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Field-induced magnetic transition in the heavy-fermion antiferromagnet Ce7Ni3
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We present a detailed study of the field~B! - temperature~T! phase diagram of the heavy-fermion antifer-
romagnet Ce7Ni3 that crystallizes in the hexagonal Th7Fe3-type structure with three nonequivalent Ce sites
(CeI , CeII , and CeIII ). This compound undergoes two magnetic transitions atTN151.9 K andTN250.7 K in
zero field. BelowTN1, an incommensurate spin density wave~SDW! develops, and belowTN2 a commensurate
SDW appears independently. By applying fields along thec axis, bothTN1 andTN2, are suppressed and vanish
at 0.3 T. ForBic.0.7 T, however, another magnetic phase appears below 0.5 K, which was found by
magnetoresistance, specific heat, and magnetization measurements. The separation of the field induced phase
from the SDW phase is attributed to large spin fluctuations of CeIII , which originate from a geometrical
frustration in the quasiregular tetrahedron made of CeI and CeIII .

DOI: 10.1103/PhysRevB.67.144408 PACS number~s!: 75.25.1z, 72.15.Qm, 75.30.Kz
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I. INTRODUCTION

The interesting physics provided by geometrically fru
trated systems is under active discussion. The geomet
frustration can occur in triangular, kagome, f.c.c. and py
chlore lattices where nearest-neighbor interactions comp
The frustration in insulating materials leads to multiple pha
transitions and novel field-induced magnetic phases.1 When
the frustration affects an itinerant magnet, unusual phys
properties have been observed; spin-liquid behavior
Y0.97Sc0.03Mn2 (C15 cubic Laves phase!,2 heavy-fermion be-
havior in LiV2O4 ~spinel!,3 and superconductivity in
Cd2Re2O7 ~pyrochlore!.4 However, there have been fe
studies on geometrically frustrated cerium~Ce! compounds.
In CePdAl with the quasikagome lattice of Ce atoms, o
third of Ce ions remain paramagnetic in the antiferrom
netically ordered state belowTN52.7 K.5,6

Another candidate for the frustrated Ce compound
Ce7Ni3, which crystallizes in the hexagonal Th7Fe3-type
structure having three nonequivalent Ce sites; 1CeI , 3CeII ,
and 3CeIII .7 As shown in the inset of Fig. 1, the CeI and
CeIII atoms form a quasiregular tetrahedron. These tetra
dra are stacked in chains along thec axis, which resemble the
frustrated arrangement of Mn atoms inRMn2 (R5rare
earth! crystallizing in the hexagonalC14 Laves structure.8

Ce7Ni3 undergoes two magnetic transitions atTN151.9 K
andTN250.7 K.9–11A neutron-diffraction study showed tha
the magnetic structure belowTN1 is a spin-density wave
~SDW! with a modulation vectork50.22c*. The ordered
moments are estimated to be 0.46mB , 0.70mB , and
0.10mB for CeI , CeII , and CeIII , respectively.11 As tem-
perature is decreased belowTN2, a commensurate SDW
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structure having modulation vectork50.25c* appears inde-
pendently of the incommensurate SDW forTN2,T,TN1.
The magnetic easy axis for both CeI and CeII is parallel to
thec axis, while that for CeIII is perpendicular to thec axis.11

The magnetically ordered state of Ce7Ni3 is very sensitive
to pressure and magnetic field. With application of pressu
bothTN1 andTN2 decrease and vanish atPc50.39 GPa, and
non-Fermi liquid behavior appears while it might be comp
cated~no specific heat divided by temperatureC/T}2 ln T
for T→0) in this system.12–14This observation suggests th
even at P50, the Kondo interaction competes with th
Ruderman-Kittel-Kasuya-Yoshida interaction. Upon app
ing a rather weak magnetic field of 0.2 T along thec axis, the
easy magnetization axis, the SDW state collapses, an
field-induced ferromagnetic state is stabilized.11 The
specific-heat measurements under magnetic fields were
formed by two groups using polycrystalline samples.15,16Se-
reni et al.15 showed that a field of 6 T completely smears o
the magnetic ordering, while Kimet al.16 showed that the
TN1 remains even at 6 T. Contradictory observations may
attributed to the effect of magnetic anisotropy. In order
study the unusual ground state of Ce7Ni3 under magnetic
fields, we have measured the field and temperature de
dences of the specific heatC, magnetizationM and electrical
resistivity r for a single crystalline sample. A field-induce
magnetic~FIM! phase was found below 0.5 K when the fie
was applied along thec axis. In this paper, we present th
B-T phase diagram and discuss the origin of the FIM pha

II. EXPERIMENTAL PROCEDURE

For the single-crystal growth of Ce7Ni3, we used starting
materials of Ce and Ni with a purity of 99.999%. A sing
©2003 The American Physical Society08-1



g
ru
n
th
t

w

au
re
ld
tio

tio
d

te
u

a

we

se
elow
al

vity

n

th

ck

K. UMEO et al. PHYSICAL REVIEW B 67, 144408 ~2003!
crystal was grown by a Czochralsky pulling method usin
radio-frequency induction furnace with a hot tungsten c
cible. In order to decrease defects, strains, and impurity io
the as-grown crystal was treated by the technique of
solid-state electrotransport. The crystal rod was self-hea
to a temperature at 400 °C. During this treatment for t
weeks, the vacuum was better than 331028 Pa. The crystal
orientation was determined by the back-scattering L
method. The electrical resistivity and Hall resistivity we
measured by an ac four-terminal method in magnetic fie
applied by a superconducting solenoid. The magnetiza
measurements in the temperature range 0.05<T<1.3 K
were performed by a Faraday method using a high-resolu
capacitive magnetometer.17 The specific heat was measure
by an ac method in the ranges 0.3<T<3 K and 0<B
<6 T. The absolute value of the specific heat was de
mined using the value measured by an adiabatic heat-p

FIG. 1. Field-temperature phase diagram of Ce7Ni3 for Bia and
Bic. The solid lines are a guide to the eye. The inset shows
schematic drawing of the crystal structure of Ce7Ni3. One CeI and
three CeIII atoms form a quasiregular tetrahedron, which sta
along thec axis.
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method.10 The thermal expansion was measured using
strain gauge method.

III. RESULTS AND DISCUSSION

Before presenting the detailed experimental results,
summarize the magnetic field (B)-temperature~T! phase dia-
grams of Ce7Ni3 for Bia and Bic in Fig. 1. The diagrams
emphasize the highly anisotropic behavior ofTN1. For Bia
up to 6 T,TN1 remains at about 1.9 K andTN2 increases with
fields, while forBic bothTN1 andTN2 vanish at 0.3 T. Upon
increasingBic above 0.7 T, a FIM phase appears. Becau
this phase is separated from the SDW phase present b
0.3 T, it is unlikely to be a spin-flop phase in a convention

FIG. 2. Temperature dependence of the electrical resisti
r(T) for the current directionsI ia andI ic, Hall coefficientRH(T)
for the two configurations of electrical currentI and applied mag-
netic fieldB, and magnetic susceptibilityx(T) for Bia andBic of
Ce7Ni3. The inset of~a! shows the resistivity and thermal expansio
along thec axis at low temperature. The inset of~b! shows theRH

againstrmx, whererm is the magnetic part of the resistivity andx
is the magnetic susceptibility~see text!.
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FIELD-INDUCED MAGNETIC TRANSITION IN THE . . . PHYSICAL REVIEW B 67, 144408 ~2003!
antiferromagnet. Instead, the FIM phase appearing from
paramagnetic phase is analogous to the field-induced an
romagnetic phase reported for the frustrated insulating c
pound Gd3Ga5O12.18

Now, we present the electrical resistivityra(T) andrc(T)
along thea and c axis of Ce7Ni3 in zero field in Fig. 2~a!.
The significant increases ofra(T) andrc(T) below 40 K are
due to the Kondo effect. As shown in the inset, there exis
small hysteresis inrc(T) around 4 K, where the therma
expansion along thec axis exhibits a distinct jump. Thes
observations suggest a lattice distortion along thec axis at
around 4 K. The neutron diffraction study11 indicated that the
symmetry of the space group at 1.4 K is lowered toP3m1,
in which the screw operation inP63mc is lost. Therefore,
the distortion along thec axis may result from the structura
transition into a lower symmetry phase.

With decreasing temperature belowTN151.9 K, rc(T)
increases steadily. Such an increase of resistivity at the S
transition temperature for certain Ce compounds is explai
by the superzone-gap formation on the Fermi surface al
the propagation vector of SDW’s. If gap formation reduc
the carrier number, then the absolute value of the ordin
Hall coefficientR0 should increase. The Hall coefficientRH
is given by the sum ofR0 and the anomalous Hall coefficien
Ra . The latter arises from magnetic scattering~skew scatter-
ing! and is expressed asRa5Drmx, whereD, rm , andx are
a constant factor, the magnetic contribution tor(T) from 4f
electrons, and the magnetic susceptibility, respectively.
Ce7Ni3, theRH(T) for Bic has a sharp peak atTN151.8 K
as shown in Fig. 2~b!, which is identical to that ofx(T) for
Bic as shown in Fig. 2~c!. This fact suggests that the SDW
gap on the Fermi surface is very small and/or imperfect,

FIG. 3. Temperature dependence of electrical resistivityr(T)
for the current directionI ia and specific heat divided by temper
tureC/T of Ce7Ni3 under magnetic fields forBia andBic. TM was
taken as the cross point of the two lines as depicted in~c!, and the
temperature of the inflection point ofC/T in ~d!.
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the main part ofRH originates fromRa . As shown in the
inset of Fig. 2~b!, theRH aboveTN1 is almost linear agains
rmx. For bothBia andBic, the value ofR0 obtained by the
linear extrapolation tormx50 is 0.231023 cm3/C, which
is close to those of heavy fermion metals, such
CeAl2 (0.3331023 cm3/C) and CeCu2Si2 (0.26
31023 cm3/C).19

The increases ofra(T) at TN2,T,TN1 can not be ex-
plained by the effect of SDW’s withkic, but may be attrib-
uted to spin fluctuations along thea axis. ra(T) and rc(T)
pass through pronounced maxima atTN2 and reach the large
residual values of 90 and 110mV cm, respectively. It should
be noted that the large residual resistivity dose not origin
from lattice defects or impurities, but from the remainin
spin fluctuations. This argument is based on the fact that b
ra andrc are largely suppressed by magnetic field, as sho
in Figs. 3 and 6.

In the following, we will discuss the magnetic phase d
gram in more detail. Figure 3 shows the low-temperat
data of resistivityr(T) and specific heat divided by temper
ture C/T at various constant fields,Bia andBic. For Bia,
the peaks in bothra(T) and C/T at TN1 remain up to 6 T,
and the maxima atTN2 shift to higher temperatures. On th
other hand, the peaks in bothra(T) andC/T at TN1 vanish
for Bic>0.5 T. At 0.5 T, a short-range magnetic order ma
fests itself in a broad maximum inra(T) and a broad shoul-
der inC/T at 0.6 K. At 0.5 and 0.7 T, the continuous increa
of C/T on cooling strongly suggests that spin fluctuatio
remain at low temperatures. AboveBic51 T, a sudden de-
crease ofra(T) and another peak inC/T appear at around
0.5 K, which suggest the FIM transition. By integrating th

FIG. 4. Temperature dependence of magnetization~a! and ca-
pacitance of the magnetometer under magnetic fields forBic. TM

was taken as the temperature of a kink in theM (T) and minimum
of the capacitance.
8-3
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K. UMEO et al. PHYSICAL REVIEW B 67, 144408 ~2003!
C/T data at 2 T, we estimate the entropy released at the
transition temperatureTM to be 0.53 J/K mol Ce>0.1R ln 2.
This small entropy may imply that the FIM transition
associated with the ordering of CeIII with the small moment
of 0.1 mB .

The magnetic nature of the FIM transition is indicated
a small kink in the magnetizationM (T) at Bic52 and 8 T
as shown in Fig. 4~a!. At 4 and 6 T,M (T) exhibits no dis-
tinct anomaly. These observations can be understood if
field dependence ofTM is very small, that is,dTM /dB>0.
Then, the Ehrenfest relation, D(]M /]T)5
2(dTM /dB)D(C/T), gives D(]M /]T)50. The tempera-
ture dependence of the capacitance of the magnetomet
shown in Fig. 4~b!, where the data for two runs with an
without a gradient field are plotted. At 6 T, a clear upturn
observed in both curves at around 0.65 K, which proba
originates from a torque effect. When the temperature is lo
ered belowTM , the magnetic anisotropy in the FIM phas
induces a torque in the crystal. This torque twists the cap
tor plate on which the crystal is glued.17 In obtaining the
magnetization value, the torque effect is eliminated by tak
a difference between the capacitances with and withou
gradient field. It is conjectured that the magnetic anisotro
arises from CeIII spins having the magnetic easy axis perp
dicular to the c axis.11 At 0.5 T, on the other hand, no
anomaly in both ofM (T) and capacitance curves sugge
the persistence of the paramagnetic state down to 0.05

Figure 5 shows the field dependence of the magnetiza
for Bic at temperatures below 0.45 K. A metamagnetic tr
sition is seen at 0.3 T. The jump of magnetization of 0.37mB
can be explained by assuming the spin-flip of CeI and CeII
spins. The FIM transition manifests itself in a weak increa

FIG. 5. Field (Bic) dependence of magnetization of Ce7Ni3 at
0.45 and 0.05 K~a!, and differenceDM5M (T)2M (0.45 K) for
T50.05, 0.2, and 0.3 K~b!. The field-induced magnetic transitio
field BM was taken as the field of the inflection point ofDM (B).
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of M (B) at BM>0.7 T. It is more clearly seen as a max
mum in DM5M (0.05K)M (0.45 K) in Fig. 5~b!. The small
jump of 0.004mB supports the conjecture that the CeIII spins
having the smallest moment partially align along thec axis.
Furthermore, the hysteresis ofDM (B) suggests that the tran
sition from the paramagnetic state to the FIM state is of fi
order.

The magnetoresistanceDr/r05@r(B)2r(0)#/r(0) as a
function ofBic is displayed in Fig. 6. The sharp anomaly
Dr/r0 at B50.2 T is associated with the metamagnetic tra
sition. On cooling below 0.4 K, the FIM transition manifes
itself in the large decrease ofDr/r0 at BM>0.7 T for both
directions of measuring currentI ia and I ic. For I ic at the
lowest temperature 0.03 K, the relative decrease ofDr/r0
>40% atB>0.7 T is much larger thanDr/r0>12% atB
50.2 T. This indicates that spin fluctuations remain in t
field-induced paramagnetic phase but are largely quenche
the FIM phase. The hysteresis inDr/r0 found at around 0.7
T is consistent with that ofDM (B) in Fig. 5~b!. The maxima
at 4;6 T suggest some sorts of phase transition in the F
phase, while no anomaly inM (B) has been found at tha
fields.

We now discuss the origin of the separation of the F
phase from the SDW phase in the phase diagram show
Fig. 1. To our knowledge, the field-induced magnetic pha
appearing from a paramagnetic phase has been observ
four distinct systems;~a! spin-singlet ground-state system
e.g., CsFeCl3,20 TlCuCl3,21 and Ni(C5H14N2)2N3(PF6),22~b!
the Ce-based superconductor CeCu2Si2 locating in the vicin-
ity of quantum critical point,23–25 ~c! quasi-two-dimensiona
organic conductors such as (TMTSF)2ClO4,26 and ~d! geo-

FIG. 6. Field (Bic) dependence of magnetoresistanceDr/r0

5@r(B)2r(0)#/r(0) for the current directionsI ia and I ic. The
field-induced magnetic transition fieldBM was taken as the field o
the inflection point ofDr/r0.
8-4
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FIELD-INDUCED MAGNETIC TRANSITION IN THE . . . PHYSICAL REVIEW B 67, 144408 ~2003!
metrically frustrated magnets such as Gd3Ga5O12.18 We con-
sider the applicability of each scenario to Ce7Ni3. First, the
spin-singlet, ground-state system, which possesses a
lying excited multiplet, can order magnetically at the lev
crossing field if the exchange interaction is larger than
Zeeman energy. This scenario cannot be applied to Ce7Ni3
because the crystal-field ground state is a doublet accor
to the specific-heat data.10 Second, the origin of the FIM
phase in CeCu2Si2 is still vague to the best of our knowl
edge, and, therefore we do not consider it further.

Third, for the quasi-two-dimensional system, the fie
induced SDW~FISDW! occurs when the Fermi-surface nes
ing is incomplete. The Landau quantization in the pock
formed as the result of the incomplete nesting causes a s
of gaps to appear around the main SDW gap. The Land
quantization-assisted FISDW is unlikely to occur in t
three-dimensional system Ce7Ni3. If the FISDW occurs, the
magnetoresistance should become positive, and the abs
value of Hall resistivity should increase due to the gap f
mation at the Fermi level. For Ce7Ni3, however, the magne
toresistance for bothI ia and I ic is negative at the FIM
transition as shown in Fig. 6. The absolute value of H
resistivity rxy dose not increase with fields, but exhibi
similar field dependence as that ofMDr/r0, as shown in
Fig. 7. This fact suggests that the anomalous Hall effec
dominant at the FIM transition in Ce7Ni3.

Fourth, for the geometrical frustrated system, a lack
magnetic order at low fields is caused by the strong s
fluctuations due to a geometrical frustration. Application o
magnetic field quenches the frustration, and leads to a t
sition to a magnetically ordered state. This scenario is p
sible for the FIM transition in Ce7Ni3. By using the atomic
positions of Ce7Ni3 determined at 7 K by powder neutron
diffraction,11 the average distances between one Ce atom
neighboring atoms in the coordination polyhedra defined
the Brunner-Schwarzenbach method27 are 3.58, 3.58, and
3.54, respectively, for CeI , CeII , and CeIII . These nearly
equal distances for three sites suggest similar hybridiza
strength, and thus, similar size of magnetic moments for
three sites. Therefore, the strongest reduction of the ord
moment for CeIII may result from not only the Kondo effec

FIG. 7. Field (Bic) dependence of Hall resistivity andMDr/r0

at 0.35 K, whereM is the magnetization andDr/r0 is the relative
magnetoresistance.
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but also a sort of frustration effect. In fact, strong reducti
of ordered moments has been observed in geometrically f
trated heavy-fermion compounds, CePdAl and UNi4B.28,29

For Ce7Ni3, the geometrical frustration is expected in th
quasiregular tetrahedron formed by CeI and CeIII , as shown
in the inset of Fig. 1. If the tetrahedron becomes a regu
tetrahedron, the arrangement of magnetic atoms caus
strong geometrical frustration effect. Because the CeI-CeIII
distances in the tetrahedron are almost equal within a dif
ence less than 4%,11 a frustration effect should exist on CeI
and CeIII . In fact, a spin-glass transition due to the frustr
tion is found in the isostructural compound Ce7Ru3, of
which the difference in interatomic distances is about 2%.9 In
the tetrahedron, the three CeIII atoms form a regular triangle
but the triangle made of one CeI and two CeIII is slightly
distorted. Therefore, the frustration effect on CeIII should be
larger than that on CeI . This may manifest itself in the
smaller moments of CeIII than that of CeI . The small
anomalies in the specific heat and magnetization associ
with the FIM transition could be explained by the rearrang
ment of CeIII moments. The spin fluctuation due to the fru
tration prevents the magnetic moment of CeIII from ordering
in the field range 0.3,B,0.7 T. Recently, fluctuating loca
fields have been observed in the external field above 0.3 T
muon-spin-rotation spectroscopy.30 Beyond 0.7 T, however,
CeIII moments may be partially aligned along thec axis by
the exchange fields produced by the field-induced ferrom
netic moments of CeI and CeIII . In order to determine the
magnetic structure of the FIM phase, a neutron diffract
study in magnetic fields is now in progress.

In summary, we have determined theB-T phase diagram
of the heavy-fermion antiferromagnet Ce7Ni3 using the
single-crystalline sample. A field-induced magnetic pha
has been found forBic.0.7 T andT,0.5 K, which is sepa-
rated from the SDW phase in the regionBic,0.3 T. Com-
bination of the results of specific heat and magnetizat
suggests that the rearrangement of the CeIII moments is re-
sponsible for the field-induced magnetic order. We attrib
the separation from the low-field SDW phase to large s
fluctuations on CeIII , which originate from a geometrica
frustration in the quasiregular tetrahedron made of CeI and
CeIII atoms in Ce7Ni3.

ACKNOWLEDGMENTS

We acknowledge H. Kadowaki for helpful discussion
Specific-heat measurements were carried out at the C
genic Center, Hiroshima University. Resistivity and magn
tization measurements under magnetic fields were perfor
as joint research at the National Institute for Materials S
ence and ISSP of the University of Tokyo, respectively. T
work was supported by the COE Research~Grant No.
13CE2002! in a Grant-in-Aid from the Ministry of Educa-
tion, Culture, Sports, Science and Technology of Japan.
8-5



S
u

ki

ur

h,

ai,

gr

d
d

y

an

ra

en

pp-

. J.

ys.

ica

ev.

ng,
.

.

ng-

g,

.

a-

K. UMEO et al. PHYSICAL REVIEW B 67, 144408 ~2003!
*Email address: kumeo@sci.hiroshima-u.ac.jp
†Present address: National Research Laboratory for Material
ence, KBSI, 52 Yeoeun-dong, Yusung-ku, Daejeon 305-333, So
Korea.
1A. P. Ramirez, inHandbook of Magnetic Materials, edited by K.

H. J. Buschow~Elsevier Science B.V., Amsterdam, 2001!, Vol.
13, p. 426.

2M. Shiga, K. Fujisawa, and H. Wada, J. Phys. Soc. Jpn.62, 1329
~1993!.

3C. Urano, M. Nohara, S. Kondo, F. Sakai, H. Takagi, T. Shira
and T. Okubo, Phys. Rev. Lett.85, 1052~2000!.

4M. Hanawa, Y. Muraoka, T. Tayama, T. Sakakibara, J. Yama
and Z. Hiroi, Phys. Rev. Lett.87, 187001~2001!.

5A. Donni, H. Kitazawa, P. Fischer, J. Tang, M. Kohgi, Y. Endo
and Y. Morii, J. Phys.: Condens. Matter7, 1663~1995!.

6Y. Isikawa, T. Mizushima, N. Fukushima, T. Kuwai, J. Sakur
and H. Kitazawa, J. Phys. Soc. Jpn.65, 117 ~1996!.

7R.B. Roof, Jr., A.C. Larson, and D.T. Cromer, Acta Crystallo
14, 1084~1961!.

8D. Gignoux and D. Schmitt, inHandbook on the Physics an
Chemistry of Rare Earths, edited by K. A. Gschneidner, Jr. an
L. Eyring ~Elsevier Science B. V., Amsterdam, 1995!, Vol. 20, p.
293.

9O. Trovarelli, J.G. Sereni, and J.P. Kappler, J. Low Temp. Ph
108, 53 ~1997!.

10K. Umeo, T. Takabatake, N. Sato, T. Komatsubara, K. Oda,
K. Kindo, J. Phys. Soc. Jpn.66, 2133~1997!.

11H. Kadowaki, K. Motoya, T. Kawasaki, T. Osakabe, H. Okumu
K. Kakurai, K. Umeo, and T. Takabatake, J. Phys. Soc. Jpn.69,
2269 ~2000!.

12K. Umeo, H. Kadomatsu, and T. Takabatake, J. Phys.: Cond
Matter 8, 9743~1996!.

13K. Umeo, H. Kadomatsu, and T. Takabatake, Phys. Rev. B55,
R692 ~1997!.

14K. Umeo, T. Takabatake, H. Ohmoto, T. Pietrus, H.v. Lo¨hneysen,
14440
ci-
th

,

a,

.

s.

d

,

s.

K. Koyama, S. Hane, and T. Goto, Phys. Rev. B58, 12 095
~1998!.

15J.G. Sereni, O. Trovarelli, J.P. Kappler, C. Paschke, T. Tra
mann, and H.v. Lo¨neysen, Physica B199-200, 567 ~1994!.

16J.S. Kim, K. Heuser, and G.R. Stewart, Solid State Commun.108,
261 ~1998!.

17T. Sakakibara, H. Mitamura, T. Tayama, and H. Amitsuka, Jpn
Appl. Phys.33, 5067~1994!.

18P. Schiffer, A.P. Ramirez, D.A. Huse, and A.J. Valentino, Ph
Rev. Lett.73, 2500~1994!.

19E. Cattaneo, Z. Phys. B: Condens. Matter64, 305 ~1986!.
20M. Chiba, S. Ueda, T. Yanagimoto, M. Toda, and T. Goto, Phys

B 284-288, 1529~2000!.
21T. Nikuni, M. Oshikawa, A. Oosawa, and H. Tanaka, Phys. R

Lett. 84, 5868~2000!.
22E.L. Carlin, and L.J. De Jongh, Chem. Rev.86, 659 ~1986!.
23P. Gegenwart, C. Langhammer, C. Geibel, R. Helfrich, M. La

G. Sparn, F. Steglich, R. Horn, L. Donnevert, A. Link, and W
Assmus, Phys. Rev. Lett.81, 1501~1998!.

24G. Bruls, B. Wolf, D. Finsterbusch, P. Thalmeier, I. Kouroudis, W
Sun, W. Assmus, B. Lu¨thi, M. Lang, K. Gloos, F. Steglich, and
R. Modler, Phys. Rev. Lett.72, 1754~1994!.

25F. Steglich, P. Gegenwart, C. Geibel, P. Hinze, M. Lang, C. La
hammer, G. Sparn, and O. Trovarelli, Physica B280, 349
~2000!.

26M.J. Naughton, R.V. Chamberlin, X. Yan, S.-Y. Hsu, L.Y. Chian
M.Y. Azbel, and P.M. Chaikin, Phys. Rev. Lett.61, 621 ~1988!.

27G.O. Brunner and D. Schwarzenbach, Z. Kristallogr.133, 127
~1971!.
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