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YbNIiSi3: An antiferromagnetic Kondo lattice with strong exchange interaction
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We report on the structural, thermodynamic, and transport properties of high quality single crystals of
YbNiSi; grown by the flux method. This compound crystallizes in the SmRli&gered structure type of the
Cmmmspace group. The general physical behavior is that of a Kondo lattice showing an antiferromagnetic
ground state belowy=5.1 K. This is among the highest ordering temperatures for a Yb-based intermetallic,
indicating strong exchange interaction between the Yb ions, which are in or very close to +3 valency based on
the effective moment of 4.4k /f.u. The compound has moderately heavy-electron behavior with a Sommer-
feld coefficient of 190 mJ/mol K Resistivity is highly anisotropic and fdrL b exhibits the signature loga-
rithmic increase below a local minimum, followed by a sharp decrease in the coherent/magnetically ordered
state, resulting in a residual resistivity of L&) cm and a residual resistivity ratio of 40. Fermi-liquid
behavior consistent with a ground-state doublet is clearly observed below 1 K.
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Ytterbium compounds continue to be a subject of greagrew compact, isolated, with smooth surfaces and straight
interest due to the variety of unusual physical properties thegdges—have lengths up to 5 mm and thicknesses up to
can present, in general, associated with the fact that this eB.3 mm. Many of the crystals display some interesting, rect-
ement’sf'® and 1 electronic states are very close in energy,angular surface topology patterns resulting from the particu-
and also hybridize easily with the conduction band. As dar flux-growth dynamics of this compound. Electron-probe
consequence, Yb-based compounds can display mixed vaicroanalysis(EPMA) confirmed the stoichiometric 1:1:3
lency, heavy fermion, and Kondo lattice characteristicsproportion in the crystals and found the Sn inclusions to be
which provide opportunities for better understanding theless than 0.03%. Our attempts to grow nonmagnetic YNiSi
physics of such phenomena. In this sense, Yb is often reand LuNiS crystals by the same method were unsuccessful,
garded as the “hole” equivalent of Ce, whdSeandf! states  so the phase diagram seems to be particularly favorable for
display the same characteristics, but the latter’s compoundR=Yb.
are by far the most explored among these two rare earths, in Figure Xb) shows the XRD pattern of crystals that were
many cases simply because the Yb-based compounds beaushed into a fine powder. The pattern is consistent with the
the “stigma” of being considered more difficult to Cmmmspace group of the SmNiGstructure-type shown in
synthesizé. Fig. 1(c), which has close values for thee and c unit-cell

The RTX family of intermetallics (R=rare earth;T  parameters and a layered structure along bhexis. A
=transition metalX=Si, G@ is one such case. Many of the Rietveld refinement of this spectrum resulted i
Ce-based compounds in the family have been synthesized3.89151), b=20.857(6), €=3.90041), and
and extensively investigated over the past decade 8réso, V=316.58 A3 The crystals’ platelike morphology described
but practically nothing has been reported so far on heavabove is therefore consistent with the general observation
rare-earth(R=Th-Lu) members of these serfeéd and, in  that the macroscopic dimensions of flux-grown crystals often
particular, forR=Yb. We thus thought it would be worth have an inverse relation to the microscopic lattice param-
initiating such a line of research and here report on our firseters. A more detailed structural study will be required
results for the title compound. though, in order to determine the exact atomic positions in

Single crystals of YbNiSiwere grown from Sn flu¥  the unit cell of YbNiSi.
using a starting proportion of 1:1:3:20. The high-purity ele- As one might expect from the layered structure of
ments(Yb: Ames Laboratorywere loaded and sealed inside YbNiSi;, the electrical resistivity below room temperature is
an evacuated quartz ampoule, which was then heated @nisotropic as shown in Fig(&. For| L b the behavior is
1150 °C and slowly cooled to 500 °C, at which point the metallic, with room-temperature resistivity of about
ampoule was removed from the furnace and most of the ex60 () cm, which initially decreases on cooling, reaches a
cess flux was separated by decanting. The crystals have ejcal minimum centered at 55 K, then increases again until
cellent resistance to acid and can be left in a pure HCI batheaching a peak at 7 K. Below this temperature it begins to
for as long as necessary to remove any remaining flux dropdecrease very fast. A peak tp/dT places the maximum
lets from the surface. The resulting crystals are platelikeslope of this drop at 5.0 K, which we will later show to be
with the main surface orthogonal to the crystallographic associated with the Neél temperatiigof the antiferromag-
direction, as evidenced from the surface x-ray diffractionnetically ordered Yb moments, and therefore the strong de-
(XRD) pattern shown in Fig. (B which has only(OkO) re-  crease as a whole can be understood as a combined effect of
flections. The largest crystal plates were limited mostly bymagnetic ordering afy with the onset of coherent scattering
the ampoule wall itself, but the best crystals—those thabf the hybridized Yb moments below~ 7 K. Figure 2b)
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FIG. 2. (a) Anisotropic electrical resistivityp(T) of YbNiSi;
below room temperature. The inset shows the thermop&yEr.
(b) Log T dependence g#(T) for Illb. The inset shows th&” de-
pendence op(T) at temperatures below 1 K.

Si Ni Yb Si Si

FIG. 1. (a) XRD (CuKa) pattern of a platelike crystal surface,
revealing only the(Ok0) reflections.(b) XRD pattern of YbNiS}
crystals ground to a fine powder, showing the full set of Bragg
reflections.(c) Schematic representation of the atomic positions
showing the unit cel(solid line) and layered structure along the
axis.

from the layered structure, since in this direction the conduc-
tion band crosses tightly bound Si double layers as shown in
Fig. 1(c).

The inset of Fig. 2&2) shows the measured thermopower
S(T). As for many Yb compoundsS(T) is negative and
shows a broad minimum below room temperature. The mini-
shows thel L b resistivity plotted against log, where a mum is located at 72K and reaches a value of
logarithmic behavior is seen between the local minimum and=-19 uV/K. Below this temperature it increases again,
the peak, a signature of the Kondo effect. The inset of Figreaches a peak very close $x0 at 12 K, and from there
2(b) details the resistivity behavior well below the transition, S(T) starts decreasing fast again. Since it is expected to van-
plotted againsi?. A Fermi-liquid-typep=py+AT? behavior ish atT=0 we can deduce that a second minimum exists. The
is clearly observed below 1 K, witpy=1.5uQ cm andA  peak at 12 K places YbNiSin the crossover region between
=0.36 u{) cm/K2. The residual resistivity ratitRRR de- compounds where Yb is essentially +3 and such a peak en-
fined asp(300 K)/p, is 40. These results attest to the cleanters the positive side d¥(T), and compounds where Yb dis-
metallic character and high crystallographic quality of theplays mixed valency behavior and this peak is either well
sample. into the negative region or simply does not exfst

The resistivity measurements withlb, shown in Fig. The magnetic behavior is also anisotropic, since the crys-
2(a), were made rather difficult by the fact that the crystalstal electric field(CEF) environment at the Yb site splits the
do not grow large in this direction and we were only able to4f multiplet into nondegenerate electronic energy levels.
place four contacts on a crystal cut to form a rather irreguWell above the magnetic ordering temperature, the inverse
larly shaped bar along the axis. Therefore, the estimate of susceptibilityx™(T) for B=0.1 T is typical of paramagnetic
the sample cross section may contain errors of a factor of focal moments with CEF effect&ig. 3). The x {(T) curves
or even more. Still, it is likely that in this direction the resis- for Bllb andB L b are essentially linear and parallel to each
tivity level is significantly higher than for L b and the tem-  other, and the easy alignment direction for the Yb moments
perature dependence resembles that of a semimetal, initiallg towards theb direction. As the temperature decreases be-
almost flat and then increasing down to the transition temiow 50 K the two curves deviate strongly from Curie—Weiss
perature. This change in qualitative behavior may be a manbehavior, while the polycrystalline average estimated as
festation of a strongly anisotropic Fermi-surface resultanb(;1=3/()(b+2)(ac) (dotted ling, which should average out
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FIG. 3. Anisotropic magnetic behavior of YbNiSiSolid sym- T (K)

bols are forBllb, open symbols are fdB L b, and dotted lines are

the polycrystalline averages. Main plot: temperature dependence of FIG. 4. Zero-field heat capacity measurement on YbjaSlow

the inverse susceptibility &=0.1 T, showing Curie—Weiss behav- temperatures, presented @s/T vs T2 The dotted line is a linear
ior at high temperatures. Upper inset: detail of the antiferromagneti€xtrapolation from the 10—20 K region. The inset shows the origi-
transition atTy=5.1 K appearing in susceptibility. Lower inset: hal C, vs T data(O), the total entrop)S, (®), and the magnetic
magnetization isotherms at=2 K, revealing a spin-flop transition €Ntropy Syaq (A).

at1.7TforBlib. The main graph of Fig. 4 shows the same data presented

the CEF effects assuming that any existing anisotropy withirgS Co/ T vs T2. A linear region is observed between 20 and
the ac plane is small, continues to be essentially linear al-10 K, and its extrapolation tg=0 (dotted ling, coincides
most down to the ordering temperature. A fit of the polycrys-With the leveled value ofy=190 mJ/mol K that is reached
talline average curve above 150 K to the Curie-Weiss lawpy the lowest-temperature data below 1 K. The coincidence
results in an effective momepiys;=4.45 ug/f.u. (very close of these two independent estimations gives us confidence in
to the expected value of a Ybmomenj and 0,=-11.6 K claiming that the obtained value is a good representation of
(indicative of antiferromagnetic coupling the electronic specific heat, therefore placing it as a moder-
The upper inset in Fig. 3 details the anisotropic antiferro-ately heavy-electron system. From the slope of the linear
magnetic transition in the susceptibiliifT) atB=0.1 T. A  region we obtain the lattice coefficiefit=0.26 mJ/mol K
peak ind(yT)/dT givesTy=>5.1 K for this field. The behav- and estimate the Debye temperaturefas=330 K. We can
ior of both curves in the magnetically ordered state is indicainfer that the first excited CEF levels’ energy scale should lie
tive of a nontrivial, and possibly canted, arrangement of thavell above 20 K, since no evidence of Schottky anomalies
magnetic moments. The upturn at low temperatureBfits  are seen up to this temperature.
appears to be a genuine response of the compound and not alin the inset we also present the total entr&y(T) (solid
trivial impurity effect, first, because it does not appear in thesymbholg obtained by numerical integration 6L/TvsT and
B Lb curve, and second, because it was reproduced almogh evaluation of the magnetic entro.{T), which was
exactly in two different batches of samples grown with dif- 5ptained by removing the electronic and lattice contributions
ferent elemental puritieSN in the first batch andM-5Nin - egtimated above from the specific heat before integration. In
the ?]ec?nd. , - h ic isoth either case it becomes clear that the total entropy accumu-
The lower inset in Fig. 3 shows magnetic isotherms al'Iated up toTy is ~0.6RIn 2. Thus, we may conclude that a

gitﬁrf]();tbgihld;rﬁ'cit:]o?r?elér|)| Igoctdrfvz. ;h;:grz:iip'srll(;gzpnt;?'ground-state doublet is responsible for the magnetic order-

8 T of both curves marks the crossing of figB, T) line (a ing, and the Yb moments are already significantly screened

detailed phase diagram will be presented in a future Commuwhen the magnetic ordering ensues. With the obtained value

nication), but the magnetization still maintains a positive of y we can .apply Rajans expressidrior Fhe spegﬂc heat
slope above this transition. If no other metamagnetic transif the Cogblin—Schrieffer modeyT,~11.7 to estimate the
tions are to be found at even higher fields, then it is cleaKOndo temperature of YbNigi(j=1/2) asTx=30 K.
from the graph that the saturated moment at 2 K should re- Finally, we can also usg, in combination with the pre-
main below 2:/f.u. and therefore significantly smaller than Vviously calculatedA coefficient of the Fermi-liquid resistiv-
the expected value ofi/f.u. for saturated Y& moments. ity model, to estimated/y?=10" Q cm (mol K/J)?, which

In order to shed further light on the ground-state characis the well-known Kadowaki—-Woods ratio, quite commonly
teristics of YbNiSj, the low-temperature, zero-field heat ca- observed in heavy fermion systems featuring a ground-state
pacity was measured on a Quantum Design PPMS systetoublet!:16
with *He option. The open symbols in the inset of Fig. 4 In many cases where magnetic ordering coexists with
show the measure@,(T) data below 20 K. A very sharp Kondo lattice or heavy fermion behavior, quantitative analy-
\-like peak is seen afy=5.1 K. sis of the material's low-temperature properties becomes
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rather difficult due to the convolution of several contribu- system for more in-depth investigations on the delicate bal-
tions to the thermodynamic and transport properties, a probance between these two competing energies, as well as other
lem which can be further aggravated by difficulties in prepaissues related to Yb compounds and Kondo lattices in gen-
ration of samples of high quality. The results we havegrg Studies on the high-field properties and magnetic phase

obtained demonstrate that YbNéSS a welcome exception diagram, as well as physical and chemical pressure effects in
to the rule and several physical parameters could be quantip.c compound are currently in progress

tatively determined with good accuracy from our measure-

ments. Furthermore, this compound was found to belong to e are thankful to Y. Shibata for the EPMA analysis, to T.

the very rare group of Yb-based materials with magneticsagakawa for assistance with the XRD refinements, and to F
. \ ot , :
ordering above 5 K, together with YbPtA1,YbNiSn,"® and Iga for his help in the specific-heat measurements. The low-

YbB,'® indicating that the intersite indirect magnetic ex- mperature measurements were performed at the Materials
change interaction between local moments is strong and . : : : . .
d g cience Center, N-BARD, Hiroshima University. This work

dominant, while still displaying very characteristic features N e
of a system with strong on-site Kondo interaction. Thereforeas supported by a Grant-in-Aid for Scientific Research

we believe that YbNiSipresents itself as a promising model (COE Research 13CE20paf MEXT Japan.
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