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Magnetic ordering in frustrated CesNi,Si;
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The transport, magnetic, and thermal properties are studied on an antiferromagnetic compNin8iCe
with Ty=7.3 K. We find signatures of spin fluctuation in this geometrically frustrated magnet. The Curie-Weiss
fit gives a large value of the paramagnetic Curie temperature, yielding a frustration par&m@iér The
electronic specific heat coefficient=300 mJ/Ce mol K is strongly enhanced, leading to residual entropy at
low temperatures. The spin fluctuation is suppressed as the magnetic field exceeds the metamagnetic transition
field H,=1 T, where the magnetoresistance decreases steeply. The steady increase of magnetic susceptibility
below Ty is likely to be associated with the presence of paramagnetic Ce ions. ENi,5&, a superconduct-
ing transition is observed &.=1.8 K.
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I. INTRODUCTION prisms with Ce atoms in the corners, as shown in Fig. 1. The

. . . . . unit cell is composed of four formula units. There are four
The interesting physics provided by geometrically frus-j oy ivalent positions of Ce atoms, two inequivalent posi-

trated systems is under active discussion. The geometri¢,c of Ni atoms, and one position of Si atoms. The prisms
frustration could b(_e present as a part for some geometry Are filled with either Si or Ni atoms, which are ordered with-
the network of spins and can come out with the neares, a0y yacancies. The columns are infinite alaraxis and
ne|ghbo_r antlferromag_netlc interactions. An approprlate_geth(_ly are limited within thexy plane, containing nine small
ometry is as followsi(i) the triangular lattice made of tri- 5004l prisms in the base of each column. In spite of such
angles sharing an edge or the kagome lattice made of triyy'interesting crystal structure, there has been no report on
angles sharing a vertex in two dimensions afgl the fcC  he physical properties of QNi,Si; so far. Isostructural sys-
lattice made. of tetrahedra sharing an edge or that of_ the Péem, PENi, ;Sis, was intensively studied for its magnetic and
rochlore lattice made of tetrahedra sharing a vertex in thre@,ormal prbperties. lts magnetic moment orders ferromag-
dimensions. The nearest neighbors of any spin in these lafetically atT.=50 K and undergoes a second antiferromag-
tices are themselves nearest neighbors of each other, whi¢h.ii- transition atTy=25 K, which is smeared out a

makes it intrinsically impossible to build a consistent antifer-— 5 1 |1 order to understand the novel magnetic phenomena
romagnetic configuration of collinear spins. A subset of SPiN%ccurring from the geometrical frustration in §&,Sis, we

exists for which there is no way to fix an orientation, which erein report details of its transport, magnetic, and thermal
leads to infinitely degenerate manifolds of spin configura-

‘ -~ ; ~“properties.
tions differing from each other by local spin transformation.
In general, the conditions for geometrical frustration are hard
to meet in metallic crystals. The complexity of the interac-
tions in metals makes a simple geometrical feature such as Polycrystalline samples of GNi,Si; and LaNi,Si; were
triangular coordination insufficient to induce frustration. prepared by an arc melting in an argon atmosphere and then
Nevertheless, physical properties of some special metalsnnealed at 650 °C for 3 weeks in an evacuated quartz tube.
in the heavy fermion class of compounds have hallmarks of ess than 0.2% weight loss occurred during the melting pro-
some of the geometrically frustrated magnets. For some ge@ess. Metallographic analyses indicated that the samples
metrically frustrated systems like UMl (Refs. 1-4 and  used in this study are essentially single phased. The lattice
CePdAlI? however, the novel antiferromagnetic ordering is parameters estimated from x-ray diffraction method are
discovered. The magnetic U atoms of UBlioccupy a trian-  =15.9979) A and ¢=4.3091) A for CeNi,Si;, and a
gular lattice in the basal plane and form a vertex structure=16.2148) A and c=4.3531) A for LagNi,Si;, which are
with each vertex enclosing a nonmagnetic U ion, while theyell consistent with those in Ref. 6.
Ce atoms of CePdAl form a network having a kagome con-

II. EXPERIMENT

nection and sh0\_/v a mixed magnetic c_onfiguration. IIl. EXPERIMENTAL RESULTS
Another candidate for the geometrically frustrated com-
pounds with antiferromagnetic ordering could be;igSis. Figure 2a) shows the temperature dependence of the

It crystallizes in the hexagonal @¥iSi-type structure with a magnetic contribution to the specific he@t(T), which was
space grougP6;/m.6 The crystal structure consists of com- estimated by subtracting th&(T) data for LaNi,Si; from
plex trigonal prismatic assemblies build from small trigonalthose for CeNi,Si;. In zero field, C(T) exhibits a pro-
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FIG. 2. (Color) (a) Magnetic contributiorC,,(T) to the specific
heat and(b) C,,/T of CeNi,Siz in various magnetic fields. Tem-
perature dependence of the magnetic enti@gy) is plotted in the
inset.

FIG. 1. Perspectiveupper pangl(Ref. 7) and projectivglower
pane) views of unit cellfor CgN|2$|3. Ce qtoms are represerllted by perature is estimated to bjéK~|0p/2|~3l K, giving y
large gray and_ black circles, which are in tb_b4 and /4 sites, =190 mJ/Ce mol R following the Cogblin-Schrieffer
respectively. Ni atoms are small black and Si atoms are small graynodel8? It is noteworthy that they value obtained from the
C./T curve is much larger than that estimated from the
nounced peak centered at 6.6 K. The transition temperatur€urie-Weiss fit ofy(T). The proximity of the phase transition
Ty=7.3 K is defined by the midpoint of the jump ®(T),  and the still elevated temperatures above 2 K introduces
which agrees with the antiferromagnetic ordering temperaguite some uncertainty. In order to obtain the rgalalue,
ture observed in the magnetic susceptibility data. With in-we need to do the specific heat measurement at lower tem-
creasing magnetic field up to 1 T, the peak temperaturgeratures. Thus, there is other contribution to the layge
slightly moves down to 6.4 K foH=1 T, indicating that the Value in this system, which will be discussed in detail below.
magnetic ordering is indeed antiferromagnetic-type. How-The largey value gives rise to the large amount of entropy
ever, further increase of the applied field results in a broadleveloping at low temperatures.
peak and the peak moves into higher temperatures. This im- The inset of Fig. &) displays the temperature depen-
plies that the magnetic ordering in fields exceeding 1 T isdence of magnetic entrop$,(T) normalized by the total
ferromagneticlike, which could be supported by the magneentropy for Cé&" doublet ground state, namelRIn 2
tization curve showing a field-induced ferromagnetic state=5.76 J/Ce mol K. Clearly, there is seen large residual en-
above H,,=1 T. Above 30 K, the monotonic increase of tropy. In zero field S,(T) at Ty comes up to 0.58RIn 2. This
C(T) with temperature, independent of the applied magneti¢deduced entropy could not be understood by considering the
field, is observed, which can be attributed to the crystallineondo effect only. It reaches the full value Bfln 2 around
electric-field(CEP effect. In the low temperature limit; see 20 K, which is comparable to the Kondo temperatdie
Fig. 2(b), one can find the linear Sommerfeld coefficignt obtained fromé,. The S;(T) curves are crossing at tempera-
below 1 T away from the tail of a phase transition is roughlytures betweeffy andTy. This field variation ofS,(T) seems
300 mJ/Ce mol K, which is comparable to the value ex- to be associated with moderate competition between the fer-
pected for the Kondo system. In our case ofMigSis, using  romagnetic state and the Kondo state.
the value of paramagnetic Curie temperatéye-—-61.3 K Figure 3a) shows the temperature dependence of mag-
obtained from the Curie-Weiss fit gf(T), the Kondo tem- netic susceptibility x(T) and its inverse L(T) for
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FIG. 4. (Color) Temperature dependence of the electrical resis-
tivity p(T) measured at various magnetic fields for;8Sis.

with the magnetic resistivity given by,=p(CeNi,Sis)
—p(LagNi,Sig). It is found thatp(T) of CeNi,Si; decreases
monotonically with temperature down to 100 K and exhibits

. an upward curvature around 50 K and eventually increases
FIG. 3. (a) Temperature dependence of the magnetic susceptisharply below 10 K. The sharp rise jfT) just belowTy is

bility x(T) and its inverse L¥(T) for CeNi,Si; measured aH
=100 G. The inset shows the low temperature datg/(@). (b)
Temperature dependence of the electrical resistiyitf) for
CeNi,Siz and LaNi,Si;. The resistivity of LgNi,Si; shifts to a
positive direction by 7Qu{) cm. The magnetic contributiop,, to
the electrical resistivity of GfNi,Siz is also plotted. The inset
shows the low temperature data mf.

CeNi,Sis. It is found thaty(T) increases with decreasing —
temperature and exhibits an anomaly due to an antiferromagg
netic ordering afy=7.3 K. As seen in the inset of Fig(a, Ed
x(T) still increases belovfy, which is not expected for a =
normal antiferromagnet. Such a Curie tail bel®dyy which is
also observed iny(T) of UNi,B (Ref. 1) and CeSg'° is
independent of the applied magnetic field and thus is likely
intrinsic property of the compound rather than an impurity
effect. At temperatures above 150 K, T) follows the
Curie-Weiss law with an effective magnetic momeumd;
=2.42ug/Ce and a paramagnetic Curie temperatue
=-61.3 K. The estimated value gf; is comparable to the >
theoretical value of 2.54g/Ce for a free C& ion, indicat- O
ing that the magnetic moment of Ce ions is localized and the =
Ni ions do not carry magnetic moments. The observed negag
tive sign of ¢, can be understood to arise from the develop-
ment of antiferromagnetic-type correlations between the Ce
moments at high temperatures. The relatively large value of
6, might be associated with the Kondo effect or the frus-
trated magnetic moments, which will be discussed below. At
temperatures below 150 K, the deviation from the Curie-
Weiss behavior could be attributed to the CEF effect. More
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often found in rare-earth intermetallic compounds showing
spin density waves, superzone gap, and spin fluctuation,

('sypun "que ) Hp/NP

experiments such as high-resolution angle-resolved photo- giG. 5. (Color) (a) Magnetic field dependence of the electrical
emission studies and inelastic neutron scattering measurgssistivity p(H). The field derivatives of the electrical resistivity

ments are required to estimate the CEF parameters.
The temperature dependence of electrical resist()
for CeNi,Si; and LaNi,Sis is plotted in Fig. 8b), together
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dp/dH at various temperatures are plotted in the indgtMagnetic
field dependence of the magnetizatiditH) and the field derivative
dM/dH at T=2 K for Ce&Ni,Sis.
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which will be discussed later. The residual resistivity is ob-rials with geometrical frustratiof:™*2 The spin fluctuation
tained to be about 24a() cm. Such a high residual resistiv- due to the geometrical frustration is responsible to the rapid
ity could be associated with an impurity effect and/or crys-rise of p(T) just belowTy and its suppression in field.
talline anisotropy. On the other hangd(T) of LagNi,Si; Compared to rather relatively simple crystal structure and
decreases with decreasing temperature as a usual metal amégnetic correlations of UNB and CePdAL->the unit cell
exhibits a superconducting transitionTat=1.8 K. In the in-  of CgNi,Si; consists of four formula units with twenty Ce
set of Fig. 3b), the magnetic contributiop,(T) to the elec- atoms and the magnetic correlations are complex. Twelve Ce
trical resistivity of CeNi,Ge; shows a semi-lod behavior atoms in two hexagons, two Ce atoms lying inside the hexa-
in the high temperature region, which is attributed to thegon, and six Ce atoms forming two triangular lattices. At
Kondo effect considering the CEF effect. Tn=7.3 K, 12/20 of the magnetic Ce ions in two hexagons
We have further studied the magnetic field effect on theseems to order into an antiferromagnetic pattern in the basal
transport and magnetic properties of;8&Si; by measuring  plane, because the in-plane Ce-Ce distance is shorter that the
magnetoresistance and magnetization. Figure 4 shgWs interplane Ce-Ce distance and thus the magnetic ordering is
with varying magnetic fields up to 9 T perpendicular to theexpected to occur in the basal plane. Then, the magnetic
current. The sharp rise ip(T) just belowTy is suppressed as interaction around the antiferromagnetically ordered Ce ions
the field is increased. In fields above 2 T, no anomaly igh the hexagonal arrangement might be cancelled out, result-
noticed at temperatures down to 2 K. Such a negative magdng that 2/20 of the spins lying inside the hexagon are para-
netoresistance is remarkable at low temperatures b&lpw Mmagnetic. The presence of the paramagnetic state that incor-
The field dependence of resistivipyH) at constant tempera- porates with the antiferromagnetic ordering could give rise to
tures is presented in Fig(®, together with the field deriva- the steady increase jp(T) below Ty as well as the upturn in
tive dp/dH in the inset. At temperatures beloW, p(H)  p(T) just belowTy. The remaining 6/20 of the spins with
decreases steeply arouitj,=1 T and tends to saturate in having two triangles as the structural unit seem to be of the
higher magnetic fields. On the other hap@H) aboveTyis  frustrating type. Even aboué,,=1 T, there are possibly two
independent of the applied field. These results agree with thiypes of magnetic correlations as the structural unit corre-
metamagnetic transition observed in the magnetization datgPonding to the hexagonal structure into an antiferromag-
Figure §b) shows the isothermal magnetizatidiH) mea- netic pattern_ and the tr'iangulalr structure into a field-induced
sured at 2 K. Itis found thavl(H) deviates upward from the ferromagnetic pattern, in addition to the background of para-
linear dependence aroutt}, and exhibits partial saturation magnetic state. In this sense, we are able to understand the
at higher fields. No complete saturation, as seep(i), is ~ Negative slope op(H) below Ty as the result of reduced
observed up to 7 T. The value of magnetic moment at 7 T ignagnetic scattering by p(_)larlzmg the fluctuating spins which
0.66 15/ Ce, which is much less than the full moment ex- O¢CUPY the triangular lattices. _ .
pected from a free G& ion. This might be associated with _ These are only qualitative observations for the experimen-
the Kondo and/or CEF effects considering crystallographid@! Signatures of geometrical frustration in¢8,Sis. To il-
anisotropy. The plot of field derivative of the magnetization!ustrate this point, further studies such as neutron scattering
dM/dH exhibits a sharp peak arourd,=1 T due to the @and SR experiments are needed. Of particular interest in
metamagnetic transition, which is probably of the spin-flipfuture directions is to study the single crystal ofsNgSis,
type, from the antiferromagnetic ground state to a field-Which will provide us to identify this system that possess
induced ferromagnetic state. It is worthwhile mentioning thatS'ong geometrical frustration and to address the crystallo-

this field value coincides with,, where ¢b/dH exhibits a ~ 9raphic anisotropy that is important in such a frustrating
sharp peak. compound. Another system of interest is the substituted sys-

tem Ce_,La,Ni,Si;, which will allow us to control disorder.
If the triangular lattice is replaced by a random lattice, then
IV. DISCUSSION spin-glass behavior can be driven by introducing disorder.
Substitution of La for Ce may induce negative chemical
We discuss below the unusual dynamics of magnetic corpressure and then the antiferromagnetic state may be presum-
relations in CeNi,Si;, which could be explored by consid- ably destabilized. In addition, the application of external
ering spin density wave, superzone gap, or spin fluctuatiorpressure could suppress the spin fluctuation. Such studies
as mentioned above. For materials with spin density wave ofill provide a different way to realize a system of strongly

superzone gap, the physical properties can be understood jigteracting spins with random quenched disorder.
arise from the development of partially gapped Fermi surface

at the Fermi level. Because of the energy gap,) is steeply
increased just belowiy and is strongly suppressed by apply-
ing magnetic field. In additionC,/T in such systems ap- In conclusion, we have studied the transport, magnetic,
proaches zero as the temperature is decreased Ggloor  and thermal properties of @¥i,Si;. We find the antiferro-
CeNi,Sis, however, it rather increases as approachingmagnetic transition afy=7.3 K but a relatively large value
Cn/ T(T—0)=300 mJ/Ce mol R In addition, the slope of of §,=-61.3 K from the well-defined Curie-Weiss fit, giving
the measured 3dT) curve yields a large value @, result-  a frustration parametei=8.4. The low-temperature data of
ing quantitatively in the frustration parametér-6,/Ty  Cy(T) yields a sufficiently large residual entropy with
=8.4. Such largey andf values are often observed in mate- =300 mJ/Ce mol K These experimental signatures of geo-

V. CONCLUSION

224409-4



MAGNETIC ORDERING IN FRUSTRATED CgNi,Sis PHYSICAL REVIEW B 70, 224409(2004)

metrical frustraction in CéNi,Si; could be understood by ACKNOWLEDGMENTS

considering the special geometry of the lattices without in-  Thjs work supported by the Korea Science and Engineer-
troducing disorder. The magnetic Ce ions which order into aning Foundation through the Center for Strongly Correlated
antiferrromagnetic pattern form hexagonal nets in the basallaterials ResearctiCSCMR) at Seoul National University
plane, the paramagnetic Ce ions lie in the center of eachnd by Grant No. R01-2003-000-10095-0 from the Basic
hexagon, and the remaining Ce ions which may be geometrResearch Program of the Korea Science and Engineering
cally frustrated occupy the triangular lattice. Foundation.

* Author to whom correspondence should be addressed. Email ad’A. O. Pecharsky, Yu. Mozharivsky, K. W. Dennis, K. A.
dress: yskwon@skku.ac.kr Gschneidner, Jr., R. W. McCallum, G. J. Miller, and V. K. Pe-
1S. A. M. Mentink, A. Drost, G. J. Nieuwenhuys, E. Frikkee, A. A. charsky, Phys. Rev. B8, 134452(2003.

Menovsky, and J. A. Mydosh, Phys. Rev. LetB, 1031(1994). 8B. Cogblin and J. R. Schrieffer, Phys. Rel85, 847 (1969.
2S. A. M. Mentink, G. J. Nieuwenhuys, H. Nakotte, A. A. Men- °V. T. Rajan, Phys. Rev. Let51, 308(1983.
ovsky, A. Drost, E. Frikkee, and J. A. Mydosh, Phys. Re\6B 105, A. Shaheen, J. S. Schilling, S. H. Liu, and O. D. McMasters,

11 567(1995. Phys. Rev. B27, 4325(1983.
3C. Lacroix, B. Canals, and M. D. Nufiez-Regueiro, Phys. RevA. P. Ramirez, Annu. Rev. Mater. Sc24, 453 (1994).
Lett. 77, 5126(1996. 125, R. Dunsiger, J. S. Gardner, J. A. Chakhalian, A. L. Cornelius,
4R. Movshovich, M. Jaime, S. Mentink, A. A. Menovsky, and J. M. Jaime, R. F. Kiefl, R. Movshovich, W. A. MacFarlane, R. I.
A. Mydosh, Phys. Rev. Lett83, 2065(1999. Miller, J. E. Sonier, and B. D. Gaulin, Phys. Rev. Le86, 3504
SA. Donni, H. Kitazawa, P. Fischer, J. Tang, M. Kohgi, Y. Endoh, (2000.
and Y. Morii, J. Phys.: Condens. Matt&t 1663(1995. 13K. Umeo, Y. Echizen, M. H. Jung, T. Takabatake, T. Sakakibara,
60. I. Bodak, E. I. Gladyshevskii, and M. G. Mis’kiv, Sov. Phys. T. Terashima, C. Terakura, C. Pfleiderer, M. Uhlarz, and H. v.
Crystallogr. 17, 439 (1972. Léhneysen, Phys. Rev. B7, 144408(2003.

224409-5



