid lines represent fits of arf Held depen- 005 L
dence over the range of data to which a satisfactory fit could fat—>
be obtained. The results indicate that at low temperatures Ok, TR
(below the ordering temperature of the Cu-O chhpitie 0 5 10 15 20
magnetoresistance increases quadratically at low fields but temperature (K)

then increases more slowly above 6 or 7 T. Above the mag-

netic ordering temperature, arftdependence is observed up  FIG. 4. Magnetoresistance versus temperature plot of sample
to the highest field appliedLO T). This results in a “peak”  one for various applied fields. The inset shows the data obtained
in the temperature dependence of the magnetoresistance f&sm sample two in an applied field of 10 T. The field was applied
shown in Fig. 4 for both samples 1 and 2. Comparison of theparallel to the crystalst axes.
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A puzzle when one considers thboth the application of a

1 magnetic field as well as the antiferromagnetic ordering of
the Cu-O chains adversely affect the conductivity, suggest-
ing that antiferromagnetic fluctuations play a role in the hop-
ping mechanism. The observation of positivé Hependent
magnetoresistance adds a further complication. If, as sug-
gested by Leet al, the observed H dependence is due to
classical orbital magnetoresistance observed in metallic and
) some semiconducting systems, then our results are more eas-
-5 * ] ily understood. The coincidence of a peak in the magnetore-

] sistance with the antiferromagnetic ordering of the Cu-O
-6 L e L L chains suggests a fundamental change in the band structure
0 05 1 5 2 25 3 of the system, perhaps due to the doubling of the unit cell,

In (H) which is associated with the onset of high field saturation

magnetoresistance.
FIG. 5. Results obtained from the fits of VRH expressions for

magnetoresistance a@=4.3 K. The predicted expressions are
p(H)/p(0)xexpH?) for low fields while for high fields
p(H)/p(0)xexpH"?). In summary, we have shown that the antiferromagnetic
transition seen ned K in Pr 123 iscoincident with a peak
Cal fleld HC~74 T Wh|Ch iS inconsistent Wlth the 45T Value temperature dependent resistivity_ These results Support
predicted at 4.3 K from van Ancuret al's results. This  theories which argue that the Cu-O chains play a crucial role
inconsistency may be attributable to differences in samplgn the transport properties of this system. While there have
quality or perhaps even to a difference in dimensionality;heen several studies which have investigated the antiferro-
they assume 2D VRH for their samples based on a calculgnagnetism in the Cu-O planes and the Pr ions, we are aware
tion of a hopping distance along theaxis, r,>100 nm,  of only Rosovet al’s?® study of the low temperature antifer-
which is greater than the thickness of their fIIFﬁSJn their romagnetism in the Cu-O chains as a function of oxygen
report, van Ancumet al. do not comment on whether they content. This work focused primarily on oxygen deficient
were able to obtain a satisfactory fit using af field depen-  samples in which the Cu-O chains ordered at much higher
dence. However, the fact that, we obtain excellent fits USingemperatures and did not exp|0re the effects of the magne-
an H* dependencéabove the Nel temperature of the Cu-O tism on transport properties. Our results underscore the need
chaing together with the various independent observationgor a more thorough study over a wide range of oxygen con-
of H? behavior questions whether a strict VRH picture istents in order to determine the exact nature of the interplay

weak field strong field ]

In(In(p(H)/p(0)))

IV. CONCLUSION

appropriate in describing transport in Pr 123. between magnetism and transport in this system.
The coincidence of #h 5 K magnetic transition with fea-
tures in the magnetotransport data clearly indicates that the ACKNOWLEDGMENTS
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