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Compounds belonging to thR,Fe;Sis series exhibit unusual superconducting and magnetic properties.
Although a number of studies have been made on the first reentrant antiferromagnet superconductor
Tm,Fe;Sis, the physical properties of YBe;Sis are largely unexplored. In this work, we attempt to provide a
comprehensive study of bulk properties such as, resistivity, susceptibility, and heat capacity of a well-
characterized polycrystalline ¥Be;Sis. Our measurements indicate that®¥bmoments order antiferromag-
netically below 1.7 K. Moreover, the system behaves as a Kondo lattice with large Sommerfeld coefficient (
of 0.5 J/Yb mol K at 0.3 K, which is well belowT . The absence of superconductivity in YA@;Sis down
to 0.3 K at ambient pressure is attributed to the presence of the Kondo effect.
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[. INTRODUCTION properties such as, resistivity, susceptibility, and heat capac-
ity of a well characterized polycrystalline sample of
Ternary rare-earth transition metal silicides, which formYb,Fe;Sis.
in a variety of crystal structures have been widely investi-
gated due to their remarkable physical properties.few of
them also undergo superconducting transition at low Il. EXPERIMENTAL DETAILS

temperatured? I_n the early 1980’s, several investigatioqs_ Samples of YbFe,Sis were made by melting the indi-
have been carried out to understand the superconductivityigya| constituentgwith 2% Yb excess and other elements
and magnetism exhibited by compounds belonging to thaken in stoichiometric proportionsn an alumina crucible
R,Fe;Sis systent~® In this family the Fe atoms do not carry which is placed inside a tantalum container and sealed in an
any magnetic moment but help in building a large density ofarc furnace under high purity argon atmosphere. The whole
states at the Fermi lev@llt is now well established that a assembly is heated in a vertical furnace. The purity of the
member of this series, namely, TRe;Sis (Ref. 10 is the  rare-earth element Yb and the transition element Fe were
first reentrant antiferromagnetic supercondu¢pmrhaps the 99.99% whereas the purity of Si was 99.999%. The mixture
only one down to 50 mK It is worthwhile to point out that was heated to about 900°C for an hour and then it was
we still do not know why the antiferromagnetic order amongheated 1600 °C for 20 min. Subsequently, the mixture is
Tm®" ions is a deterrent to the superconductivity incooled slowly to room temperature. The x-ray powder dif-
Tm,Fe;Sis given that the neutron scattering studfesould  fraction pattern of the sample did not show the presence of
not find any ferromagnetic component in the magnetic unitany parasitic impurity phases. The quality of the sample was
cell in this compound. A recent report has suggested that achecked with EDAX analysis confirming that the sample is
antiferromagnet BEFe;Sis (Ref. 1) (below 2.5 K also  essentially single phase with 2-3-5 composition. The unit cell
shows superconductivity belol K whereas an earlier heat- of the tetragonal structure (sg€e;Sis-type, space group
capacity study indicated quadruple magnetic transitions P4/mnc) is shown in Fig. 1. The basic structure of the
without any superconductivity down to 1.5 K. A previous R,Fe;Sis compounds is derived from Baptype structure.
study? on an arc melted Y)Fe;Sis sample reported the ob- They form in the tetragonal structure in which two different
servation of antiferromagnetic ordering of Yb momentssets of Fe sites are present, one tJpg2)] forming chains
around 1.7 K. However, that study did neither establish thealong[001] direction, a second typgé-g(1)] forming isolated
Kondo lattice behavior nor the high value of the Sommerfeldsquares parallel to the basal plane. The nearest rare-earth
coefficient (y) as we will see later. In this context, the physi- distances in YbFe;Sis is 3.8 A. The crystal structure of the
cal properties of YgFe;Sis are largely unexplored as com- given sample was refined usimgLLPROF? and the result is
pared to other compounds of tReFe;Sis series. Moreover, shown in Fig. 2. The slight difference in the intensity profile
compounds with magnetic trivalent or nearly trivalent Yb areis probably associated with preferred orientation effects
interesting since valence instability and Kondo interactionwhich have not been taken into to account in the present
can lead to unusual properties. Thus, we need to understarahalysis. The refined lattice constants along with the unit cell
the absence of superconductivity in Yb compound given thaparameters are given in Table I.

both Tm and Lu of the same series exhibit superconductivity. The temperature dependence of the magnetic susceptibil-
In this work, we provide a comprehensive study of bulkity () was measured using the commercial Squid magneto-
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FIG. 1. Structure of the unit cell of Yre;Sis which forms in

the tetragonal S&e;Sis type structure(space grougP4/mnc) as
viewed along the axis.

meter(MPMS5, Quantum Design, U9An a field of 1 kOe
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TABLE I. Unit cell parameters obtained from tif@LLPROF re-
finement of the powder x-ray diffraction data of X®;Sis. a
=10.3537(5) A and=5.3855(5) A.

Atom 4 Wyck X y z

Yb 70 8h 0.07411 0.23910 0.00000
Fe 26 4d 0.00000 0.50000 0.25000
Fe 26 8h 0.34940 0.34510 0.00000

Si 14 4e 0.00000 0.00000 0.25570
Si 14 8h 0.18000 0.71710 0.25000
Si 14 8h 0.17910 0.46640 0.00000

probe dc technique with contacts made using silver paint on
a bar shaped sample of 1 mm thick, 10 mm length, and 2 mm
width. The temperature was measured using a calibrated Si
diode (Lake Shore Inc., USAsensor. The sample voltage
was measured with a nanovoltmetenodel 182, Keithley,
USA) with a current of 10 mA using a 20 ppm stable
(Hewlett Packard, USAcurrent source. All the data were
collected using an IBM compatible PC/AT via IEEE-488 in-
terface. The heat-capacity in zero field between 0.3 to 30 K
was measured using an automated adiabatic heat pulse
method. A calibrated germanium resistance thermometer
(Lake Shore Inc, USAwas used as the temperature sensor in
this range.

IIl. RESULTS

A. Magnetic susceptibility studies

in the temperature range from 1.9 to 300 K. The ac suscep- The temperature dependence of the inverse dc magnetic
tibility was measured using a home built susceptomi®ter susceptibility (1fq4) of a polycrystalline YbFe,Sis in a
from 1.5 to 20 K. The resistivity was measured using a fourield of 1 kOe from 1.9 to 300 K is shown in the Fig. 3. The
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high-temperature susceptibility (100<Kr <300 K) is fit-
ted to a modified Curie-Weiss expression which is given by

_ C
X=Xo™t m 1)

Here, x, is the temperature independent susceptibilétym
of Pauli, Landau, and core susceptibilijie€ is the Curie
constant, and), is the Curie-Weiss temperature. The Curie
constaniC can be written in terms of the effective moment as

2
MeerX

where x is the concentration of Y& ions (x=2 for
Yb,Fe;Sis). The value of xy(0) is extremely small (7

x 10”4 emu/mol) while the values of the effective magnetic
moment (uer) and d, are found to be 45 and—14.4 K,
respectively. The estimated effective moment is found to be
nearly equal to the free ion moment of the magneti¢'Yb

FIG. 2. Observed and fitted x-ray power diffraction pattern ofion which rules out the possibility of mixed valent nature of
Yb,Fe&;Sis using theFuLLPROF program. The vertical bars mark the Yb as conjectured in an earlier StU%i@ne can also observe
Bragg peaks and the difference between observed and calculatédat below 100 K, they data show deviation from Curie-

intensity is also plotted below.

Weiss plot which could be due to the combined effect of
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FIG. 3. Temperature dependence of the inverse susceptibility
(/x40 of Yb,FesSis in a field of 1 kOe from 1.9 to 300 K. The FIG. 4. Temperature dependence of the resistivip) ©f
inset shows the low temperature gcdata of YbFe;Sis, which  YP2FeSis from 2 to 300 K. The inseta) shows thep data from 1.4
displays the antiferromagnetic transition at 1.7 K. The solid line is a© 5 K on anexpanded scale whereas the indptshowsp data up
fit to the Curie-Weiss relatiofsee text to 50 K. A small kink which is marked by an arrow in the ingat
indicates antiferromagnetic ordering of ¥bmoments, which is in
crystal field and Kondo lattice contributions. The inset showg?9reement with thy data. The solid line shown in the ins is
the ac-susceptibility behavior of the sample at low tempera‘:’1 fitto the logT dependencesee text
ture. This inset clearly indicates antiferromagnetic ordering
of Yb3* moments at 1.7 K. It must be emphasized here thap K could be due to either the structural disordietersite
we do not see the influence of any impurity contribution tochange between Fe and)Sir to the strong hybridization
x(T) and especially the absence of Xl (Ty=2.3 K) effects. It must be recalled here that the properties of the
which is generally present in many Yb based compounds2-3-5 silicides are highly anisotropitand the over all shape
The presence of a single distinct anomaly ynat 1.7 K of the temperature dependencepdfl) of a polycrystal can
clearly suggests the high quality of the sample. easily be influenced by the anisotropy. The important aspect

Earlier stud§ showed that the antiferromagetic ordering iS the the low-temperaturg data on an expanded scale as
temperature of the heavy rare-eaRkFe;Sis compounds do shown by the in;e(b). From this inset one can clearly see
follow the de Gennes scalifity[ ~(g;— 1)?J(J+1)] indi- the nonmonotonic dependence @fT) with a logT depen-
cating that the dominant magnetic interaction is the RKKydence from 9 to 25 K. The low-temperatysedata below 30
interaction. But the same study revealed that the antiferroK display a typical Kondo lattice response with a minimum
magnetic ordering temperature of Y®,Sis lies far above at 25 K followed by a maximum op(T) at 6 K. Subse-
the theoretical curv@ However, an antiferromagnetic order- quently,p(T) falls sharply below 4.5 K due to coherence. A
ing temperature of 1.7 K is a very common value for Yb small kink in the resistivity data at 1.7 shown in pane{a)]
compounds. A slightly enhanced sybridization, in addi- indicates a possible magnetic transition at 1.7 K, which is in
tion to inducing some Kondo interaction, leads at first to anfgreement with the susceptibility data.

increase of the magnetic ordering temperature inF&Sis.
C. Heat-capacity studies on YbFe;Sis

B. Resistivity studies The temperature-depended}, data from 0.4 to 25 K of
The temperature dependence of the resistiyity data of  Yb,Fe;Sis is shown in the top pangh) of Fig. 5. The inset
Yb,Fe;Sis is shown in Fig. 4. The two inset®) and (b) in this panel describes the low temperature behavior which
display thep behavior from 1.4d 5 K and 1.4 to 50 K, emphasizes the sharpness of the antiferromagnetic transition.
respectively. The large value of th€T) at room tempera- The large jump 4 J/mol K) atTy clearly shows bulk
ture and a low value of the residual resistivity ratio down tomagnetic ordering of Yb" moments. The antiferromagnetic
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8 _ tracting theC, data of LyFe;Sis) is shown in the third panel
o g 2 ] (a) _(c) of the Fig. 5 The estimated entropy from thg experiment
5 6 a3 : YbaFes3Sis is also shown in the same panel. The entropy is nearly tem-
E 3 f ] perature independent from 7 to 12 K and reaches a value of
T4 250 T 0.9RIn2 (Ris the gas constanat 20 K, which establishes
E_ 4 o that the ground state is a well separated doublet. The heat
2 capacity also shows a small negative curvature above 1.8 to
about 3 K. There are two possibilities for the tail@y above
0 6 5 ' 10 15 20 o5 Ty : short range fluctuations or Kondo effect. We would ar-
TK) gue that the sharpness of the transition and the viledk-
3 P T2 - —= pendence ofc/T aboveTy are in disagreement with short
o « T Yb2Fe3£S;5’”e,(~ (b) range correlations, whereas the Kondo scenario is supported
E 2 PR 1.0 Meew" by the resistivity maximum ta6 K and the. largey value.
a ! S 05 L& EXTRAPOLATED VALUE OF y Moreover, the_,- entropy aT.N[.Smag: S(Ty)] is found to be
RN 1] 59_ °-°0_0 e T e " 0.3RIn 2, which strongly indicates that the ordered moment
i~ '0 i3 is heavily compensated by Kondo interactions. In the ab-
© vee sence of short range order, the reductioiBipgat Ty is due
0 ' seees e to the partial lifting of the twofold degeneracy of the ground
0 5 10 1K) 15 20 25 state abovd,, by Kondo effect. In such cases, one can show
125 . that Sya=Sk(Tn/Tk), Where S(t) is the entropy of a
o 1.00 YboFe3Sis (© | (9" Smag ; . .
€ R single ion Kondo impurity at the normalized Kondo tempera-
€ 075 { A E turet=Ty /T, .2 The entropy has been calculated by Des-
2 o050 ; s s granges and Schotte using the Bethe ansatz for a spin-1/2
& 025 e AC i Kondo model’ Sharp heat capacity anomaly Bt and the
= 0.00 ¢ 00000000, possible absence of short range order facilitate the use of the
"o 5 10 15 20 theory’” and with the experimental value &, We esti-
T(K) mate a value 05 K for the Kondo temperature of YBe;Sis.

However, accurate estimation requires inelastic scattering

FIG. 5. Plot of the heat-capacitC) vs temperaturdT) of data. The value of the entropy at 20 K is only R.@hich is

Yb,Fe&;Sis from 0.3 to 25 K. The inset in the top pan@) shows -
the low-temperatur€, data on an expanded scale. PIOGIT vs much smaller than the theoretical value of ZRO8R In(2J

Tis displayed in the middle pané) which gives an upper limit for 1) With J=7/2 for the free YB ion]. This indicates that
the value ofy as 0.5 J/Yb mol R and the inset shows the extrapo- the CEF levels are well splitted by the tetragonal symmetry.
lated y(0) (0.4 J/YbmolK) value usingC/T vs T? plot. The

bottom panel(c) depicts the magnetic contribution to the heat ca-

pacity (after subtracting the lattice contribution estimated from the IV. CONCLUSION
C, data of LyFe;Sis) and the estimated entropy in this temperature . )
range. To conclude, we have observed antiferromagnetic order-

ing and heavy electron behavior in Xe;Sis using resistiv-

ordering temperature obtained from the heat capacity medly: magnetization, and he_at capacity StUQies. It is interesting
surements is in accordance with those obtained fromythe 0 Note that both LyFe;Sis and TmFe;Sis are supercon-

andp measurements. The specific heat data offaySis in d_ucting at 6.2 and 1.2 K, rgs_pectively, while the Yb sample
the normal state is also shown in the same panel. did not show superconductivity down to 100 mK. It should
In the second panel of Fig. 5, the temperature dependend® noted here that the superconducting ,FegSis com-
of C/T data are shown. Well belowW, these data can be Pound becomes reentrant antiferromagnet at 1.1 K and re-
nicely fitted with a linear and a cubic ter@= yT+ ,8T3, as Mmains in the same state down to 50 mK. We believe that the
shown in the inset. The cubic term in this case corresponds t@bsence of superconductivity in Yb sample is due to the
the contribution of antiferromagnetic magnons, since theKondo effect, which is quite strong in suppressing the super-
phonons are completely negligible in this temperature rangeconductivity. The magnetic ordering temperature of
The linear term obtained from this extrapolation;  Yb,Fe&Sis is also higher than that of the Tm compound
=0.4 J/Ybmol K, can be considered as a lower limit for which implies an ehanced exchange in the former. Here, it is
the Sommerfeld coefficient, since the experimental datahe Fe neighbors, which provide a very strairg hybridiza-
show an upward curvature at the lowest limit of the measuretion, and the Si neighbors, which provide a significant
ment. This would indicate freezing out of the magnons duehybridization. In view of the large effect of pressure on the
to an anisotropy gap. In this cag®/T=0.5 J/Ybmol K at  properties of TrgFe;Sis, similar studies are essential on
the lowest measured temperature gives the upper limit folrb,Fe;Sis to induce superconductivity via quenching of the
this Sommerfeld coefficient. The magnetic contribution toKondo effect. Such studies are in progress and will be re-
the heat capacity of YAb-e;Sis (which is obtained after sub- ported elsewhere.
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