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Magnetotransport of CeRhIn5
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We report measurements of the temperature-dependent anisotropic resistivity and in-plane magnetoresis-
tance on single crystals of the tetragonal heavy-fermion antiferromagnet (TN53.8 K) CeRhIn5 . The measure-
ments are reported in the temperature range 1.4–300 K and in magnetic fields to 18 T. The resistivity is
moderately anisotropic, with a room-temperaturec-axis to in-plane resistivity ratiorc /ra(300 K)51.7. r(T)
measurements on the nonmagnetic analog LaRhIn5 indicate that the anisotropy in the CeRhIn5 resistivity stems
predominantly from anisotropy in Kondo-derived magnetic scattering. In the magnetically ordered regime, an
applied fieldH reducesTN only slightly due to the small ordered moment (0.37mB) and magnetic anisotropy.
The magnetoresistance~MR! below TN is positive and shows little sign of saturating in fields to 18 T. In the
paramagnetic state, a positive MR is present below 7.5 K, while a high-field negative contribution is evident at
higher temperatures. The positive contribution decreases in magnitude with increasing temperature. Above 40
K the positive contribution is no longer observable, and the MR is negative. The low-T positive MR results
from interactions with the Kondo-coherent state, while the high-T negative MR stems from single-impurity
effects. In general, these results indicate that CeRhIn5 exhibits a modest degree of transport anisotropy not
atypical among heavy-fermion compounds.

DOI: 10.1103/PhysRevB.66.054410 PACS number~s!: 74.70.Tx, 71.27.1a, 75.40.Cx
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I. INTRODUCTION

Transport measurements in large applied magnetic fi
provide an exceptionally useful means of probing the el
tronic and thermodynamic properties of heavy-fermion co
pounds. This stems from the magnetic origin of the inter
tions responsible for the mass-enhanced ground state.1 As
such, the resistivity of a heavy-fermion system is altered
an applied magnetic field in fundamentally different wa
when the compound is in a magnetically ordered, Kon
coherent or single-impurity regime. Field-dependent m
surements can also provide information regarding the imp
tance of magnetic fluctuations and the proximity to lo
temperature magnetic instabilities in the coherent regi
Although no complete microscopic theory is available
fully model the transport and thermodynamic properties o
heavy-fermion system, a number of theoretical treatments
available that qualitatively describe the key features of a s
tem’s field-dependent behavior.2,3 From the experimenta
point of view, a wide range of phenomena can be obser
when applying a magnetic field at low temperature.4 Among
archetype heavy-fermion compounds, UPt3 and CeRu2Si2
exhibit highly anisotropic magnetotransport behavior and
markable field-induced metamagnetic transitions at 20
~Refs. 5 and 6! and 8 T~Ref. 7!, respectively, while UBe13
exhibits negative magnetoresistance above its supercon
ing transition temperature.8 Ultimately, a heavy-fermion sys
tem’s field-dependent properties are determined
Ruderman-Kittel-Kasuya-Yosida ~RKKY ! and Kondo
interactions,9 with the relative importance of these two inte
actions influenced by magnetic and structural anisotropie

A new family of Ce-based heavy fermions was recen
discovered that exhibits a complex phase diagram that c
0163-1829/2002/66~5!/054410~8!/$20.00 66 0544
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lenges our understanding of correlated-electron physics.10,11

This family has a generalized chemical formul
CemMnIn3m12n , whereM is Rh, Ir, or Co. All compounds
investigated to date~m51,2 andn51!, except cubic CeIn3 ,
crystallize in a tetragonal structure~space group
P4/mmm!.12 The most notable properties in this series
compounds include ambient-pressure magnetic orderTN
53.8 K) and pressure-induced superconductivity~Tc
52.1 K at 16 kbar pressure! in CeRhIn5 ,10,13,14 and
unconventional15 ambient-pressure superconductivity in bo
CeIrIn5 @Tc50.4 K ~Ref. 16!# and CeCoIn5 @Tc52.3 K ~Ref.
17!#; the transition temperature for CeCoIn5 is the highest
ambient-pressureTc reported to date for a heavy-fermio
superconductor. This new family of compounds offers t
opportunity to explore the importance of tuned dimension
ity and/or anisotropy on magnetic, Kondo, and supercond
ing groundstates.

CeRhIn5 has attracted considerable attention due to
unusual pressure-temperature phase diagram.10 Ce heavy-
fermion systems that order antiferromagnetically typica
exhibit aP-T phase diagram wherein applied pressure act
smoothly reduce the Ne´el temperatureTN to zero at a critical
pressurePc , with superconductivity occurring over a rang
of pressure centered atPc . The P-T phase diagram of the
cubic member of the CemMnIn3m12n family (CeIn3) dis-
plays this behavior, with an ambient-pressure ordering te
peratureTN510 K, a slightly enhanced Sommerfeld coef
cient of 100 mJ/mol K2, and a critical pressurePc
523 kbar.18,19 The CeRhIn5 P-T phase diagram is quite dif
ferent. At ambient pressure, CeRhIn5 orders antiferromag-
netically at 3.8 K. Applied hydrostatic pressure acts to ve
slightly increaseTN until magnetic order becomes unobser
able near 16 kbar, at which point superconductivity appe
©2002 The American Physical Society10-1
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at 2.1 K.10 Specific-heat measurements indicate an enhan
Sommerfeld coefficient of roughly 420 mJ/mol K2 below 10
K;10 for a single-impurity system,20 this corresponds to a
Kondo temperature of roughly 10 K. CeRhIn5 has a quasi-
two-dimensional structure that is composed of alternat
layers of the cubic heavy-fermion antiferromagnet CeIn3 and
a transition-metal layer composed of RhIn2 . As such, dimen-
sionality may play a role in the interactions that produce
unusualP-T phase diagram exhibited by CeRhIn5 . This is
borne out by nuclear quadrupolar resonance21 and neutron
scatting measurements22 that indicate that the magnetic mo
ments lie in the basal plane of the tetragonal structure wi
spiral along thec axis, with a reduced magnetic moment
0.37 Bohr magneton (mB). However, recent inelastic neutro
scattering experiments indicate some degree of th
dimensional behavior for CeRhIn5 .23 Clearly, further mea-
surements are needed to fully elucidate the influence of
mensionality on the physical properties of CeRhIn5 .

In order to enhance our understanding of the ground-s
properties of CeRhIn5 , we have measured the anisotrop
resistivity of this compound as a function of magnetic fie
and temperature. The resistivity is moderately anisotro
with a room-temperaturec-axis to in-plane resistivity ratio
rc /ra of 1.7. This ratio changes markedly with decreas
temperature, and at 4 K the in-plane resistivity is larger th
the out-of-plane resistivity by 80%. The antiferromagne
transition at 3.8 K produces an inflection point inr. With
application of magnetic field, the transition moves to sligh
lower temperatures, with a field dependence that depe
upon the direction of the applied field. The magnetores
tance~MR! also depends upon the direction of the appl
field, and it appears to be only moderately influenced
structural anisotropy. The MR is positive in the magnetica
ordered state and shows little sign of saturating, except p
sibly at the lowest temperature forHic. At moderate tem-
peratures, we observe a positive contribution to the MR t
is characteristic of a Kondo system in the coherent regi
At higher temperature, this positive MR gives way to a ne
tive contribution characteristic of a single-impurity Kond
system.

II. EXPERIMENTAL DETAILS

Single crystals of CeRhIn5 were grown from an In flux
method24 as described previously.12 The deleterious influence
of residual In flux on low-T transport measurements~the su-
perconducting transition for In occurs at 3.4 K! necessitates
careful sample surface polishing to remove any possible
contamination. The polished single-crystal samples were
ented using Laue x-ray diffraction to determine the crys
lographic in-plane~a-axis! and out-of-plane~c-axis! direc-
tions. Finally, the resistance of each sample that was sl
for use in MR measurements was measured down to 2 K to
ensure that no extrinsic superconductivity contamination w
evident at 3.4 K due to surface In. The samples that pas
this screening process had residual resistivity ratios@RRR
5r(300 K)/r(2 K)'100# that were similar to those re
ported previously.25
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All resistivity measurements reported here were ma
with a conventional four-probe sample configuration
which silver conductive paint or epoxy was used to ma
sample contacts. Sample resistances were measured w
low-frequency ac bridge. The in-plane and out-of-plane
sistivities were determined on oriented samples via
Montgomery and anisotropic van der Pauw methods.26 The
transverse magnetoresistance was measured with curren
plied along ana axis, and the applied field oriented perpe
dicular to the measurement current~i.e., either in the othera
axis or along thec axis!. The transport measurements we
carried out in a variable-flow cryostat capable of tempe
tures from 1.4 to 325 K. To avoid magnetoresistance effe
in the Cernox thermometer used to determine and con
sample temperature, temperatures below 3 K were stabilized
by controlling the4He vapor pressure.

III. RESULTS

The temperature-dependent resistivities of CeRhIn5 and
LaRhIn5 in, and perpendicular to, the basal plane, are sho
in Fig. 1~a!. The data for CeRhIn5 indicate that this com-
pound is moderately anisotropic;rc is roughly 70% larger

FIG. 1. ~a! In-plane ~solid lines! and c-axis ~dashed lines!
temperature-dependent resistivities of CeRhIn5 and the nonmag-
netic analog LaRhIn5 . ~b! The in-plane~solid line! and c-axis
~dashed line! magnetic resistivity (rmag5rCe2rLa) of CeRhIn5 .
The data nearTN are highlighted in the inset, with the arrow pos
tioned atTN .
0-2
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than ra at room temperature. Below 325 K the resistivi
falls with decreasing temperature in both directions, and b
ra andrc exhibit shoulderlike features between 50 and 1
K. Both resistivities fall off more rapidly at lower tempera
tures.ra and rc cross at 30 K, and thea-axis resistivity is
larger than thec-axis resistivity down to 1 K. In comparison
the resistivity of LaRhIn5 ~the nonmagnetic analog o
CeRhIn5! varies linearly with temperature below 300 K, an
saturates to a value near 1mV cm below 20 K. The LaRhIn5
c-axis resistivity is greater than the in-plane resistivity at
temperatures, and the anisotropy ratiorc /ra is nearly
T-independent. The 300-K anisotropy ratiorc /ra51.2 for
LaRhIn5 suggests that the nonmagnetic electronic anisotr
inherent to theRMIn5 structure is relatively small.

The temperature-dependent magnetic scattering com
nent (rmag5rCe2rLa) of the CeRhIn5 in-plane andc-axis
resistivities are presented in Fig. 1~b!. After removing the
electron-phonon scattering contribution torCe, the magnetic
resistivity in both crystallographic directions varies asr}
2 ln(T) at high temperatures and drops sharply below 50
this T dependence is characteristic of Kondo latti
compounds.1 The resistivity in the vicinity of the 3.8-K an
tiferromagnetic~AFM! transition is shown in the inset to Fig
1~b!. A clear change in magnetic scattering is evident in b
ra andrc nearTN . The transport anisotropy ratiora

mag/rc
mag

is plotted as a function of temperature in Fig. 2. Near ro
temperature the magnetic resistivity is moderately an
tropic ~ra

mag/rc
mag at 300 K is 0.6!, and the ratio exhibits a

gradual evolution from a high-T regime wherera
mag/rc

mag

,1 to a low-T regime wherera
mag/rc

mag.1. The magnetic
resistivities cross at 30 K.rc

mag is smaller thanra
mag down to

the lowest measurement temperature~1.4 K!, and there is no
evidence for any change inra

mag/rc
mag at or belowTN .

We now turn to an examination of the influence of appli
magnetic fields on theT-dependent in-plane resistivity. Th
resistivity as a function of temperature in a field of 18 T
displayed in Fig. 3, and compared to the zero-fieldra data.
In Fig. 3~a! the magnetic field is applied parallel to the bas
plane and perpendicular to the current. A positive MR
evident at low temperatures, with the magnitude of the eff
diminishing with increasing temperature. Above roughly

FIG. 2. Temperature-dependent magnetic resistivity anisotr
ratio (ra

mag/rc
mag) of CeRhIn5 .
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K, no difference is discernable betweenr(H50) andr~18
T!. The inset to Fig. 3~a! showsr(T) in fields of 0, 10, and
18 T in the vicinity of TN ; in this temperature regime th
applied fields appear to uniformly increase the resistivity
low 4 K. TheH-dependent AFM ordering temperature can
determined by finding the location of the inflection point inr
that marksTN .27 The arrows in the inset denoteTN(H). The
transition moves downward monotonically with temperatu
in 18 T the inflection point occurs at 3.35 K, correspondi
to the ratedTN /dHi5225 mK/T. Thea-axis resistivity for
a field applied parallel to thec axis is shown in Fig. 3~b!. In
this field orientation, the low-T magnetoresistance is als
positive, but the 18-T MR crosses zero at 16 K and becom
large and negative at higher temperatures. This negative
effect reaches a maximum value nearly 30 K. At higher te
peratures the negative MR diminishes in magnitude,

y

FIG. 3. In-plane temperature-dependent resistivity in an app
magnetic field. In~a! the magnetic field is applied in the basal pla
~perpendicular to the current!. The inset displays an expanded vie
near the AFM transition~the curves correspond tom0H50, 10, and
18 T!. The arrows mark the inflection point inr ~located at 3.70,
3.45, and 3.35 K!. In ~b! the field is applied along thec axis. The
curves in the inset correspond tom0H50, 5, 10, 15, and 18 T,
where the inflection points are located at 3.80, 3.70, 3.60, 3.30,
3.10 K, respectively. For both field directions a small amount
scatter in ther(T) data leads to an uncertainty in determiningTN of
650 mK.
0-3
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proaching zero at 100 K. The inset to Fig. 3~b! depictsr(T)
in fields of 0, 5, 10, 15, and 18 T in the vicinity ofTN ; as
with the in-plane field orientation, the applied field uniform
increasesra below 5 K. The field also decreases the AF
transition temperature, but at a faster rate than for fields
ented in the basal plane. In 18 T the applied field dropsTN to
3.0 K; this corresponds to a ratedTN /dH'5235 mK/T, a
value that is in good agreement with previousCp(H,T)
measurements.28,33

The field-dependent in-plane magnetoresistanceDra(H)
5ra(H)2ra(H50) at constant temperature is depicted
Figs. 4 (Hia) and 5 (Hic) for CeRhIn5 . With the field
applied in the basal plane the MR below 10 K@Fig. 4~a!#
exhibits two distinct regimes. At 1.4 K theDra(H) varies
linearly with H throughout the measured field range (H
<18 T), while for T.TN the MR grows in magnitude an
exhibits some curvature below 5 T. At 7.5 K the MR vari
asH1/2 above 1 T, and it saturates above 15 T. At still high
temperatures@Fig. 4~b!# Dra(H) displays a broad maximum

FIG. 4. In-plane field-induced change in resistivityDr5r(H)
2r(0) (Hia). The low-T behavior is featured in~a!. The inset
shows the magnetoresistanceDr/r~0! at 18 T for T,30 K. The
value for the 1.4-K magnetoresistance at 18 T@Dr/r(0)58.7# is
not displayed due to its large magnitude. The high-temperature
havior of Dr is displayed in~b!.
05441
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that occurs nearHmax512 T. The rise in the MR at low fields
is suppressed as the temperature is increased, and the o
magnitude of the magnetoresistance diminishes as well.
relative magnetoresistance in 18 T, defined as@ra(H)
2ra(H50)#/ra(H50), is plotted as a function of tempera
ture in the inset to Fig. 4~a!. The relative MR is nearly zero
above 20 K and grows markedly below 10 K in large me
sure due to the sharp drop inra(T,H50) that stems from
the onset of coherence. In contrast, the magnetoresistan
the nonmagnetic analog LaRhIn5 displays a standard meta
like positive MR that varies asH2 and diminishes in magni-
tude with increasing temperature.

The in-plane magnetoresistance of CeRhIn5 with H ap-
plied along thec axis is depicted in Fig. 5. ForT<7.5 K
@Fig. 5~a!# the results are qualitatively similar to those f
Hia. Below TN Dra(H) is positive, with a small change in
slope evident near 2.5 T. There is little sign of saturatio
except possibly the appearance of a feature of unknown
gin at;17 T and 1.4 K. AboveTN the high-field MR grows
asHa with a,1. At 7.5 KDra(H) varies asH1/2 throughout
the measured field range, and it is approaching saturatio
18 T. ForT>7.5 K @Fig. 5~b!# the MR is quite different from

e-

FIG. 5. In-plane field-induced change in resistivityDr5r(H)
2r(0) (Hic). The low-T behavior is featured in~a!. The high-
temperature behavior ofDr is displayed in~b!.
0-4
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MAGNETOTRANSPORT OF CeRhIn5 PHYSICAL REVIEW B 66, 054410 ~2002!
the low-T behavior. TheH1/2 behavior present at 7.5 K
evolves into a peak inDra(H) at 10 K that occurs betwee
5 and 10 T, and the MR decreases markedly at still hig
fields. Above 20 K, the low-H positive MR is no longer in
evidence and the negative MR contribution predomina
The MR is negative above 30 K at all fields, and the ove
magnitude of the negative MR decreases with increas
temperature.

Taken as a whole, the temperature and magnetic-fi
dependentra data presented in Figs. 3–5 suggest that th
are three field-dependent transport regimes in CeRhIn5 . The
first, in the magnetically ordered state, exhibits a large p
tive MR that shows little sign of saturation at 18 T~we note
that at least 40 T is required to field-polarize the AF
state!.29 The second regime resides in the paramagnetic s
just aboveTN . In this regime the MR is positive and exhibi
a tendency to saturate near 20 T. The third regime occur
temperatures above 10 K and at high fields where a nega
MR contribution comes into play that initially produces
maximum inDra(H). At still higher temperatures, the pos
tive MR disappears and the negative contribution domina
the field-dependent transport. Magnetic anisotropy influen
the detailed nature of the field-dependent transport. The
fluence of the high-T negative MR contribution is larges
with the field applied perpendicular to the basal plane.
such, the peak fieldHmax is largest with the field applied in
the basal plane, and the MR is more negative forHic.

IV. DISCUSSION

The anisotropy in the zero-field resistivity data and t
complexH field andT dependence of thea-axis magnetore-
sistance are the most prominent features of these CeR5
magnetotransport data. How do these features reflect th
tragonal crystal structure, the Kondo and crystal-field int
actions, and the RKKY-mediated antiferromagnetic ord
Before answering these questions, we first must examine
influence that lattice anisotropy has on the electronic
magnetic structure in the CeRhIn5 .

The CeRhIn5 unit cell is composed of cubic CeIn3 build-
ing blocks that are separated by RhIn2 layers. Full-potential
band-structure calculations30 indicate that the electronic
structure of CeRhIn5 and LaRhIn5 reflects the quasi-two
dimensional nature of the tetragonal unit cell. The ba
structure exhibits a number of bands that cross the Fe
energyEF , producing three Fermi surfaces. Only the fir
containing holelike orbits, is relatively isotropic. Reflectin
CeRhIn5’s planar structure, the second and third surfaces
composed of corrugated cylindrical electronlike and holel
orbits that extend along thec axis. de Haas–van Alphe
~dHvA! measurements detect extremal orbits that are con
tent with the band-structure calculations.25,30 In addition, the
Hall effect in both CeRhIn5 and LaRhIn5 is anisotropic and
strongly temperature dependent,31 providing clear evidence
for competing electron and hole carriers. The fact that
Hall effect in CeRhIn5 and LaRhIn5 are quite similar indi-
cates that they share the same anisotropic electronic s
ture, and that thef electrons in CeRhIn5 are localized.32

Hence, from both measurement and calculation, the laye
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structure of CeRhIn5 is reflected in the compound’s comple
electronic structure.

The magnetic structure of the antiferromagnetic grou
state also reflects CeRhIn5’s layered nature. The magneti
moments that order atTN510 K in CeIn3 are commensurate
with the cubic lattice.19 In contrast, the magnetic moments
CeRhIn5 are found to lie completely within the basal plan
and they form an incommensurate spiral along thec axis.21,22

Field-dependent specific-heat33 and dHvA25 measurements
indicate that fields oriented along thec axis gradually reduce
the ordering temperature without altering this incommen
rate structure. Fields applied within the basal plane stron
influence the magnetic structure, producing a complexH-T
phase diagram.29,33,34Below 3 K a field of 2 T transforms the
magnetic structure to one that is commensurate with the
tice, while a third state is also present near 3.5 K. The on
ordering temperature is much less field-dependent than
for Hic. In the paramagnetic regime the magnetic susce
bility x exhibits a factor-of-2 anisotropy betweenxa and
xc .10 This anisotropy stems from the splitting of theJ5 5

2

manifold under the influence of tetragonal crystalline elec
fields. The crystal-field level scheme that describesxa(T)
andxc(T) in the paramagnetic state35 includes aG7 doublet
ground state~composed predominantly of theu65

2& spin
state!, a first-excitedG7 doublet ~predominantlyu63

2&! at 6
meV, and the last state, a spin-1

2 G6 doublet, located 13 meV
above theG7 ground state. This level scheme is genera
consistent with recent inelastic neutron scattering result36

Armed with this information concerning CeRhIn5’s elec-
tronic and magnetic structures, as well as the crystal-le
scheme, we can now examine the underlying mechani
responsible for the magnetotransport features exhibited
CeRhIn5 .

The modest transport anisotropy exhibited by LaRh5
(rc /ra'1.2) indicates that the quasi-2D electronic structu
does not translate into transport anisotropy. Conventio
electron-phonon scattering also appears to be weakly in
enced by the planar 1:1:5 structure as well. The absenc
significant anisotropy in the resistivity of LaRhIn5 indicates
that the anisotropy in the CeRhIn5 resistivity stems from
magnetic scattering. Both thea-axis andc-axis magnetic re-
sistivities of CeRhIn5 display temperature dependencies th
are characteristic of a Kondo-lattice compound. The comp
T-dependent anisotropy between thea- andc-axis magnetic
resistivities is reminiscent of that seen in many other hea
electron systems. For example, thea-axis andc-axis resistiv-
ities in the tetragonal compounds CeRu2Si2 and CeNi2Ge2
also cross in a manner reminiscent of CeRhIn5 .37,38 There
are also a number of otherf-electron compounds that exhib
an anisotropicrmagbut without any crossing of thera andrc
resistivities. Systems that fall into this second class inclu
the hexagonal compound UPt3 ,39 orthorhombic CeCu6 ,40

and the tetragonal compounds CePt2Si2 ,41 CePd2Si2 ,42 and
CeCu2Si2 .43 As with CeRhIn5 , ra and rc never differ by
more than a factor of 2 in these systems. These resisti
anisotropies can be explained by considering the nature
the scattering relaxation rates that are produced w
resonant Kondo scattering is influenced by anisotro
0-5
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A. D. CHRISTIANSONet al. PHYSICAL REVIEW B 66, 054410 ~2002!
crystal-field levels.44,45This modeling describes successfu
the anisotropy evidenced by a wide variety of C
compounds.41,44–46As such, it seems reasonable to conclu
that the magnetic resistivity anisotropy in CeRhIn5 is a re-
flection of anisotropic carrier scattering due to the influen
of the crystal fields.

The influence of an applied magnetic field on the resis
ity near the antiferromagnetic transition is depicted in
insets to Figs. 3~a! and 3~b!. The zero-field AFM order at
TN53.8 K gives rise to an inflection point in the resistivit
indicating that magnetic order alters the transport in at m
a modest way. The absence of any abrupt change in the
ra /rc at TN indicates that the onset of magnetic order infl
ences spin-wave scattering isotropically; this is consis
with inelastic neutron scattering measurements23 that indi-
cate that there is no three-dimensional~3D! to 2D crossover
prior the onset of long-range order and that the magn
system is predominantly three-dimensional. Specific-he33

measurements show that a magnetic field applied in the b
plane will split the antiferromagnetic transition into thre
separate transitions. Preliminary neutron-diffracti
measurements34 indicate that these transitions are associa
with an evolution in the zero-field magnetic structure. N
such splitting of the antiferromagnetic transition signature
evident in the resistivity data shown in the Fig. 3~a! inset.
This may be due to the relatively small change in carr
scattering that will occur when the system is transform
from one magnetic structure to the next; as such, the re
tivity inflection points pertaining to the reorientation trans
tions may be unobservable. However, the inflection po
@determined by finding the maximum ofdr(H,T)/dT#, as
indicated by the arrows in the inset, decreases very gradu
(dTN /dHi5225 mK/T) with magnetic field. Specific-hea
measurements28,33with the magnetic field applied along thec
axis indicate that while the field does not alter the magn
structure it does have a stronger influence onTN ; this is
consistent with the more rapid field-induced decrease in
inflection-point temperature (dTN /dH'5235 mK/T) evi-
dent in the data displayed in the Fig. 3~b! inset. We note that
the inflection point at zero applied field occurs at 3
60.05 K in one case@Fig. 3~a! inset# and at 3.860.05 K
@Fig. 3~b! inset#. This difference is merely an indication o
the error in determining the maximum indr/dT. Despite
this moderate error, the trend ofTN to lower temperature
with increasing applied field emerges and is in agreem
with previous thermodynamic measurements.28,33

We now consider the magnetoresistance in the param
netic state. The data exhibit two field-temperature regimes
low H andT the MR is positive, while at highH andT the
MR exhibits a negative contribution. A similar low-T posi-
tive MR has been reported in both CeAl3 ~Refs. 47 and 48!
and CeRu2Si2 ~Ref. 49! at low temperatures and in UBe13
under pressure.50 The similarity between CeRhIn5 and these
other compounds suggests that a low-temperature pos
MR appears to be a common feature of Kondo systems
are in, or are approaching, a coherent Fermi-liquid state3,51

Despite many attempts,2,3,52 no satisfactory detailed theore
ical explanation for the positive MR in the low-T paramag-
netic state has been put forward. For now we can only
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that this effect must reflect the influence of an appliedH field
on the Kondo-coherent state. In the single-impurity regi
our understanding of MR effects rests on firmer ground.
this regime an applied field reduces incoherent Kondo s
tering, producing a negative MR.53,54In this situation the MR
is known to scale with the induced magnetizationM as
Dr/r0}2M2.54 Hence, a plot ofDr/r0(M ) for all H andT
should fall onto a single, universal curve. A careful analy
of the magnetoresistance data for all temperatures that
hibit a hint of a negative MR is made problematic by t
interaction between the low-H positive effect and the high-H
negative contribution. Nonetheless, this single-impur
analysis is possible withHic for T>40 K, as the MR shows
no positive contribution in this temperature range. These d
are plotted as a function ofM2 in Fig. 6. The data scale a
expected, falling on a common line and varying asM2.
Hence, the negative high-temperature MR contribution
pears to be a simple-impurity effect. At these temperatu
the applied field reduces incoherent Kondo scattering, giv
rise to a negative MR. The detailed nature of the MR and
particular the stronger negative contribution forHic are an
indication that the magnetic anisotropy evident inrmag also
influences the detailed balance between coherent and i
herent MR effects in CeRhIn5 . As such, the temperature
dependent CeRhIn5 magnetotransport reflects the prevale
Kondo regime~coherent at lowT, single impurity at highT!
as well as the magnetic anisotropy stemming from the na
of the crystal-field levels.

V. CONCLUSIONS

Structural anisotropy influences the physical properties
CeRhIn5 in a subtle but significant way. Tetragonal crysta
line electric fields split theJ5 5

2 manifold into three doublets
whose anisotropy influences both the magne
susceptibility10 and the zero-field resistivity. The RhIn2
spacer layer alters thec-axis magnetic exchange sufficient
to produce antiferromagnetism with an incommensurate
ral spin structure.21,22Dimensionality effects are also eviden
in the way an applied H field alters this spin
arrangement.33,34 Both dHvA25,30 and Hall-effect31 measure-

FIG. 6. In-plane magnetoresistanceDra /r0 at 40 and 80 K
plotted as a function of the magnetization squared.H is applied
alongc, and theM2 units are Bohr magnetons per Ce atom.
0-6
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ments indicate that CeRhIn5’s electronic structure has two
dimensional character. And, finally, while the overall fiel
and temperature-dependent MR in the paramagnetic reg
is predominately determined by Kondo-lattice and sing
impurity Kondo interactions, the detailed interplay betwe
these positive and negative MR contributions manifests
impact of anisotropy on the magnetotransport. Magnetotra
port measurements are underway on the ambient-pressur
perconducting members of the 1:1:5 family~CeIrIn5 and
CeCoIn5! to determine the relative importance of structu
and magnetic~crystalline electric field! anisotropy in these
systems as well.
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