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Field-induced magnetic transition in the heavy-fermion antiferromagnet CeNi;
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We present a detailed study of the fiélB) - temperaturéT) phase diagram of the heavy-fermion antifer-
romagnet CgNi that crystallizes in the hexagonal 7He;-type structure with three nonequivalent Ce sites
(Ce,, Cey, and Cgqy;). This compound undergoes two magnetic transitiongat= 1.9 K andTy,=0.7 K in
zero field. BelowTy;, an incommensurate spin density wd@®W) develops, and beloW,, a commensurate
SDW appears independently. By applying fields alongcthgis, bothT; and Ty, are suppressed and vanish
at 0.3 T. ForB|c>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;, Cevhich originate from a geometrical
frustration in the quasiregular tetrahedron made of &&d Cgq,, .

DOI: 10.1103/PhysRevB.67.144408 PACS nuntder75.25:+z, 72.15.Qm, 75.30.Kz

I. INTRODUCTION structure having modulation vectkr=0.25* appears inde-
pendently of the incommensurate SDW fog,<T<Ty;.

The interesting physics provided by geometrically frus-The magnetic easy axis for both Cand Ceg, is parallel to
trated systems is under active discussion. The geometricéiie c axis, while that for Cg, is perpendicular to the axis™
frustration can occur in triangular, kagome, f.c.c. and pyro- The magnetically ordered state of {B&; is very sensitive
chlore lattices where nearest-neighbor interactions competéQ pressure and magnetic field. With application of pressure,
The frustration in insulating materials leads to multiple phasd0th Ty, andTy, decrease and vanisht=0.39 GPa, and
transitions and novel field-induced magnetic phdségen  Nnon-Fermi liquid behavior appears while it might be compli-
the frustration affects an itinerant magnet, unusual physicafated(no specific heat divided by temperat@Te—InT
properties have been observed; spin-liquid behavior ifor T—0) in this systent?~**This observation suggests that
Y 0.9:5G 0dMIN, (C15 cubic Laves phasé heavy-fermion be-  €ven atP=Q, the Kondo interaction competes with the
havior in LiV,0, (spine)® and superconductivity in Ruderman-Kittel-Kasuya-Yoshida interaction. Upon apply-
Cd,Re,0, (pyrochlore.* However, there have been few iNg & rather weak magnetic field of 0.2 T along thexis, the
studies on geometrically frustrated ceri®e) compounds. €aSy magnetization axis, the SDW state collapses, and a
In CePdAl with the quasikagome lattice of Ce atoms, onefield-induced ferromagnetic state is stabilized.The
third of Ce ions remain paramagnetic in the antiferromag-SpeC'f'C'heat measurements under magnetic fields were per-
netically ordered state beloWy=2.7 K.5¢ formed by two groups using polycrystalline samples® Se-

Another candidate for the frustrated Ce compound igenietal’® showed that a field of 6 T completely smears out
CeNis, which crystallizes in the hexagonal Jestype the magnetic ordering, while Kinet al'® showed that the
structure having three nonequivalent Ce sites; 1LGCe,, 1Nz 'émains even at 6 T. Contradictory observations may be
and 3Cg,.” As shown in the inset of Fig. 1, the Gand attributed to the effect of magnetic anisotropy. In order to
Ce,, atoms form a quasiregular tetrahedron. These tetrahgfudy the unusual ground state of A8; under magnetic
dra are stacked in chains along thaxis, which resemble the fields, we have measured the field and temperature depen-
frustrated arrangement of Mn atoms RMn, (R=rare dences of the specific he@ magnetizatiorM and electrical
earth crystallizing in the hexagonaC14 Laves structur®. 'eSiStivity p for a single crystalline sample. A field-induced
Ce Ni; undergoes two magnetic transitions B, =1.9 K magneticFIM) phase was found below 0.5 K when the field
andTy,=0.7 K.~ A neutron-diffraction study showed that WaS applied along the axis. In this paper, we present the
the magnetic structure beloWy, is a spin-density wave B-T phase diagram and discuss the origin of the FIM phase.
(SDW) with a modulation vectok=0.2Z*. The ordered
moments are estimated to be 048, 0.70ug, and
0.10 g for Ce;, Ce,, and Cg,, respectively! As tem- For the single-crystal growth of GHli;, we used starting
perature is decreased beloVy,, a commensurate SDW materials of Ce and Ni with a purity of 99.999%. A single

II. EXPERIMENTAL PROCEDURE
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FIG. 1. Field-temperature phase diagram oflg for Bja and FIG. 2. Temperature dependence of the electrical resistivity

Bllc. The solid lines are a guide to the eye. The inset shows th€(T)hfor the curfr_ent dl_rectlor;s\lial an_dlllc, HaLCOEmCIePthH(T)
schematic drawing of the crystal structure of;Nig. One Cq and or the two configurations of electrical curreh&nd applied mag-

three Cgq, atoms form a quasiregular tetrahedron, which stackéﬁIGtiC fieldB, and magnetic susceptibility(T) for Blla andBjjc of
along thec axis CeNij. The inset of @ shows the resistivity and thermal expansion

along thec axis at low temperature. The inset @f shows theRy

crystal was grown by a Czochralsky pulling method using g292inStomx, Wherepp, is the magnetic part of the resistivity and
radio-frequency induction furnace with a hot tungsten cru-S 1€ magnetic susceptibilitsee text

cible. In order to decrease defects, strains, and impurity ions, 0 ) )

the as-grown crystal was treated by the technique of th&ethod.” The thermal expansion was measured using a
solid-state electrotransport. The crystal rod was self-heatedfrain gauge method.

to a temperature at 400 °C. During this treatment for two
weeks, the vacuum was better thar B0 8 Pa. The crystal
orientation was determined by the back-scattering Laue
method. The electrical resistivity and Hall resistivity were Before presenting the detailed experimental results, we
measured by an ac four-terminal method in magnetic fieldsummarize the magnetic fiel@}-temperaturg¢T) phase dia-
applied by a superconducting solenoid. The magnetizatiograms of CeNi; for Bl|a and B|c in Fig. 1. The diagrams
measurements in the temperature range €051.3 K  emphasize the highly anisotropic behaviorTef;. For Blla

were performed by a Faraday method using a high-resolutionp to 6 T,Ty, remains at about 1.9 K arill, increases with
capacitive magnetomet&r.The specific heat was measured fields, while forB||c both Ty; and Ty, vanish at 0.3 T. Upon

by an ac method in the ranges &3<3 K and 0<B increasingB||c above 0.7 T, a FIM phase appears. Because
<6 T. The absolute value of the specific heat was deterthis phase is separated from the SDW phase present below
mined using the value measured by an adiabatic heat-pul€e3 T, it is unlikely to be a spin-flop phase in a conventional

Ill. RESULTS AND DISCUSSION
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FIG. 3. Temperature dependence of electrical resistiy{ty) T (K)
for the current directiort||a and specific heat divided by tempera- o
tureC/T of Ce;/Ni; under magnetic fields fd|a andB|c. Ty, was FIG. 4. Temperature dependence of magnetizatirand ca-
taken as the cross point of the two lines as depicte@)inand the ~ Pacitance of the magnetometer under magnetic field8for Ty
temperature of the inflection point &/T in (d). was taken as the temperature of a kink in MéT) and minimum

of the capacitance.
antiferromagnet. Instead, the FIM phase appearing from a _
paramagnetic phase is analogous to the field-induced antifeihe main part ofRy originates fromR,. As shown in the
romagnetic phase reported for the frustrated insulating cominset of Fig. Zb), the R, aboveTy; is almost linear against

pound GdGa;0;,.18 pmx. For bothB|a andBl||c, the value ofR, obtained by the
Now, we present the electrical resistiviiy(T) andp,(T)  linear extrapolation tp,x=0 is 0.2<10"* cm*C, which
along thea andc axis of CeNij in zero field in Fig. 2a). is close to those of heavy fermion metals, such as

The significant increases pf,(T) andp.(T) below 40 K are  CeAl, (0.33x10 3 cn®/C) and CeCuSi, (0.26
due to the Kondo effect. As shown in the inset, there exists a10 2 cm?/C).**
small hysteresis imp(T) around 4 K, where the thermal  The increases 0p,(T) at T\, <T<Ty; can not be ex-
expansion along the axis exhibits a distinct jump. These plained by the effect of SDW's witk||c, but may be attrib-
observations suggest a lattice distortion along ¢hexis at  uted to spin fluctuations along tleeaxis. p,(T) and p¢(T)
around 4 K. The neutron diffraction stutlyndicated that the pass through pronounced maximalat and reach the large
symmetry of the space group at 1.4 K is lowered’®m1, residual values of 90 and 1100 cm, respectively. It should
in which the screw operation iR6;mc is lost. Therefore, be noted that the large residual resistivity dose not originate
the distortion along the axis may result from the structural from lattice defects or impurities, but from the remaining
transition into a lower symmetry phase. spin fluctuations. This argument is based on the fact that both
With decreasing temperature beloliy;=1.9 K, p(T) pa andp, are largely suppressed by magnetic field, as shown
increases steadily. Such an increase of resistivity at the SDWt Figs. 3 and 6.
transition temperature for certain Ce compounds is explained In the following, we will discuss the magnetic phase dia-
by the superzone-gap formation on the Fermi surface alongram in more detail. Figure 3 shows the low-temperature
the propagation vector of SDW's. If gap formation reducesdata of resistivityp(T) and specific heat divided by tempera-
the carrier number, then the absolute value of the ordinaryure C/T at various constant field8|a andBl||c. For B|a,
Hall coefficientRy should increase. The Hall coefficieRf;  the peaks in botlp,(T) andC/T at Ty, remain up to 6 T,
is given by the sum oR, and the anomalous Hall coefficient and the maxima aty, shift to higher temperatures. On the
R, . The latter arises from magnetic scatterisgew scatter- other hand, the peaks in bogh(T) andC/T at Ty, vanish
ing) and is expressed &;,=Dp.,x, WhereD, p,,, andy are  for B|[c=0.5 T. At 0.5 T, a short-range magnetic order mani-
a constant factor, the magnetic contributiorp{@) from 4f fests itself in a broad maximum im,(T) and a broad shoul-
electrons, and the magnetic susceptibility, respectively. Foder inC/T at 0.6 K. At 0.5 and 0.7 T, the continuous increase
CeNis, the Ry(T) for B|c has a sharp peak a;;=1.8 K  of C/T on cooling strongly suggests that spin fluctuations
as shown in Fig. @), which is identical to that of(T) for ~ remain at low temperatures. AboBfc=1 T, a sudden de-
B|/c as shown in Fig. @). This fact suggests that the SDW crease ofp,(T) and another peak i€/T appear at around
gap on the Fermi surface is very small and/or imperfect, an@®.5 K, which suggest the FIM transition. By integrating the
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FIG. 5. Field B|c) dependence of magnetization of Gk; at
0.45 and 0.05 K@), and differenceAM =M (T)—M(0.45 K) for FIG. 6. Field @|/c) dependence of magnetoresistarice/p,
T=0.05, 0.2, and 0.3 Kb). The field-induced magnetic transition =[p(B)—p(0)]/p(0) for the current directionsl|a andl|c. The
field By, was taken as the field of the inflection point®f (B). field-induced magnetic transition fieBl, was taken as the field of

the inflection point ofA p/p,.

C/T data at 2 T, we estimate the entropy released at the FIM
transition temperaturg,, to be 0.53 J/K mol Ce=0.1RIn2.  of M(B) atBy=0.7 T. It is more clearly seen as a maxi-
This small entropy may imply that the FIM transition is mum inAM=M(0.0K)M(0.45 K) in Fig. 8b). The small
associated with the ordering of Gewith the small moment jump of 0.004ug Ssupports the conjecture that the (gaspins
of 0.1 ug. having the smallest moment partially align along thaxis.
The magnetic nature of the FIM transition is indicated byFurthermore, the hysteresis &M (B) suggests that the tran-
a small kink in the magnetizatiod (T) atB|lc=2 and 8 T  sition from the paramagnetic state to the FIM state is of first
as shown in Fig. @). At 4 and 6 T,M(T) exhibits no dis- order.
tinct anomaly. These observations can be understood if the The magnetoresistandep/po=[p(B)—p(0)]/p(0) as a
field dependence of, is very small, that isdT,,/dB=0. function of B||c is displayed in Fig. 6. The sharp anomaly in
Then, the Ehrenfest relation, A(dM/JT)= AplpyatB=0.2 T is associated with the metamagnetic tran-
—(dTy/dB)A(C/T), gives A(dM/9T)=0. The tempera- sition. On cooling below 0.4 K, the FIM transition manifests
ture dependence of the capacitance of the magnetometeriiself in the large decrease &fp/py at B, =0.7 T for both
shown in Fig. 4b), where the data for two runs with and directions of measuring currehfa andl|/c. ForI||c at the
without a gradient field are plotted. At 6 T, a clear upturn islowest temperature 0.03 K, the relative decrease pfp,
observed in both curves at around 0.65 K, which probably=40% atB=0.7 T is much larger thak p/py=12% atB
originates from a torque effect. When the temperature is low=0.2 T. This indicates that spin fluctuations remain in the
ered belowT),, the magnetic anisotropy in the FIM phase field-induced paramagnetic phase but are largely quenched in
induces a torque in the crystal. This torque twists the capacithe FIM phase. The hysteresis Ap/pq found at around 0.7
tor plate on which the crystal is gluéd.In obtaining the T is consistent with that ahM (B) in Fig. 5b). The maxima
magnetization value, the torque effect is eliminated by takingat 4~6 T suggest some sorts of phase transition in the FIM
a difference between the capacitances with and without ghase, while no anomaly i (B) has been found at that
gradient field. It is conjectured that the magnetic anisotropyfields.
arises from Cg, spins having the magnetic easy axis perpen- We now discuss the origin of the separation of the FIM
dicular to thec axis!! At 0.5 T, on the other hand, no phase from the SDW phase in the phase diagram shown in
anomaly in both ofM(T) and capacitance curves suggestsFig. 1. To our knowledge, the field-induced magnetic phase
the persistence of the paramagnetic state down to 0.05 K. appearing from a paramagnetic phase has been observed in
Figure 5 shows the field dependence of the magnetizatiofour distinct systems(a) spin-singlet ground-state systems,
for B c at temperatures below 0.45 K. A metamagnetic tran-e.g., CsFeG|?° TICuCl;,?! and Ni(GH4N,),N3(PFs),%(b)
sition is seen at 0.3 T. The jump of magnetization of Oud/  the Ce-based superconductor Ce8ipllocating in the vicin-
can be explained by assuming the spin-flip of, @ad Cg, ity of quantum critical poin£®~2°(c) quasi-two-dimensional
spins. The FIM transition manifests itself in a weak increaseorganic conductors such as (TMTSE)JO,,2¢ and (d) geo-
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3 but also a sort of frustration effect. In fact, strong reduction
of ordered moments has been observed in geometrically frus-
trated heavy-fermion compounds, CePdAl and 4B\#82°

For CeNij, the geometrical frustration is expected in the
quasiregular tetrahedron formed by Gad Cg, , as shown

in the inset of Fig. 1. If the tetrahedron becomes a regular
tetrahedron, the arrangement of magnetic atoms causes a
strong geometrical frustration effect. Because thg-Cey,
distances in the tetrahedron are almost equal within a differ-
ence less than 4%, a frustration effect should exist on Ce

FIG. 7. Field @||c) dependence of Hall resistivity andAp/p, ~ and Cey . In fact, a spin-glass transition due to the frustra-

at 0.35 K, whereM is the magnetization anfip/p, is the relative ~ tion is found in the isostructural compound /Bes, of
magnetoresistance. which the difference in interatomic distances is about®%6.

the tetrahedron, the three (zeatoms form a regular triangle,

metrically frustrated magnets such as;Ge;0;,.'8We con-  but the triangle made of one Gand two Cg, is slightly
sider the applicability of each scenario to8i;. First, the  distorted. Therefore, the frustration effect on,¢should be
spin-singlet, ground-state system, which possesses a lodarger than that on Ge This may manifest itself in the
lying excited multiplet, can order magnetically at the level-smaller moments of Gg than that of Ce. The small
crossing field if the exchange interaction is larger than theanomalies in the specific heat and magnetization associated
Zeeman energy. This scenario cannot be applied tdNize with the FIM transition could be explained by the rearrange-
because the crystal-field ground state is a doublet accordingent of Cg,, moments. The spin fluctuation due to the frus-
to the specific-heat datd.Second, the origin of the FIM tration prevents the magnetic moment of C&om ordering
phase in CeCybi, is still vague to the best of our knowl- in the field range 0.8 B<0.7 T. Recently, fluctuating local
edge, and, therefore we do not consider it further. fields have been observed in the external field above 0.3 T by

Third, for the quasi-two-dimensional system, the field-muon-spin-rotation spectroscopyBeyond 0.7 T, however,
induced SDWFISDW) occurs when the Fermi-surface nest- Ce;; moments may be partially aligned along thexis by
ing is incomplete. The Landau quantization in the pocketshe exchange fields produced by the field-induced ferromag-
formed as the result of the incomplete nesting causes a seriggtic moments of Ceand Cgq,, . In order to determine the
of gaps to appear around the main SDW gap. The Landaunagnetic structure of the FIM phase, a neutron diffraction
quantization-assisted FISDW is unlikely to occur in thestudy in magnetic fields is now in progress.
three-dimensional system @\i,. If the FISDW occurs, the In summary, we have determined tBeT phase diagram
magnetoresistance should become positive, and the absolui¢ the heavy-fermion antiferromagnet &5 using the
value of Hall resistivity should increase due to the gap for-single-crystalline sample. A field-induced magnetic phase
mation at the Fermi level. For GNi3;, however, the magne- has been found fdB|c>0.7 T andT<0.5 K, which is sepa-
toresistance for both|a and I|c is negative at the FIM rated from the SDW phase in the regiBlic<0.3 T. Com-
transition as shown in Fig. 6. The absolute value of Hallbination of the results of specific heat and magnetization
resistivity p,, dose not increase with fields, but exhibits suggests that the rearrangement of the,Gaoments is re-
similar field dependence as that BMAp/py, as shown in  sponsible for the field-induced magnetic order. We attribute
Fig. 7. This fact suggests that the anomalous Hall effect ishe separation from the low-field SDW phase to large spin
dominant at the FIM transition in GHlis. fluctuations on Cg , which originate from a geometrical

Fourth, for the geometrical frustrated system, a lack offrustration in the quasiregular tetrahedron made of &ad
magnetic order at low fields is caused by the strong spirCe,, atoms in CeNis.
fluctuations due to a geometrical frustration. Application of a
magnetic field quenches the frustration, and leads to a tran-
sition to a magnetically ordered state. This scenario is pos-
sible for the FIM transition in CNi;. By using the atomic
positions of CeNi; determined 8.7 K by powder neutron We acknowledge H. Kadowaki for helpful discussions.
diffraction'! the average distances between one Ce atom anBlpecific-heat measurements were carried out at the Cryo-
neighboring atoms in the coordination polyhedra defined bygenic Center, Hiroshima University. Resistivity and magne-
the Brunner-Schwarzenbach methbadre 3.58, 3.58, and tization measurements under magnetic fields were performed
3.54, respectively, for Ge Ce;, and Cg, . These nearly as joint research at the National Institute for Materials Sci-
equal distances for three sites suggest similar hybridizatioence and ISSP of the University of Tokyo, respectively. This
strength, and thus, similar size of magnetic moments for thevork was supported by the COE Resear@rant No.
three sites. Therefore, the strongest reduction of the orderetBCE2002 in a Grant-in-Aid from the Ministry of Educa-
moment for Cg, may result from not only the Kondo effect tion, Culture, Sports, Science and Technology of Japan.
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