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Uniaxial Fermi-surface nesting and spin-density-wave transition in the heavy-fermion compound
Ce„Ru0.85Rh0.15…2Si2

S. Murayama, C. Sekine, A. Yokoyanagi, and K. Hoshi
Department of Materials Science, Muroran Institute of Technology, Muroran, Hokkaido 050, Japan

Y. Ōnuki
Department of Physics, Faculty of Science, Osaka University, Toyonaka, Osaka 560, Japan

~Received 24 April 1997!

Resistivity parallel and perpendicular to the tetragonalc axis of the antiferromagnetic heavy-fermion com-
pound Ce(Ru12xRhx)2Si2 for x50.15 has been measured in various fields along thec axis of the single crystal.
A sharp upturn is observed just below the Ne´el temperatureTN only in the parallel direction. This is interpreted
in terms of partial gapping of the Fermi surface along the uniaxialc direction. The specific heat and suscep-
tibility below TN 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.
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I. INTRODUCTION

The heavy-fermion compound CeRu2Si2 with a
ThCr2Si2-type tetragonal structure has been extensively s
ied since it shows paramagnetic behaviors down to 20
~Ref. 1! with short-range antiferromagnetic~AF! correlations
below 70 K~Ref. 2! and a metamagneticlike transition belo
10 K with the critical fieldHM;7.8 T in the magnetically
easyc-axis direction.1 This transition has recently been in
terpreted in terms of the sharp crossover from the itinera
electron paramagnetism to the local-moment system.3,4 Sub-
stitution of the second element into each Ce, Ru, or Si
induces the AF ordering.5–7 Therefore, this compound is sup
posed to be nearly on the edge of the magnetic orde
phase. In~Ce,La!Ru2Si2 it has been demonstrated thatHM is
reduced and an AF ordering is stabilized when several
centages of the Ce atoms are replaced by La. The effec
the La substitution is mainly explained by a negative che
cal pressure effect due to the larger atomic volume of
than that of Ce. Substitution of a 4d transition metal such a
Mo, Rh, or Pd to the Ru site induces systematic change
HM and Kondo temperatureTK . These facts have been sum
marized as another interesting alloying effect sensitive to
4d conduction electron number.6,8,9 In the
Ce(Ru12xRhx)2Si2 system with a low concentration of R
for 0.05,x,0.3, the AF transition has been discovered
ing specific heat and susceptibility measurements.6 Micro-
scopic NMR10 and muon spin rotation~mSR!11,12 measure-
ments support the AF transition in this system with t
presence of inhomogeneous local fields. A recent neut
diffraction experiment forx50.15 shows that the AF phas
has an incommensurable sinusoidal spin modulation w
wave vectort5(0,0,0.420) and that the magnetic moment
polarized along the c axis with an amplitude of
0.65mB /Ce.13 Further interest in this system arises from t
question of whether the incommensurable spin structur
560163-1829/97/56~17!/11092~5!/$10.00
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associated with a Fermi-surface instability and the format
of a spin-density wave~SDW! or not. Resistivity is one of
the powerful measurements of probing such a Fermi surf
anomaly as has been typically performed on AF Cr with
SDW transition. Recent resistivity measurements on the
bic heavy-fermion compound YbBiPt have also sugges
the presence of a partial gapping of the Fermi surface and
development of an SDW in a heavy-mass conduction ban14

Thus, we have studied the resistivity of the heavy-ferm
compound Ce~Ru0.85Rh0.15!2Si2 parallel and perpendicular to
the tetragonalc axis, respectively, in various magnetic field
It is found that the results, combined with specific heat a
magnetic susceptibility measurements, suggest the deve
ment of a partial energy-gap opening of the Fermi surfa
due to a uniaxial Fermi-surface nesting and SDW ordering
the present heavy-fermion Ce compound.

II. EXPERIMENT

A polycrystalline Ce~Ru0.85Rh0.15!2Si2 sample was pre-
pared by arc melting a stoichiometric amount of Ce(4N),
Ru(3N), Rh(3N), and Si(6N) in an argon atmosphere fol
lowed by annealing at 800 °C for one week. X-ray diffra
tion confirms the sample to be the body-centered-tetrago
ThCr2Si2-type structure. A single-crystal sample o
Ce~Ru0.85Rh0.15!2Si2 was grown by the Czochralski techniqu
in a tri-arc furnace. The resistivity measurements for
single-crystal sample were made above 0.4 K in a3He cry-
ostat by using a standard four-probe ac technique. The
cific heat was determined above 2 K on thepolycrystalline
sample using a semiadiabatic technique. The magnetic
ceptibility was measured above 2 K on thesingle-crystal
sample in a conventional superconducting quantum inter
ence device magnetometer.

III. EXPERIMENTAL RESULTS

Figure 1 displays the results of the resistivity measu
ments for two small slices cleaved to directions parallel a
11 092 © 1997 The American Physical Society



e
m
ur

n
low
-
-
th

tio

tia
iv
th

al
s
th

n

f
ce
re

e
bo
e

in
e
er
e

-

ld
n-
eld
K.

be-

as-
en-
ra-

i-

e

is

o

of

of

56 11 093UNIAXIAL FERMI-SURFACE NESTING AND SPIN- . . .
perpendicular to the tetragonalc axis with excitation current,
respectively, parallel (r i) and perpendicular (r') to the c
axis. As shown in this figure, the temperature dependenc
each resistivity is strongly anisotropic. With decreasing te
perature from 10 Kr i decreases and shows a sharp upt
bend at around the Ne´el temperatureTN55.5 K. With fur-
ther decreasing temperaturer i shows a broad maximum. O
the other hand,r' shows rather a continuous decrease be
10 K with a subtle bend aroundTN . The sharp rise in resis
tivity only in the parallel directionr i suggests a Fermi sur
face instability and the presence of a partial gapping of
Fermi surface along the uniaxialc-axis direction. A similar
resistivity anomaly around the magnetic phase transi
temperature has been shown in bcc Cr metal15 and the fcc
YbBiPt heavy-fermion compound,14 in which an itinerant-
electron SDW transition is expected to occur with a par
gap in the conduction band. In these cases the resist
anomaly can be anisotropic depending on the direction of
excitation current. However, a complete uniaxial anom
has not been observed yet in any samples. One of the rea
should be due to a magnetic polydomain structure in
cubic crystals. An anomaly present only in the resistivityr i

would be the first clear evidence of uniaxial conduction-ba
gapping in metals and metallic compounds.

To further investigate this transition o
Ce~Ru0.85Rh0.15!2Si2, we performed a series of resistan
measurements of this compound in magnetic fields. Figu
displays the temperature dependence of the resistivityr i in
various fields along thec axis. With increasing fieldB, the
sharp upturn aroundTN in r i shifts to a lower temperatur
with keeping the shape of the temperature dependence a
TN . In contrast to this,r' does not show any clear chang
by field along thec axis as shown in Fig. 3. The anomaly
r i disappears atB54 T within the observed temperatur
range. These facts indicate that the gap opening of the F
surface goes to a lower temperature with the magnetic fi
along thec axis and disappears atB54 T. We have mea-
sured the resistivityr i andr' in magnetic fields perpendicu

FIG. 1. Temperature dependence of the resistivity
Ce~Ru0.85Rh0.15!2Si2 with excitation currentj applied along thec
axis (r i) and in the basal plane (r').
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lar to thec axis and found that nothing changed in the fie
in both resistivities. In order to investigate the field depe
dence of the magnetic transition, we measured the fi
sweep of the resistivity at various temperatures above 1.5
An anomalous inflection in the magnetoresistance occurs
low TN ~the figure is not shown here!, suggesting a collapse
of the gap. The field of the inflection increases with decre
ing temperature in accordance with the temperature dep
dence of the resistivity in field. We measured the tempe
ture dependence of the susceptibilityx i in various fieldsB
along the easyc axis as shown in Fig. 4. The result is bas
cally consistent with that reported for Ce(Ru12xRhx)2Si2,
x50.1.6 With increasingB, TN , defined by the temperatur
of a sharp inflection just below a broad maximum inx i ,
decreases. ForB>3.5 T, no anomaly can be seen in th

f

FIG. 2. Temperature dependence of the resistivity
Ce~Ru0.85Rh0.15!2Si2 with excitation currentj applied along thec
axis (r i) in various magnetic fields along thec axis.

FIG. 3. Temperature dependence of the resistivity
Ce~Ru0.85Rh0.15!2Si2 with excitation currentj applied in the basal
plane (r') in various magnetic fields along thec axis.
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11 094 56S. MURAYAMA et al.
figure. Figure 5 shows theB-T magnetic phase diagram o
Ce~Ru0.85Rh0.15!2Si2, where the temperature of the upturn
r i , the inflection in the magnetoresistance, andx i are plot-
ted. These temperatures follow a single curve well. The
fore, it is suggested that a gapping of the Fermi surface
allel to c axis is well linked with the antiferromagnetic SDW
transition in the field along thec axis. The solid curve in this
figure is a BCS energy gap scaled to pass through the po
~TN55.4 K, B50! on thex axis and~T50, Bc53.3 T! on
the y axis. The curve fits the data very well, indicating th
the transition can be described in the framework of we
coupling BCS theory or mean-field theory of itinerant an
ferromagnetism~SDW! based on the two-band mechanism16

Note that the value of the critical fieldBc is almost the same
asTN in energy scale.

FIG. 4. Temperature dependence of the susceptibility
Ce~Ru0.85Rh0.15!2Si2 in various fields along thec axis.

FIG. 5. B-T phase diagram of Ce~Ru0.85Rh0.15!2Si2 in the field
parallel to thec axis. The open circle and cross are results of
temperature sweeps of resistivity and magnetization, respectiv
in various fields. The open square is the result of the field swee
resistivity in various temperatures. The solid line is a BCS ene
gap scaled fixed by the points~TN55.4 K, B50! and ~T50, Bc

53.3 T!.
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IV. DISCUSSION

Here, we discuss the heavy-fermion contribution to t
resistivity r i along thec axis of Ce~Ru0.85Rh0.15!2Si2 within
the SDW picture. Following a former precise analysis of t
conductivity of Cr by McWhan and Rice17 and the recent
analysis of YbBiPt by Movshovichet al.,14 the total conduc-
tivity is written ass5s11s2 if one assumes that the Ferm
surface is divided into two independent parts, where indi
1 and 2 refer to, respectively, the ungapped and gapped m
netic regions of the Fermi surface at zero magnetic fie
Then, the relative change in conductivity produced by
SDW is given by

sp2sg

sp
5

rg2rp

rg
5

s2p

sp
S 12

s2g

s2p
D . ~1!

Here, the subscriptsg andp refer to the case when the mag
netic region 2 is, respectively, gapped or made paramagn
by application of fieldB54 T. Then, we estimate the rati
~1! experimentally for various fields as shown in Fig. 6. As
seen in Figs. 2 and 6 we observe a small nega
temperature-independent resistivity shift by field in t
whole temperature range. Correcting this contribution a
trivial paramagnetic background effect, we can roughly e
mate zero-temperature value of the ratio~1! in zero field as
;0.5 taking the extrapolation ofT→0 K in this figure. The
ratio s2g /s2p can be calculated by using the formula give
by a SDW gapD andTN ~see Refs. 10 and 13!. For T→0 K
the contribution of the gapped magnetic parts2g /s2p is zero
in any case. Therefore, we obtain (sp2sg)/sp5s2p /sp
50.5 for zero field. The ratios2p /sp is related to the per-
centage of the Fermi surface that is gapped along thec axis.
For comparison, in Cr and YbBiPt it was found that th
s2p /sp value is 0.3 and 0.33, respectively.

For the next step, previous results of specific heat m
surements on the Ce~Ru0.85Rh0.15!2Si2 polycrystalline
sample6 have been analyzed by using the SDW picture. T
magnetic part of the specific heatCm in the temperature
range from 2 to 10 K is obtained from the substraction of
reference material LaRu2Si2 data as the lattice and the non
4 f electronic contributions. The result is given in Fig. 7. A

f
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of
y

FIG. 6. Relative resistivity ratio of Ce~Ru0.85Rh0.15!2Si2 with
excitation currentj applied along thec axis (r i) in various fields
along thec axis.
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a decrease of temperature the heat capacityCm(T) shows a
step atTN which implies a mean-field-like phase transition
a BCS superconductor. This step is evalued
DC51.5 J/mol K from a dashed curve in Fig. 7 determin
from an equal area construction. According to wea
coupling BCS theory,DC/gTc should be equal to 1.43 with
full gap formation on the Fermi surface~here,Tc is the su-
perconducting temperature!. Therefore, if we know the elec
tronic specific heat coefficientgp in the paramagnetic region
DC/gpTN would be one of the measures for the Fermi s
face with a heavy mass that is partly gapped in the pre
system. It is rather difficult to determine the coefficientgp in
the paramagnetic state because it is still temperature de
dent. Here, we try to estimategp from the Kondo tempera
ture TK asgp}1/TK . TK was determined from the temper
ture of a broad maximum in the specific heat as 24 K fox
50 and 20 K for x50.15.6 Thus, from the experimenta
value of g5380 mJ/mol K2 for x50,6 gp for x50.15 is
evaluated as 460 mJ/mol K2. The ratioDC/gpTN is found to
be 0.60. This value indicates that;40% of the Fermi surface
with heavy mass is gapped for Ce~Ru0.85Rh0.15!2Si2. The re-
maining 60% of the Fermi surface with heavy mass is
pected to be still in the ungapped Fermi-liquid state bel
TN . The data in the low-temperature region belowTN/2 fits
the expression

Cg~T!5g1T1A exp~2D/T! ~2!

well, as shown by a solid line in Fig. 7. The first term ind
cates the contribution of the conduction electron in the
maining ungapped part of the Fermi surface. The sec
term suggests the electronic contribution in the gapped m
netic part described within BCS theory and the SDW hypo
esis. From best fits to the data belowTN/2 we estimate the
energy gap in the low-temperature limit asD510 K, the
residual g value in the AF temperature range asg1
5300 mJ/mol K2, and the coefficientA as A57 J/mol K.
The ratioD/TN is calculated as 1.8, which is comparable
2.3 in Cr~Ref. 15! and consistent with the minimum value o
1.764 for the two-band model of itineran
antiferromagnetism.16 There are so far, two heavy-fermio

FIG. 7. Specific heat of the Ce~Ru0.85Rh0.15!2Si2 polycrystal as a
function of temperature. The solid line is the best fit curve of E
~2! in the text. The dashed line is an ideal step determined from
equal area construction.
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systems, URu2Si2 ~Ref. 18! and YbBiPt~Ref. 14!, analyzed
within the SDW hypothesis. In these cases ratios ofD/TN
57.2 and 1.65 has been reported, respectively. The obta
residualg1 value for Ce~Ru0.85Rh0.15!2Si2 is about 65% of
thegp estimated in the paramagnetic temperature range.
ratio g1 /gp can be one of the best measures for the rema
ing ungapped part of the Fermi surface at 0 K and is in
agreement with the percentage extracted from the ratio
DC/gpTN . It is necessary to confirm the residualg1 value
from the low-temperature specific heat measurements be
1 K. AboveTN/2 the fitted curve does not follow the data.
such a high-temperature region it is necessary to conside
temperature dependence ofD(T). Furthermore, expressio
~2! would not be valid any more.

Within an SDW picture of the 5.5 K phase transition wi
the gap temperatureD510 K determined from the specifi
heat in Ce~Ru0.85Rh0.15!2Si2, we try to fit the susceptibility
data belowTN/2 for B50.05 T using the expression

xg~T!5x11B exp~2D/T!. ~3!

Here, x1 is interpreted as the residual Pauli paramagne
contribution coming from the ungapped Fermi surface a
K. The second term suggests the longitudinal susceptib
arising from the gapped part of the Fermi surface descri
by mean-field SDW theory.16 A good fit has been done fo
x150.031 emu/mol andB50.13 emu/mol as shown as
solid line in Fig. 8. AboveTN/2 the fitted curve does no
follow the susceptibility data. This may be due to a simi
reason described before for the specific heat data aboveTN/2.
The initial decrease just belowTN follows an asymptotic
proportional line fromxp50.062 emu/mol atTN to almost
zero at 0 K well, as shown as a dashed line in Fig. 8, writt
as x(T)5x11(xp2x1)(2T/TN21). This form is consis-
tent with SDW theory with a correction of the residualx1
term. Neglecting the weak temperature dependence of
susceptibility in the paramagnetic state,xp can be regarded
as the Pauli paramagnetic susceptibility just before the
opening. Then, the ratiox1 /xp;0.5 may also represent a

.
n

FIG. 8. Temperature dependence of the susceptibility
Ce~Ru0.85Rh0.15!2Si2 in field B50.05 T along thec axis. The solid
line is the best fit curve of Eq.~3! in the text. The dashed line is
theoretical asymptotic line described in the text.
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11 096 56S. MURAYAMA et al.
approximate percentage of the remaining ungapped pa
the Fermi surface with a heavy mass at 0 K. This value
little smaller thang1 /gp50.65 estimated from the specifi
heat analysis, but is rather comparable with the residua
sistivity ratio given ass1 /sp512s2p /sp50.5. For the
moment, we do not consider the anisotropy, namely, the
ceptibility x' along the magnetic hard plane. In order
explain the specific heat, susceptibility, and resistivity at
same time, we need a more detailed discussion after ta
account of the strong anisotropy and the shape of the Fe
surface. However, the present resistivity, specific heat,
susceptibility of the heavy-fermion Ce~Ru0.85Rh0.15!2Si2 are,
in total, described within an itinerant SDW picture based
the Fermi-surface nesting along thec axis in a heavy-
fermion conduction band.

We discuss the uniaxial energy-gap opening paralle
the c axis partially on the Fermi surface from the resistiv
anomaly only for thec axis and the exponential temperatu
dependence of the specific heat and susceptibility be
TN/2. In order to proceed with our discussion, we may co
sider the contribution of continuous gapless states on
Fermi surface as has been discussed in anisotr
superconductivity.19,20 The existence of gapless states wou
give rise to a power-law temperature-dependent term in t
mal properties. This effect should be prominent in the lo
temperature limit. At present we are not ready to disc
such an intrinsic low-temperature excitation because of
lack of our data below 1 K.

V. CONCLUSION

In summary, just belowTN55.5 K a sharp rise in the
resistivity of Ce~Ru0.85Rh0.15!2Si2 was observed only in the
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tetragonalc-axis direction. Its temperature decreases w
increasing field along thec axis in agreement with a theore
ical curve of the weak-coupling BCS energy gapD(T). This
suggests the development of a partial gap opening of
Fermi surface along thec axis following the uniaxial Fermi-
surface nesting and a SDW transition. The residual cond
tivity along thec axis after the gap opening belowTN has
been estimated ass1 /sp50.5 for T→0 K. The percentage
of the ungapped part for the heavy-fermion conduction ba
below TN has been determined from the ratio of the ele
tronic specific coefficient asg1 /gp50.65. The value 1
2g1 /gp50.35 is consistent with another experimental me
sureDC/gpTN for the gapped part on the assumption of t
weak-coupling BCS theory. The residual Pauli paramagn
contribution along thec axis due to the ungapped part is al
estimated asx1 /xp50.5. Thus, we conclude that the gap
formed mainly in the 4f conduction band with the heav
mass due to the SDW transition. From the exponential te
perature dependence of the specific heat and susceptibili
the low-temperature limit, the energy gap has been obtai
asD510 K at 0 K and therefore,D/TN51.8. This value is
consistent with a gap parameter determined from the S
model based on the BCS theory.
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