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Anomalous f-electron Hall effect in the heavy-fermion system C&Ing (T=Co, Ir, or Rh)
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The in-plane Hall coefficienRy(T) of CeRhlin, Celrlns, and CeColg, and their respective nonmagnetic
lanthanum analogs are reported in fields up to 90 kOe and at temperatures from 2-RB29 Kis negative,
field independent, and dominated by skew scattering abéd@ K in the Ce compound&(H — 0) becomes
increasingly negative below 50 K and varies with temperature in a manner that is inconsistent with skew
scattering. Field-dependent measurements show that thd lamemaly is strongly suppressed when the
applied field is increased to 90 kOe. Measurements on LaRhhirins, and LaColg indicate that the same
anomalous temperature dependence is present in the Hall coefficient of these nonmagnetic analogs, albeit with
a reduced amplitude and no field dependence. Hall atglg measurements find that the rati,/pyy
=cot(#y) varies asT ? below 20 K for all three Ce-115 compounds. The Hall angles of the La-115 compounds
follow this T dependence as well. These data suggest that the electronic-structure contribution dominates the
Hall effect in the 115 compounds, wiftelectron and Kondo interactions acting to magnify the influence of the
underlying complex band structure. This is in stark contrast to the situation in rh@stdd5 heavy-fermion
compounds where the normal carrier contribution to the Hall effect provides only a Skriatiependent
background tdR,.
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I. INTRODUCTION dimensional2D) structure that is composed of a cubic Ggln
element separated by Hn,layer. CeRhlg is an ambient
The discovery off-electron compounds that display a pressure antiferromagnéfy=3.8 K) with an enhancedy
unique combination of competing ground states promotes ad<~ 400 mJ/mol K (Ref. 9). Superconductivity occurs at,
vances in the field of Kondo physics by challenging our un-=2.1 K in a pressure of 16 kbérin contrast, ambient-
derstanding of the underlying many-body interactibiie  pressure unconventiot&i!? superconductivity occurs in
flurry of research activity associated with the, Cglnsnom  both Celrly (T,=0.4 K) (Ref. 13 and CeColg (T,
(T=Co, Ir, or Rh;n=1 or 2;m=0 or 1) compounds certainly =2.3 K).}* In both superconductors, many-body interactions
fits this descriptiorf:® The compounds that reside within this produce a highly renormalized mass stdtg(Celrin)
“family” exhibit essentially all of the many ground states that=0.75 J/mol K, y(CeColr)~1 J/mol K’] that becomes
have been observed iftelectron systems, including para- evident in the specific heaC,(T) below 10 K. CeColg
magnetism, antiferromagnetism, and exotic ambient-pressukexhibits clear NFL behavior in resistivity(T) and C,(T)
and pressure-induced superconductivity. These compoundhata, indicating that this compound resides near a antiferro-
also exhibit a mixture of essentially all knowielectron  magnetic quantum-critical poidt:'> While the specific heat
phenomena, including a Kondo-renormalized ground stategf Celrlns exhibits Fermi-liquid behavior just above, p(T),
Fermi-liquid behavior, and both pressure-induced andhermal expansion, and T{ data suggest that this compound
ambient-pressure non-Fermi-liquiNFL) behavior in the vi-  may be close to a QCP as wéli!® The third subgroup
cinity of a antiferromagnetic quantum-critical poif®CP.2  (n=2, m=1) is composed of three double-layer members
To date, our understanding éfelectron Kondo systems has C&TIng (T=Rh, Ir, Co. These Ce-218 compounds exhibit
rested, in part, on the competition between Kondo andhe same phenomena segen in the Ce-115 matenals_, including
Ruderman-Kittel-Kasuya- YosidéRKKY ) interactions’ The paramagnetic’ and AFM'® ground states, pressure-induced

complex phase diagram defined by the Tgngy.gm family and ambient pressure superconductiifs? and NFL

: . behavior!
challenges this understanding. ! .
The CeTNg.pn family contains three distinct sub- Anisotropy is a feature common to nearly all of the prop

! e . ._erties exhibited by the Ce-115 compounds. In part, these
groups, each with differing degrees of anisotropy. The firstisiropies stem from the tetragonal 115 lattice structure.

subgroupm=0) contains a singl_e member, the cubic antifer- Band structure calculations and de Haas-van AlpluévA)
romagnet(AFM) Celns. At ambient pressure, Cejrorders  measyrements indicate that the 115 materials have a compli-
magnetically affy=10 K and has a slightly enhanced Som- cated quasi-2D Fermi surfadeS composed of multiple
merfeld coefficienty (=C,/T asT—0) of 100 mJ/mol K glectron and hole orbif&-26 When considering the proper-
(Ref. 5. An applied pressure oP.~25 kbar drivesTy to  ties of the 115 compounds, it is critical to differentiate be-
zero leads to NFL behavidt,and produces a supercon- tween phenomena that are controlled by prosaic single-
ducting state with a maximum transition temperatdie  electron physics and those determined by correlated electron
=0.2 K. The second subgrougn=m=1) contains three interactions.

known Ce-based members, CeGgl€elrins, and CeRhlg The Hall effect provides a useful means of elucidating the
These tetragonal Ce-115 compounds have a quasi-twgelative importance of single-electrot.e., conventional
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electronic structune and many-body interactions in p(T) and magnetic susceptibility(T) measurements to en-
f-electron systems. The Hall effect in these systems isure that no extrinsi¢in) superconductivity was evident at
strongly influenced by the scattering of charge carriers via8.4 K.

the orbital angular momenta of localized electréfig? In Hall measurements were made on single-crystal samples
most f-electron compounds, this orbital skew-scattering ef-that were cut and polished into thin Hall bars with sample
fect dominates the Hall coefficierR,(T) at temperatures thicknesses ranging from 0.1 to 0.4 mm. All Hall coefficients
greater than the characteristic Kondo temperafytdn con-  reported here are in-plane measurements with the magnetic
trast, the electronic-structure component is generally a smalfield applied along thec axis. The standard four-terminal
temperature-independent contributor Ry(T). Many-body contact arrangement was used, and the contacts were made
correlations frequently dominate the Hall coefficient as thewith silver conductive epoxy. The longitudinal resistivity
system approaches the Kondo temperature from aboife. (py,) and the Hall voltage Y were measured with a low-

At and belowTy, Ry(T) is influenced by the onset of coher- frequency resistance bridge. Systematic errors associated
ence and the development of the Abrikosov-Suhl resonanceith Hall contact misalignment were eliminated by ascribing
in the electronic density of states near the Fermi engrés. the asymmetric component of the field-reversed transverse
For these reasond- and H-dependent Hall measurements voltage to the Hall voltagey(H) =[Vy(+H) =V (-H)]/2.36
provide insights into the relative importance of electronicThe Hall coefficient was calculated from the standard expres-
structure and many-body interactions in the physical propersion R =Vyt/IH, wherel is the applied current flowing per-

ties of f-electron compounds. pendicular to the applied fielH, andt is the sample thick-
We have measured the in-plane Hall coefficients ofness.
CeRhin, Celrlng, and CeColg, and their respective non- The Hall measurements were made in fields from

magnetic lanthanum analogs in fields up to 90 kOe and at—90 kOe in order to examine tti®, field dependence and
temperatures from 2 to 325 K. The Hall effect is dominatedto determine the Hall coefficient in the low-field limit,
by skew scattering above50 K in the Ce-115 compounds, Ry(H—0). The Hall coefficient is extremely field dependent
and a precipitous negative drop is present in the in-planén the Ce-115 compounds below 20 K; this strong field-
Hall coefficient below 50 K that is inconsistent with incoher- dependence coupled with the fact that=0 in the zero-field
ent orbital scattering. This same temperature dependence, birhit means that some care is required to accurately deter-
with a more modestT-dependent amplitude, is evident in mine Ry(H— 0). We employed two methods in determining
Hall measurements on the nonmagnetic analogs LaRhInR,(H — 0) from the measured Hall voltages. In method one,
Lalrins, and LaCols, signifying that the Hall effect in the R,(H) was determined from the measur¥d(H) in fields
Ce-115 materials is dominated by the conventional Hall carranging from 1-90 kOe, anR,(H— 0) was calculated by
rier contribution. Measurements on the Ce-115 compoundgxtrapolating the data tel=0. In method two,R,(H— 0)
indicate that the Hall anomaly present below 50 K can bgyag determined from the zero-field limit of the Hall resistiv-
suppressed significantly by a 90 kOe field, suggesting theﬁy field derivative, Ry(0) = dp,/oH, where p,=Vyt/l.
field-dependent many-body Kondo interactions influence the o Py’ 7 Pry= tH
Riane ) oth methods produc&,(H— 0) values that are identical
unusual Hall effect intrinsic to the 115 ellectromc structure. ithin experimental error. In contrast to the strongly field-
Lastly, Hall angle(HH) measuzrements |nd|cat_e that the ratio dependent Hall voltage in the Ce-115 compounds, the
Pxd Pxy=cOU ) varies asT< below 20K in all three | 5115 materials exhibit a field-independent Hall coefficient
Ce-115 compounds; La-115 ¢6f) data between 30 and (je ', oH). As such, theT-dependent La-115 Hall data
100 K vary quadratically with temperature too. This Hall reported in Sec. 1l were measured in 10 kOe.
angle temperature dependence has been observed i high-
cuprate®® as well, and somehave speculated that this behav- lll. RESULTS
ior is linked to antiferromagnetic spin fluctuations due to a
nearby QCP#3>While it is tempting to make the same con-
nection for these Ce heavy-fermion compounds, the fact that The La-115 compounds are isostructural analogs of the
cot(#y) =~ T2 in all six 115 compounds suggests that this tem-Ce-115 compounds. As such, the La-115 transport properties
perature dependence is unconnected with QCP-related spade indicative of the nonmagnetic contributions to transport
fluctuations. in the Ce compounds. The characteristics of these La-115
compounds are, for the most part, unremarkable, and typical
of a nonmagnetic intermetallic system. LaRfjlbalring, and
LaColny exhibit a temperature-independent Pauli paramag-
Single crystal Ce-115 and La-115 transport samples weraetic susceptibility, and the resistivity varies linearly with
produced with an indium flux-growth technique. X-ray dif- temperature above-50 K. Room-temperature resistivities
fraction on powdered crystals indicates that the crystals areange from 10—2Q{) cm, while anisotropic resistivity mea-
single-phase and form in the primitive tetragonal HoCoGa surements on LaRhjnfind that the nonmagnetic electronic
structure. While the excess In flux is critical for growing the anisotropy inherent in the tetragonal 115 structure is rela-
crystals, residual indium has the negative side effect of contively small®’ The low-temperaturg10 K) magnetoresis-
taminating essentially all transport measurement on asance(MR) of LaRhin; and Lalrln, is positive and grows
grown samples. To eliminate this problem, all samples emguadratically with field. These properties are consistent with
ployed in this study were polished and then prescreened via simple metallic system.

A. Properties of LaTIln (T=Co, Ir, and Rh)

Il. EXPERIMENTAL DETAILS
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) - _ : FIG. 2. The in-plane Hall angle dd@i,) plotted as a function of
FIG. 1. In-plane Hall coefficientt =10 kOg plotted as a func T2 for LaRhin, Lalrins, and LaColg. The dashed lines are linear

tion of temperature for LaRhip Lalrins, and LaColg. Low- ) . -
temperature data are highlighted in the inset. The data are norme{f-ts to the data. For clarity the Ir and Rh data have been vertically

ized by the absolute value of each compound’s 300 K HaIIOffset by 5 and 10, respectively.

coefficient. The solid line is a fit to the LaCgllata utilizing Eq.

Q). between the applied current and the resulting electric field,
and it is determined experimentally via €@%)=px/pyy

The temperature-dependent in-plane Hall coefficients of Px/RuH. The data fall on a straight line from roughly
the three La-115 compounds are displayed in Fig. 1. AI130—100 K for all samples, indicating that €@y) varies with
three La-115 compounds exhibit a negative Il-(|)aII3<:oefficient,the temperature as
with 300 K values of =7.5, =5.1, and -4<210** m®/C for - 2
the Co, Rh, and Ir compounds, respectively; R nearly CoUb) = a+ BT @
temperature independent above 100 K, drops monotonicallyhis quadratic temperature dependence occurs over precisely
below 100 K, and begins to saturate below 20 K. The insethe same temperature range as whefeis extremely tem-
to Fig. 1 shows thaR is essentiallyT independent below perature dependent. TA& behavior results from the combi-

10 K for the three La-115 compounds. While the data dis-nation of a resistivity that varies linearly with and a Hall
played in Fig. 1 were measured in a 10 kOe field, measuresoefficient that varies inversely witfi. The Hall angle of
ments made in fields from 1 to 90 kOe show thatiRfield  both YBaCusO; (Refs. 33 and 3Band MgB, (Ref. 39 fol-
independentp,,=H) at 5, 10, 50, 100, and 300 K. The data low the same anomalous temperature dependence. The La
in Fig. 1 are normalized by the absolute value of each com=115 compounds exhibit a conventional Hall angle tempera-
pound’s 300 K Hall coefficient to underscore the fact tRat ~ ture dependenccot(6y) ~ T] only above 100 K, wher&
follows essentially the same temperature-dependence in &8 nearly constant.

three La-115 compounds. The data above 20 K are well de-

scribed by the expression B. Properties of Cellns (T=Co, Ir, and Rh)
L8) — oo Figure 3 shows the magnetic resistivjiy,,4 of CeRhin,
Ri™=Rq+ o7 (1) Celrin,, and CeColg plotted as a function of temperature

whereR};, a, andb are fitting parameters. Equatigh) was
used to produce the fit to the normalized LaGalata that is
shown in Fig. 1; the fitting parameters aee=0.07, b
=-0.06 K1, andR/;=-0.93. Surprisingly, the same expres-
sion(with R};=0) describes the normal-state Hall response in
both YBaCu;0; and MgB,.233839The substantiall depen-
dence present below 100 K in the La-115 data is quite un-
usual, since metals typically have a nearly constant Hall co-
efficient. AT-dependent Hall coefficient is usually a sign that
the underlying electronic structure is composed of multiple
electron and hole bands with differing mobility temperature
dependencies. Band-structure calculations and dHVA mea- 00 100 200 300
surements do find that the La-115 electronic structure is very temperature (K)
complex??~?6so the La-113R,, temperature dependence ap-
pears to be a reflection of the 115 electronic structure. FIG. 3. Magnetic-scattering contributions to the in-plane resis-
We next consider the La-115 Hall angléy), which is tivity plotted as a function of temperature for CeRhlBelrins, and
plotted as —cd,,) vs T2 in Fig. 2. 6, is defined as the angle CeColn; data below 10 K are highlighted in the inset.
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FIG. 4. Low-field(H— 0) in-plane(HIic) Hall coefficients plot-
ted as a function of temperature for CeRh(nl), Celrins (A), and
CeColr (O). Low-temperature data are highlighted in the inset.

from 1-325 K. The resistivity contribution from magnetic
scattering is calculated by subtracting the electron-phonon
contribution (the resistivity of the nonmagnetic La anajog
from the Ce-115 resistivitypmag=pce™PLa- Pmad T) €Xhibits

a broad maximum located below 50 K in all three com-
pounds; the coherence temperatdig,, is defined by the

R, (10" m*/C)

temperature where the resistivity peaks. Although the resis- 20 40 60
tivity maximum in the CeRhlndata is not as pronounced as temperature (K)
those in the Celrlgpand CeColpg data,ppm,gVvaries roughly as ol 90k0e ' ©]
-In(T) in each of the Ce-115 materials far>T,,. The B 795-—-4:

7

CeColns

inset to Fig. 3 shows the low-temperature behavior of the E";u DD_D:E;H
magnetic resistivity. The superconducting transitions in | TApAsA /
Celrlng and CeColp are clearly evident as abrupt drops in
Pmag at their respective transpoff;'s, while the onset of
magnetic order afy (3.8 K) in CeRhiIn; leads to a more
subtle inflection-point anomaly. Just above their supercon-
ductivity transitions,p(T) for Celrlns and CeColg varies
with temperature ad*® and T19, respectively31> These
power laws differ from that of a Fermi liquigp~ T?2), and

R, (10" m’/C)

are suggestive of non-Fermi-liquid behavior. temperature (K)
Figure 4 shows the low-fielH — 0) Hall coefficients of
CeRhin, Celrins, and CeColg plotted as a function of tem- FIG. 5. Ry(T) measured in various applied fields plotted as a

perature between 2 and 300 K; the low-temperature behavidunction of temperature for CeRhjiga), Celrirg (b), and CeColg

is highlighted in the figure’s inseR(T) is electronlike at all  (c). Data are shown at four fieldsi— 0 (H),10 kOe(O), 50 kOe
temperatures, and the precipitous drop that occurs in the Hallh), and 90 kOe(C0). The insets show isotherms of the relative
response of all three materials below 50 K is certainly thechange in the field-dependent Hall coefficidnt, plotted as a
most prominent feature in the data. The data displayed in thiinction of the scaled fielti” with 5=2 (see tex); the data were
inset indicate that the Hall response saturates below 4 K, arf@easured at fixed temperatures between 4 and 30 K, andthe
that the drop inR(T) occurs at roughly the same tempera- parameters used to determiHé are listed in each inset.

ture (~40 K) in the three compounds. While the three

Ce-115 compounds all show signs of the same dropjn 9% for Celrin,. The CeColg Hall coefficient shows no such
below 40 K, the feature is far more prominent for CeGoln positive slope above 100 K; instead, the CeGadttall re-

and Celrlg than for CeRhlg The Hall voltage in CeColp  sponse drops by roughly 10% between 100 and 300 K. The
drops to zero below 2.3 K for fields less thelg, due to the 300 K Hall coefficient is nearly the same in the three
onset of superconductivitithese data are omitted for clarity Ce-115 compounds, and the room temperature veh3es

in Fig. 4). With regard to the AFM transition in CeRhymo X 107 m3/C) corresponds to aeffectivecarrier concentra-
discernable anomaly is present Ry at or belowTy. At tion of 2.9e7/f.u.

higher temperature®, is weakly temperature dependent in  Figure 5 displays the Ce-115 Hall coefficients for tem-
all three Ce-115 compounds. The Hall coefficients ofperatures below 60 K when measured in four different fields
CeRhin, and Celrlg have a positive slope above 50 K; be- (H—0, 10, 50, and 90 kOQelncreasing field strength quali-
tween 50 and 300 K|Ry| grows by 25% for CeRhlp and  tatively influences the Hall response in the three Ce-115
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T T T T
,

compounds in the same manner. The data indicate that the 800F '
Hall response is extremely field dependent in the same tem- o .
perature region where it is also very temperature dependent. ool 10%0e e
The most important feature of the data is that the large nega-
tive drop present below 40 K in the zero-field Ce-115 data is =
progressively diminished as the applied field is increased. ’
While a field of 90 kOe does not eliminate the dropRp
that occurs below 40 K, the magnitude of the effect is dimin- o A CeColn,
ished to the point where the Hall response in the Ce-115 200p = IR
compounds is comparable to that seen in the La-115 non- 4 ’___e.--————""@'
magnetic analogs. Increasing the field above roughly 5 kOe g:e--:o—"‘ . . .
also produces a shallow minimum iRy that is centered %,0 0.2 0.4 0.6 0.8 1.0
between 5 and 10 K. Below 15 K, tH®, field dependence T K
decreases monotonically with increasing field: changing the
field from the zero-field limit to 10 kOe reduceR, by FIG. 6. In-plane Hall angle ctf) plotted as a function of 2
roughly 50%, while the Hall response in 50 and 90 kOe dif-for CeRhlin;, Celrins, and CeColg The dashed lines are linear fits
fer by less than 10% relative togffH—0). The extreme to the data. The Celrindata has been vertically offset by 50 for
field dependence exhibited by the Ce-115 compounds is inlarity.
stark contrast to the field-independent Hall response exhib-
ited by the La-115 compounds in the same temperatur@ith temperature in a manner consistent with E2). While
range. Measurements on CeRfjI€elrin;, and CeColgat 10 kOe Hall data were used in constructing Fig. 6, essen-
50, 100, and 300 K in fields between 1 and 90 kOe indicateially the same temperature dependence results if data at
that the Hall response becomes field independent at thesgher fields are used; all that changes is the overall magni-
elevated temperatures. tudeof cotf,). The temperature range over which the data
The field-dependent Hall data shown in Fig. 5 satisfy afoliow a quadratic temperature dependence are as follows:
scaling relationship that is similar to one used in analyzingg—20 K for CeRhlg, 4—30 K for Celrlr, and 3—25 K for
single-impurity magnetoresistance d&ta*“*Following the  CeColn,. cot(6y) is nearly constant at higher temperatures
standard definition of the relative magnetoresistancepecauser,; andp,, both become weaklJ dependent above
Ap(H)/p(H=0), we define the relative change in the Hall 50 K. As with the La-115 compounds, the Ce-115 data vary

-cot(0,)

coefficient as quadratically with temperature in the same temperature range
Ry(H) = Ry(H — 0) where R, exhibits considerably temperature dependence.

Than(H) = ) (3)  The one important difference between the Ce and La Hall

Ry(H—0) angle data concerns the temperature range over which

Isotherms of the field-dependent Hall response can be supef©tfh) varies quadratically with temperature. For the

imposed by plottingl',; as a function of the transformed La-115 compounds quadratic behavior is evident from
field parametetH* defined by 30-100 K, while the Ce-115 compounds show this behavior

over a more limited temperature range.

. H
ATy S (4) IV. DISCUSSION
The insets in Fig. 5 show,, plotted versusH* for (a) The Ce-115 Hall response is very different from what is

CeRhln, (b) Celrins, and(c) CeColr. In constructing these observed in most Ce Kondo-lattice systems. The canonical
plots, the scaling parametg@rwas set to two, and the values Ce heavy-fermion Hall effect is dominated by a positive
used for the thermal scaling parameferare listed in the skew scattering contribution that dwarfs the conventional
insets. Each inset contains ten superimposed isotherms theftarge-carrier contributiof?. In contrast, the Hall effect in
were measured at temperatures ranging from 4-25 khe Ce-115 compounds appears to be governed by the con-

(8—30 K for CeColg), and each isotherm is composed of ventional charge-carrier contribution. After disentangling the
Hall data that was measured in fields ranging fromrelative contributions from these two mechanisms it will be-

1-90 kOe. Scaling works best f@=2+0.1, and th&, val- ~ come clear that Kondo interactions arfieelectron effects
ues can be varied by +0.3 K without adversely effecting theplay an important part in determining the temperature and
analysis; attempts to use the spin-1/2 MR exporigat1)*®  field dependence exhibited by the Hall effect in the 115 com-
were unsuccessful, regardless of the value use@fouali- ~ Pounds.
tatively, 'y, varies withH* in roughly the same manner for ~ The Hall response in heavy-fermion compounds is pro-
all three Ce-115 compounds. Quantitatively, the CeColnduced by a contribution from skew scatteriR®”and the
data are a stronger function bF than are the CeRhgrand  ordinary Hall effectRy,
Celrlng data. _ skew, m0

We turn now to the Ce-115 Hall angle, which is plotted as Ry =Ry Ry 5)
—cot(6y) vs T2 in Fig. 6. The data fall on straight lines for The skew scattering term stems from interactions between
temperatures less than 30 K, indicating that(@gx varies  the large Ce spin state and the applied field that produce a
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-2 ' ' ' T 5 determined from the figure a@=0.016 K/T andR,=-2.9
CeRhln, x101mé/C for CeRhlg, and £=0.010 K/T and R},
=-4.1x 10 m3/C for Celrln;. The resulting phase shifts
S 3 -Q)o o CoColn _ (6rn=—0.042 rad ands,=-0.025 ragl are consistent with
> o s those reported for other Ce heavy-fermion systéh3g:9
ol © For CeColg Ry does not scale withpy,gx. This suggests
< oA A Celrln, that any skew-scattering contribution present in the Co ma-
o '4;Ar‘——‘/f 1 terial is overwhelmed by the conventional Hall term. The
skew scattering contribution evident in the Ce-115 Hall data
© is small, in part, becaugg,.gis five to ten times smaller than
5 . . . ) . in other heavy-fermion systems.
0 1 2 3 4 5 Similarities in the Hall response of the Ce- and La-115
pmagi(w"ncm/K) compounds below 100 K imply that the second term in Eq.

(5) is responsible for the anomalous drop present in the
FIG. 7. Ry plotted vspmagx for CeRhin, Celrln, and CeColg Ce-115 data. dHvA measuremefitmdicate that the La and
Temperature is an implicit parameter in this figure; 300 K data ap-Ce compounds share essentially the same electronic struc-
pear on the left side of the plot and 40 K data appear to the rightture, so the conventional Ce-115 Hall term should mimic that
The solid lines are linear fits to the Rh and Ir data. of the La-115 materials. Band-structure calculations and
dHVA measurements indicate that the 115’s are compensated
left-right asymmetry in charge-carrier scattering. As first ex-materials(ng=ny) with multiple electron and hole Fermi sur-
pressed by Fert and Le%§,the skew scattering terms takes faces that form complex 2D and 3D structufé$*2® The
the form Hall effect of a multiband system is determined by the
rew _ weighted sum of the contributions from each band. Qualita-
Ry = &PmagXs (6) tively, a temperature-dependent Hall coefficient can occur
when multiple electron and hole bands cross the Fermi en-
ergy and the bands have mobilities with different tempera-
ture dependencié$.The situation for the 115's is even more
Up . complicated since the electron and hole conduction bands
§=- ;gk—sm 6 Cos 4, () give rise to highly anisotropic Fermi surfaces, and, presum-
B ably, anisotropic relaxation times. This description also ap-
where § is the phase shift produced by incoherent Kondoplies to the electronic structures of MgiBnd YBaCus0-,
scatteringg is the magnetic ion’s Landg factor, ug is the  both of which also have a Hall coefficient described by Eq.
Bohr magneton, andtg is the Boltzmann constant. As the (1).33%° While the presence of a complex FS qualitatively
system is cooled below,,, incoherent Kondo scattering accounts for the temperature-dependent La-115 Hall coeffi-
dies off; calculations based on the periodic Anderson Hamilcient, it does not address the question of Wiy becomes
tonian suggest th£H~p§agin the coherent regim& These increasingly negative below 100 K. The electronlike Hall re-
theoretical results indicate that, starting froh¥O0, R,ikeW sponse may occur because the electron extremal orbits seen
should increase rapidly from zero, achieve a broad maximunn LaRhIns dHvA spectra tend to have lighter masses, and
at the temperature wheyg,,, peaks, and gradually decrease hence larger mobilities, than the extremal hole orfits.
at higher temperatures. The Hall effect in many Ce, U, and Despite their similarities, there are also significant differ-
Yb heavy-electron systems behave in this maghé&r3146-49  ences in the Ce-115 and La-115 Hall response. The most
These compounds exhibit a positive skew-scattering Hall reebvious difference is that the Hall anomalies are much larger
sponse because the repulsive single-impurity scattering pdA the Ce-115 compounds. The Hall response of Cegoln
tential leads to a negative phase shift. changes by a factor of 20 between 100 and 4 K; the Hall
Careful analysis of the Hall data indicates that skew scateoefficients of CeRhlnand Celrlg change by a factor of 4
tering is a minor contributor to the overall Hall response inand 10, respectively, over the same temperature range. In
the Ce-115 compounds. This is particularly true below 50 K.comparison, the Hall response at 100 K and 4 K differ by
where the large negative drop in the Hall coefficient is in-only a factor of 2 in the La-115 compounds. These differ-
consistent with skew scattering. The most obvious inconsisences presumably stem from the influence of ftegectrons
tency is that the lowF anomaly occurs below the coherence that are present in the Ce compounds. If we assume that the
temperature where any skew-scattering contribution shoul@€e-115 Hall responsB,(fe) is the sum of a skew scattering
be dropping to zero. Additionally, the sign of the Hall featureterm and a term proportional to the La-115 coeffici@ﬁf,e)
is inconsistent with skew scattering®,; does not peak at can be expressed as
Teon @nd the sharp drop in the Hall response cannot be fit to
PmagX- Skew scattering only becomes a significant contribu- R<H0e)(|-|,'r) = Rlake"{T) + af(H,T)R<HLa)(T), (8)
tor to the Hall effect above 50 K. This is shown in Fig. 7
whereRy(T) is plotted versupm,gx for temperatures from  whereq is defined as thé-electron Hall weighting function.
40 to 300 K. The CeRhlpand Celrlg Hall data vary lin-  Figure 8 showsy;(H— 0) (symbolg plotted versus tempera-
early with pn.gx, as predicted by Eq6). The parameters ture for the three Ce-115 compounds; the solid line in the

where’y=x/C is the reduced magnetic susceptibility a@d
is the Curie constant. Far>Ty the parametef becomes
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12 - - dependent many-body interactions are responsible for the
© %o o sizable difference between the Ce and La lowtall anoma-
O CCRhIIls . . . g .
101 A Celin ] lies. An applied magnetic field has a deleterious effect on the
OO N heavy-fermion state because it tends to broaden the Kondo
8 O CeColn, 1 resonance and shift it below the Fermi enetgy* The
o f-electron contribution to the FS drops, in turn, and the Som-
~ Of | feld coefficient and the large zero-field effective mass are
. A A merfeld coefficient and the large zero
al R o ] reduced??5°The solid line in Fig. 8 shows that ttfeelectron
A, © contribution to the CeColnHall effect is substantially re-
2l © ] duced in 90 kOe; the same is true for CeRhdmd Celrlg.
o DO AAA ARRC & & see These results are consistent with the large field-induced re-
0 : - duction of the CeColg carrier mass observed in dHVA
1 10 100 measurement. The analysis used in Sec. Ill B to param-
temperature (K)

etrize Ry(H,T) data also shows a link between the Ce-115

FIG. 8. The low-fieldf-electron Hall weighting function; plot- ~ Hall response and Kondo interactions. TheT scaling
ted as a function of temperature for CeRhiBelrin;, and CeColg ~ analysis used on the Ce-115 Hall data is similar to the pa-
The solid line showsy; in a field of 90 kOe for CeColp rametrization that can be applied to single-impurity MR

data?® The MR of a spin-1/2 Kondo system typically fol-

figure showsa; (90 kOg for CeColn,. a; was determined |ows the H-T scaling expressed by E@4) with 8=1, and
from Eq. (8) by combining Ce and La Hall data with the T =T,. The Ce-115T, values listed in Fig. 8 are roughly
skew-scattering contribution determined from the analysigonsistent with the Kondo temperatures estimated from low-
associated with Fig. fwe assumezy'=0 for CeColR). ar T gommerfeld coefficients!®14Hence, theR'T¥(H,T) data

is unity from roughly 50—300 K, indicating that the conven- : : i i
tional Hall contribution in the Ce compounds matches whatand af(H,T) values are consistent with a field-induced sup

is measured for the La-115's. Below 50 K; monotonically pression in th.ef-electron character of the Ce-115 Fermi-
increases with decreasing temperature, and saturates beIS\HrfaC_e states, furthermortl T Hall data scaling is consis-
3 K; the rise ina; begins at 45 K for CeColpand 25 K for tent with Kondp energy scales of a few degrees Kelvin. .
both CeRhlg and Celrlp. These onset temperatures indicate  OUr analysis bears some resemblance to trgse two-fluid
that thef-electron contribution to the Hall effect begins to Kondo lattice model proposed by Nakatsefi al>> This
grow at roughly the same temperature where the resistivitynodel divides a Kondo lattice system into a Kondo-gas com-
peaks. As such, the growth i evident below 50 K appears Ponent(analogous to a Kondo-impurity phasend a Kondo-
to be correlated with the commencement of Kondo coherliquid component(analogous to a coherent heavy-fermion
ence. phase, with the temperature-dependent evolution of Kondo-
The extremal orbit masses observed in dHVA spectra cal@ttice properties controlled by the mixing paramet€r).
provide a simple explanation for the connection between thdhe gas phase, characterized by a single-ion Kondo 3gale
Ce-115 Hall response and Kondo interactions below 50 Kdominates the system’s properties at high temperatures. The
Those measuremefton CeColg detect a heavy hole orbit liquid phase, characterized by the intersite coupling energy
with a mass(87m,) that is consistent with the large elec- scaleT”, begins to influence the system’s physical properties
tronic specific-heat coefficient observed experimentdlln ~ at temperatures less thari. A two-fluid analysi8”*®of x(T)
comparison, the CeCajnelectron orbits are significantly andC,(T) data finds that the energy scales in CeGare
lighter (~15 m,). This extreme electron-hole mass asymme-Tx=1.7 K andT *=45 K. The model’s crossover from local-
try would lead to a mobility asymmetry, and, ultimately, an moment behavior at high temperatures to itinerant heavy-
even larger negative Hall anomaly than is seen in Lagoln fermion behavior at low temperatures, and the energy scales
Although the differences are not as extreme, Cgland derived for CeColg accurately describe the Ce-1Ry(T)
CeRhlIn, also exhibit asymmetries in their respective holedata. It is particularly noteworthy that the increasing impor-
and electron massé324260f the three Ce-115 compounds, tance of the heavy Kondo-liquid phase bel@win the two-
CeRhin; has the smallest electron-hole mass asymmetry, antuid model provides a simple explanation for the rise in
the least amount of f4character in its Fermi surfad?6  a(T) that occurs in the Ce-115 Hall data below 50 K.
these FS features are consistent with the fact that CeRhIn Lastly, we consider the significance of the @ ~ T2
also has the smallest low-Hall anomaly in the Ce-115 se- behavior present in the 115 Hall data. The samdepen-
ries. The enhanced low-Ce-115 carrier masses are a directdence is present in high;s cuprate dat®® and some have
result of the Kondo interactions that produce the large elecsuggested that this is linké&tto a QCP. The NFL behavior
tronic contribution toC,(T). The Kondo resonance gradually evident in the physical properties of CeCgl@and possibly
develops with decreasing temperature, so that the carrigtelrlng) below ~5 K might also be related to a QCP. As
masses will not be heavy fars>Ty. The temperature depen- such, it is tempting to ascribe the €@t) temperature depen-
dence shown by thé-electron Hall weighting function is dence in these two Ce-115 materials to critical spin fluctua-
then simply a reflection of the carrier mass enhancement thaions associated with a nearby QCP. This interpretation ap-
gradually develops as the system is cooled belgyy. pears untenable since the Hall angle data of CeRédl the
The substantial field dependence present in the Ce-11three La-115 compounds—all of which show no
Hall response offers confirming evidence that field-QCP-related phenomena—also exhibit the(@et~ T? be-
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havior. A more credible conclusion is that the quadratic Hall-cients below 50 K are consistent with the same Kondo inter-
angle temperature dependence results from the peculiactions that also influence other transport and thermody-
“conventional” Hall response, intrinsic to the 115 electronic-namic properties. These results indicate that conventional
structure. transport mechanisms cannot always be ignored in interpret-
ing the physical properties dfelectron systems.
V. CONCLUSIONS
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