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Uniaxial Fermi-surface nesting and spin-density-wave transition in the heavy-fermion compound
Ce(Rug gxRhg 19,Sh
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Resistivity parallel and perpendicular to the tetraganakis of the antiferromagnetic heavy-fermion com-
pound Ce(Ry_,Rh),Si, for x=0.15 has been measured in various fields along thes of the single crystal.
A sharp upturn is observed just below thegNemperaturd y, only in the parallel direction. This is interpreted
in terms of partial gapping of the Fermi surface along the uniaxidirection. The specific heat and suscep-
tibility below Ty are, respectively, analyzed into two independent contributions in the low-temperature limit:
one is an exponential contribution of the gapped part of the Fermi surface with the energy gap about 10 K, and
the other is a residual heavy-fermion contribution due to the remaining ungapped part of about 65%. These
facts suggest an itinerant spin-density-wave transition based on Fermi-surface nesting in a heavy-electron band.
[S0163-182607)00241-5

[. INTRODUCTION associated with a Fermi-surface instability and the formation
of a spin-density wavéSDW) or not. Resistivity is one of
The heavy-fermion compound Cef8i, with a the powerful measurements of probing such a Fermi surface

ThCr,Si,-type tetragonal structure has been extensively stug@"omaly as has been typically performed on AF Cr with a
ied since it shows paramagnetic behaviors down to 20 mSPW transition. Recent resistivity measurements on the cu-

. i . : ic heavy-fermion compound YbBiPt have also suggested
(Ref. 1) with short-range antlferromagne@F) corrglanons the presence of a partial gapping of the Fermi surface and the
below 70 K(Ref. 2 and a metamagneticlike transition below development of an SDW in a heavy-mass conduction BAnd.

10 K with the critical fieldHy~7.8 T in the magnetically Thys we have studied the resistivity of the heavy-fermion
easyc-axis directiont This transition has recently been in- compound C&RUy ggRNy 19,Si, parallel and perpendicular to
terpreted in terms of the sharp crossover from the itinerantthe tetragonat axis, respectively, in various magnetic fields.
electron paramagnetism to the local-moment systé®ub- It is found that the results, combined with specific heat and
stitution of the second element into each Ce, Ru, or Si sitenagnetic susceptibility measurements, suggest the develop-
induces the AF ordering.’ Therefore, this compound is sup- ment of a partial energy-gap opening of the Fermi surface
posed to be nearly on the edge of the magnetic orderinqque to a uniaxial Fermi-_surface nesting and SDW Ordering in
phase. InCe,LaRu,Si, it has been demonstrated thdy, is ("€ Present heavy-fermion Ce compound.

reduced and an AF ordering is stabilized when several per-
centages of the Ce atoms are replaced by La. The effect of
the La substitution is mainly explained by a negative chemi- A polycrystalline Cé€Ruy gRh 15),Si, sample was pre-

cal pressure effect due to the larger atomic volume of Lgpared by arc melting a stoichiometric amount of Qej4
than that of Ce. Substitution of a4ransition metal such as RU(3N), Rh(3N), and Si(&) in an argon atmosphere fol-
Mo, Rh, or Pd to the Ru site induces systematic changes ilpwed by annealing at 800 °C for one week. X-ray diffrac-
H,, and Kondo temperaturg, . These facts have been sum- tion cor_1f|rms the sample to be t_he body-centered-tetragonal
marized as another interesting alloying effect sensitive to thd "C2Sk-type structure. A single-crystal sample  of
4d conduction electron numb&® In  the C&RUgRN19,Si, was grown by the Czochralski technique

Ce(Ry_Rh),Si, system with a low concentration of Rh in a tri-arc furnace. The resistivity measurements for the
—X

for 0.05<x< 0.3, the AF transition has been discovered us_single-crystal sample were made above 0.4 K itHe cry-

ing specific heat and susceptibility measuremériicro- ostat by using a standard four-probe ac technique. The Spe-
scopic NMR® and muon spin rotatiofiuSR) 12 measure- cific heat was determined ab®2 K on thepolycrystalline
ments support the AF transition in this system with thesample using a semiadiabatic technique. The magnetic sus-

presence of inhomogeneous local fields. A recent neutrorfEPtiPility was measured abev2 K on thesingle-crystal
diffraction experiment fox=0.15 shows that the AF phase sample in a conventional superconducting quantum interfer-

has an incommensurable sinusoidal spin modulation witffNce device magnetometer.

wave vectorr=(0,0,0.420) and thqt the magneth moment is Ill. EXPERIMENTAL RESULTS

polarized along thec axis with an amplitude of

0.65ug/Ce X2 Further interest in this system arises from the Figure 1 displays the results of the resistivity measure-
guestion of whether the incommensurable spin structure iments for two small slices cleaved to directions parallel and

II. EXPERIMENT
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FIG. 2. Temperature dependence of the resistivity of
Ce(Ry, gsRhy 15),Si, with excitation current applied along the

FIG. 1. Temperature dependence of the resistivity Ofaxis (o) in various magnetic fields along tieaxis.

CeRuy, gRhy 19,Si, with excitation current applied along thec

axis (py) and in the basal plang(). lar to thec axis and found that nothing changed in the field

perpendicu|ar to the tetragor{abxis with excitation current, in both resistivities. In order to investigate the field depen-
respectively, parallel ) and perpendicularg) to thec  dence of the magnetic transition, we measured the field
axis. As shown in this figure, the temperature dependence &weep of the resistivity at various temperatures above 1.5 K.
each resistivity is strongly anisotropic. With decreasing tem-An anomalous inflection in the magnetoresistance occurs be-
perature from 10 Kp, decreases and shows a sharp upturdow Ty (the figure is not shown heresuggesting a collapse
bend at around the ¢ temperaturély=5.5 K. With fur- of the gap. The field of the inflection increases with decreas-
ther decreasing temperatysgshows a broad maximum. On ing temperature in accordance with the temperature depen-
the other handp, shows rather a continuous decrease belowdence of the resistivity in field. We measured the tempera-
10 K with a subtle bend arouril,. The sharp rise in resis- ture dependence of the susceptibiliy in various fieldsB
tivity only in the parallel directiorp, suggests a Fermi sur- along the easy axis as shown in Fig. 4. The result is basi-
face instability and the presence of a partial gapping of thé&ally consistent with that reported for Ce(RyRh,),Sh,
Fermi surface along the uniaxiataxis direction. A similar X=0.1° With increasingB, Ty, defined by the temperature
resistivity anomaly around the magnetic phase transitio®f & sharp inflection just below a broad maximum yp,
temperature has been shown in bcc Cr nfetahd the fcc  decreases. FoB=3.5T, no anomaly can be seen in this
YbBIiPt heavy-fermion compound,in which an itinerant-

electron SDW transition is expected to occur with a partial LV N N AL RS B
gap in the conduction band. In these cases the resistivity Ce(Ru. _Rh__).Si

anomaly can be anisotropic depending on the direction of the 01872772
excitation current. However, a complete uniaxial anomaly
has not been observed yet in any samples. One of the reasons
should be due to a magnetic polydomain structure in the 60
cubic crystals. An anomaly present only in the resistiyity i " SR o
would be the first clear evidence of uniaxial conduction-band
gapping in metals and metallic compounds.

To  further investigate  this  transition  of i
Ce(Ruy, gRhy 15,Si,, we performed a series of resistance 40
measurements of this compound in magnetic fields. Figure 2
displays the temperature dependence of the resistiyiiyn
various fields along the axis. With increasing field, the -
sharp upturn aroundy in p; shifts to a lower temperature X
with keeping the shape of the temperature dependence above Y S AU U R :
Ty - In contrast to thisp, does not show any clear change 0 2 4 6 8 10
by field along thec axis as shown in Fig. 3. The anomaly in T(K)

p, disappears aB=4 T within the observed temperature

range. These facts indicate that the gap opening of the Fermi

surface goes to a lower temperature with the magnetic field FIG. 3. Temperature dependence of the resistivity of
along thec axis and disappears 8=4T. We have mea- CeRuy,gRh19,Si, with excitation current applied in the basal
sured the resistivity, andp, in magnetic fields perpendicu- plane ;) in various magnetic fields along theaxis.
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T FIG. 6. Relative resistivity ratio of GRuUygdRhy 15),Si, with

excitation currenf applied along thes axis (p;) in various fields

o along thec axis.
FIG. 4. Temperature dependence of the susceptibility of

CeRuy, gRhy 19,Si, in various fields along the axis. IV. DISCUSSION

Here, we discuss the heavy-fermion contribution to the

figure. Figure 5 shows thB-T magnetic phase diagram of resistivity p, along thec axis of CéRUp ggRHy 19,Sip Within

CeRU g5RM.192Sk, Where the temperature of the upturn in o gy picture. Following a former precise analysis of the
Py, the inflection in the magnetoresistance, gfdare plot- conductivity of Cr by McWhan and Ri¢éand the recent
ted. These temperatures follow a single curve well. Thereénalysis of YbBiPt by Movshovickt al, 4 the total conduc-
fore, it is suggested that a gapping of the Fermi surface patyity s written aso= o, + o, if one assumes that the Fermi
allel to c axis is well linked with the antiferromagnetic SDW gyface is divided into two independent parts, where indices
transition in the field along the axis. The solid curve in this 1 and 2 refer tO, respective'y, the ungapped and gapped mag_
figure is a BCS energy gap scaled to pass through the poinisetic regions of the Fermi surface at zero magnetic field.
(Ty=5.4K, B=0) on thex axis and(T=0, B,=3.3T) on  Then, the relative change in conductivity produced by the
they axis. The curve fits the data very well, indicating that SDW is given by

the transition can be described in the framework of weak-

coupling BCS theory or mean-field theory of itinerant anti-
ferromagnetisniSDW) based on the two-band mechani¥m.
Note that the value of the critical fieB; is almost the same
asTy in energy scale.

@
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Here, the subscriptg andp refer to the case when the mag-
netic region 2 is, respectively, gapped or made paramagnetic
by application of fieldB=4 T. Then, we estimate the ratio
(1) experimentally for various fields as shown in Fig. 6. As is
seen in Figs. 2 and 6 we observe a small negative
temperature-independent resistivity shift by field in the
whole temperature range. Correcting this contribution as a
trivial paramagnetic background effect, we can roughly esti-
~ mate zero-temperature value of the ratlo in zero field as
@ ~0.5 taking the extrapolation of— 0 K in this figure. The
ratio o,4/0,, can be calculated by using the formula given
by a SDW gapA and Ty (see Refs. 10 and L3ForT—0K
the contribution of the gapped magnetic pagt /o5, is zero
in any case. Therefore, we obtaiwrf—og)/o,=0,/0,
=0.5 for zero field. The ratier,,/0, is related to the per-
centage of the Fermi surface that is gapped along thgis.
For comparison, in Cr and YbBIiPt it was found that the
o,/ 0p value is 0.3 and 0.33, respectively.

For the next step, previous results of specific heat mea-

parallel to thec axis. The open circle and cross are results of theSUrements on  the  @RUygRMy 15),Si,  polycrystalline
temperature sweeps of resistivity and magnetization, respectivel)ﬁ,ampkg have been analyzed by using the SDW picture. The

in various fields. The open square is the result of the field sweep dhagnetic part of the specific he&l, in the temperature
resistivity in various temperatures. The solid line is a BCS energyange from 2 to 10 K is obtained from the substraction of the

gap scaled fixed by the point¥y=5.4 K, B=0) and (T=0, B, reference material LaR8i, data as the lattice and the non-
=3.37). 4f electronic contributions. The result is given in Fig. 7. As

FIG. 5. B-T phase diagram of QRuy, gRhy 15-Si, in the field



UNIAXIAL FERMI-SURFACE NESTING AND SPIN-. ..

1
,
{
i
o

|
I
|
!
1o

Cg(T)=y1T+Aexp(-A/T)

1 1 | L | L

_ %0000 00000 0 0

10

0.07

0.06

0.05

0.04

0.03

% (emu/ mol)

0.02
0.0t

0

-0.01
0

Ce(Ru

O.BSRhO. 1 5)28i2

% (T) =%, +Bexp (-a/T) |

2 4 6 8 10

11 095

T(K)

FIG. 7. Specific heat of the QRu, gRhy 15),Si, polycrystal as a
function of temperature. The solid line is the best fit curve of Eq. g1 g Temperature dependence of the susceptibility of
(2) in the text. The dashed line is an ideal step determined from AE (R 5RMy 10,Sh, in field B=0.05 T along the axis. The solid
equal area construction. line is the best fit curve of Eq3) in the text. The dashed line is a

) theoretical asymptotic line described in the text.
a decrease of temperature the heat capdgiiyT) shows a

step afl which implies a mean-field-like phase transition assystems URSI, (Ref. 18 and YbBiPt(Ref. 14, analyzed

Z C:B&:SS 3 /;uoﬁicf?griu;tz;shggI?;urvséeirr: Fils fgggﬁgmeﬁmithin the SDW hypothesis. In these cases ratioA6T

from én equal area construction Accorgding o weak-_ 7_.2 and 1.65 has been reported, res_pe_ctively. The obtained

coupling BCS theoryAC/yT should.be equal to 1.43 with residual 71 value_for CéRUO-SERhOiQ.ZS'Z is about 65% of

full gap formation on the Fecrmi surfagere, T, is the Su- the y, estimated in the paramagnetic temperature range. The
. . ' C ratio y, /vy, can be one of the best measures for the remain-

perconducting temperatyteT herefore, if we know the elec- ing ungappped part of the Fermi surface @K and is in

'Zrocnllc i—peagzgesgcgﬁéﬂg;et?fg ';giggsrp;%?z“gére%o&r_agreement with the percentage extracted from the ratio of
Yp'N C/y,Tn- It is necessary to confirm the residug] value

face with a heavy mass that is partl_y gapped n the preserﬁom the low-temperature specific heat measurements below
system. It is rather difficult to determine the coeff|C|e/|at|n 1 K. AboveT/2 the fitted curve does not follow the data. In

the paramagnetic state because it is still temperature depegl—mh a high-temperature region it is necessary to consider the

dent. Here, we try to estimatg, f“’”? the Kondo tempera- temperature dependence &{T). Furthermore, expression
ture T asy,«1/Tx. Tx was determined from the tempera- (2) would not be valid any more

ture of a broad maximum in the specific heat as 24 Kxfor e : " .

. Within an SDW picture of the 5.5 K phase transition with
— — 6
=0 and 20 K forx=0.15" Thus, from the experimental the gap temperaturA =10 K determined from the specific

value of y=380 mJ/mol K for x=0° v, for x=0.15 is . . . o
- . heat in CéRu, gsRhy 15,Si,, we try to fit the susceptibility
evaluated as 460 mJ/mofPKThe ratioAC/y, Ty is found to data belowT /2 for B=0.05 T using the expression

be 0.60. This value indicates that40% of the Fermi surface
with heavy mass is gapped for @Gy gsRhy 15),Si,. The re-

maining 60% of the Fermi surface with heavy mass is ex-

pected to be still in the ungapped Fermi-liquid state beIowHere X

Ty . The data in the low-temperature region beldy/2 fits i
the expression

Xo(T)=x11+B exp(—A/T). 3

is interpreted as the residual Pauli paramagnetic
contribution coming from the ungapped Fermi surface at O
K. The second term suggests the longitudinal susceptibility
@) arising from the gapped part of the Fermi surface described
by mean-field SDW theor}f A good fit has been done for
well, as shown by a solid line in Fig. 7. The first term indi- x;=0.031 emu/mol andB=0.13 emu/mol as shown as a
cates the contribution of the conduction electron in the resolid line in Fig. 8. AboveT,/2 the fitted curve does not
maining ungapped part of the Fermi surface. The secontbllow the susceptibility data. This may be due to a similar
term suggests the electronic contribution in the gapped mageason described before for the specific heat data abgize
netic part described within BCS theory and the SDW hypoth-The initial decrease just beloviiy follows an asymptotic
esis. From best fits to the data beldy/2 we estimate the proportional line fromy,=0.062 emu/mol afly to almost
energy gap in the low-temperature limit as=10K, the zero @ 0 K well, as shown as a dashed line in Fig. 8, written
residual y value in the AF temperature range ag as x(T)=x1+(xp—x1)(2T/Ty—1). This form is consis-
=300 mJ/mol K, and the coefficientA as A=7 J/mol K.  tent with SDW theory with a correction of the residyg
The ratioA/Ty, is calculated as 1.8, which is comparable toterm. Neglecting the weak temperature dependence of the
2.3 in Cr(Ref. 15 and consistent with the minimum value of susceptibility in the paramagnetic stagg, can be regarded
1.764 for the two-band model of itinerant as the Pauli paramagnetic susceptibility just before the gap
antiferromagnetism® There are so far, two heavy-fermion opening. Then, the ratiq; / xp~0.5 may also represent an

Cy(T)=71T+A exp(—A/T)
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approximate percentage of the remaining ungapped part @étragonalc-axis direction. Its temperature decreases with
the Fermi surface with a heavy mass at 0 K. This value is d@ncreasing field along the axis in agreement with a theoret-
little smaller thany,/y,=0.65 estimated from the specific ical curve of the weak-coupling BCS energy g&fT). This
heat analysis, but is rather comparable with the residual resuggests the development of a partial gap opening of the
sistivity ratio given asoy/op=1-07,/0,=0.5. For the Fermj surface along the axis following the uniaxial Fermi-
moment, we do not consider the anisotropy, namely, the susyrface nesting and a SDW transition. The residual conduc-
ceptibility x, along the magnetic hard plane. In order to tivity along thec axis after the gap opening beld¥, has
explain_ the specific heat, susceptipility, .and re;istivity at theoeen estimated as, /o,=0.5 for T—0 K. The percentage
same time, we need a more detailed discussion after takln& the ungapped part for the heavy-fermion conduction band
account of the strong anisotropy a’?d_‘he shape_ .Of the Fer lelow Ty has been determined from the ratio of the elec-
surface. However, the present resistivity, specific heat, angd_ . o e -
susceptibility of the heavy-fermion QU sdRM 10,5, are ronic specific coefficient asy;/y,=0.65. The value 1

' \ ! n ¥1/vp=0.35 is consistent with another experimental mea-

in total, described within an itinerant SDW picture based o .
P sureAC/y,Ty for the gapped part on the assumption of the

the Fermi-surface nesting along tle axis in a heavy- . . . ;
fermion conduction band. weak-coupling BCS theory. The residual Pauli paramagnetic

We discuss the uniaxial energy-gap opening parallel t&oqtribution along the axis due to the ungapped part is als_o
the ¢ axis partially on the Fermi surface from the resistivity eStimated ag,/x,=0.5. Thus, we conclude that the gap is
anomaly only for the axis and the exponential temperature formed mainly in the 4 conduction band with the heavy
dependence of the specific heat and susceptibility belownass due to the SDW transition. From the exponential tem-
Tn/2. In order to proceed with our discussion, we may conerature dependence of the specific heat and susceptibility in
sider the contribution of continuous gapless states on th#he low-temperature limit, the energy gap has been obtained
Fermi surface as has been discussed in anisotropiassA=10K at 0 K and thereforeA/Ty=1.8. This value is
superconductivity®?° The existence of gapless states wouldconsistent with a gap parameter determined from the SDW
give rise to a power-law temperature-dependent term in themodel based on the BCS theory.
mal properties. This effect should be prominent in the low-
temperature limit. At present we are not ready to discuss
such an intrinsic low-temperature excitation because of the ACKNOWLEDGMENTS
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V. CONCLUSION
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