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The ytterbium compound YbPtin has been studied by means of single-crystal x-ray diffraction, magnetic
susceptibility, magnetization, heat capacity, electrical resistivity, and magnetoresistivity measurements, per-
formed down to 100 mK in fields up to 14 T. The magnetic properties of YbPtIn are governed by the presence
of the magnetic moments of Yb ions, which order magnetically at low temperatures. Strongly enhanced
electronic specific heat, highly reduced magnetic entropy, and characteristic Kondo-like behavior of the resis-
tivity and the magnetoresistivity allow classifying YbPtIn as a heavy-fermion system.

. INTRODUCTION YbPdSb! YbPdBi"® and YbPtBi which also order anti-
ferromagnetically withT of the order of 1 K. Spectacularly,
In recent years one observes a rapidly growing interest irYbPtBi exhibits a huge electronic specific heat coefficignt
a study of ytterbium-based intermetallics, which are considof about 8 J/mol R.
ered as hole counterparts to isostructural cerium compounds. In this paper we report on the crystal structure and mag-
Indeed, with its 4'* configuration the YB' ion is nonmag- netic, thermal, and electrical transport behavior of a new
netic, as the C¥ ion with the 4° configuration, and the equiatomic ytterbium compound YbPtin. A short account on
Yb®* ion with the 4f2 configuration carries a magnetic mo- @ part of this work has recently been presented in a confer-
ment like the C&" ion with the 4f* configuration. More- €nce articlé® When writing this paper we become aware of
over, Yb can also exhibit intermediate valence states due t8 similar study of YbPtin carried out by an independent re-
charge fluctuations between the two terminal configurationssearch group:
It is commonly believed that the ground-state behavior in
ytterbium compounds is governed mainly by the interaction
of 4f electronic states withs,p,d states of neighboring
ligands, as is the case for their cerium analogs. However, due The starting materials for the preparation of YbPtln and
to smaller spatial extent of Ybf4orbitals with respect to Ce LaPtin were ytterbium and lanthanum ingéd®hnson Mat-
4f orbitals, thef-spd hybridization in Yb-based compounds they), platinum plate (Degussa and indium teardrops
is usually weaker than in corresponding Ce-based phases aftbhnson Matthey all with stated purities greater than
therefore most Yb intermetallics exhibit stable valence. 99.9%. The elemental components were mixed in the ideal
The most extensively studied family of ytterbium com- 1:1:1 atomic ratio and arc melted in a titanium-gettered ar-
pounds is probably a series of equiatomic ternary phasegon atmosphere. The buttons were subsequently placed in a
with the general formula YBM, where T stands for a tantalum container, sealed in an evacuated silica tube, and
d-electron transition metal anil is a p-electron metal or annealed at 800 °C for 4 days. Thereafter the ampoule was
metalloid. Among these ternaries many phases are nonmageoled down to room temperature at a rate of 10 °C per hour.
netic, as, for example, stannides ¥&n and bismuthides The purity of the so-obtained samples was checked by x-ray
YbTBi with T=noble metals. A few compounds show in- diffraction using an automatic powder diffractometer
termediate valence properties, and the best prominent eXdRON-3M with ClK « radiation. The x-ray diffraction pat-
amples are YbCuAlRef. 2 and YbPdIn(Ref. 3. Dense tern was fully indexed in a hexagonal system with the lattice
Kondo systems are also well established, which usually ordgrarametersa=753.8(1) pm,c=376.5(1) pm for YbPtIn
magnetically at low temperatures, e.g., ferromagnetic Ybanda=768.8(1) pmc=412.9(1) pm for LaPtin.
NiSn (Ref. 4 or antiferromagnetic YbPtGéRef. 5. Appar- Several small single crystals of YbPtIn were isolated from
ently, relatively few Yb phases exhibit heavy-fermion phe-the crushed button. They had an irregular plateletlike shape,
nomena. Within the YBM series these are YbNiAl, a metallic luster, and were stable on air. The microprobe

II. EXPERIMENT
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TABLE |. Crystallographic data for YbPtifia=753.5(2) pm,c=376.3(1) pm,V=0.1850(1) nm,
space groupPEZm, Z=3]. The form of the anisotropic displacement parameter is[e)i(:hza*zBll
+ k2b* 2By,+ 12c* 2Bgy+ 2hka* b* By,+ 2hla* c* B3+ 2kIb* c* B,g) ], wherea*, b*, andc* are the recip-
rocal lattice parameter8;;=B,3=0. B4 Stands for the isotropic thermal parameter defined as one-third of
the trace of the orthogonalize;; tensor. No. of measured reflectien220, No. of unique reflections
=138, No. of variables 14, absorption coefficiert1077.65 cm?, extinction coefficient0.00284), R,
=0.0354,R,,=0.0376,R;=0.0517,R,,= 0.0525, goodness of t1.270.

Atom  Site Positional parameters Displacement parameters? ({ire?)
X y z Bi1 B Bz Bi» Beg
Yb 3f 0.59594) O 0 0.468) 0.52100 0.2611 %Bzz 0.4Q7)
In 3g 0.26376) O 0.5 0.3512) 0.2615  0.4016) %Bzz 0.3511)
Ptl 2 1/3 2/3 0.5 0.287) By 0.7413 %Bll 0.436)
Pt2 1a 0 0 0 0.469) B -20(20) %Bll 0.258)
Interatomic distancegm)
Central atom Yb Ptl Pt2 In
Ligand atoms 4Ptl 296.6 3In 281.1 6In 273.6 2Pt2 273.6
3Pt2 304.5 6Yb 296.6 3Yb 3045 2Pt1 281.1
2In 313.2 2Yb 313.2
4In 327.2 4Yb 327.2
2Yb 376.3 2In  344.1
4Yb 397.0 2In  376.3

analysis yielded the composition Yb, 31.2 at.%; Pt, 34.9sidual peaks. The final discrepancy fackwas 0.0517 for
at. %; In, 33.9 at. %, which was in good agreement with thel38 |F| values and 14 variables. The main crystallographic
ideal 1:1:1 stoichiometry. No traces of any impurity elementsdata are collected in Table |, and the crystal structure is
were observed. displayed in Fig. 1.

The suitability of the obtained single crystals for x-ray  YbPtin crystallizes with the hexagonal structure of

intens_ity data_collection was proved py Laue an_d rotatioanNiN type (space grouf?62m), which can be considered
techniques using a RKV-86 camera with Ma radiation. s an ordered version of e typel® The same structure type
These studies unambiguously confirmed a hexagonal Laygys previously been reported for the rare e&#tin phases
symmetry of the crystals. X-ray diffraction intensities were yith R=Y, La, Ce, Nd, Gd, Dy, Er, Tm, and L. As em-
re_corded em_ploying a four-circle diffracto_meter DARTCH-1 phasized in Fig. 1, the ZrNiAl-type structure has a typical
with a graphite-monochromated Mow radiation. layered character with two kinds of atomic sheets which al-
Magnetic measurements were performed on polycrystalernate along the axis. In YbPtin one of these layers con-
line samples in the temperature range 1.7-300 K and in apains Yb and Pt atoms, and the other one In and Pt atoms.

plied magnetic fields upt5 T employing a Quantum Design  another characteristic structural feature is that the Yb atoms
MPMS-5 superconducting quantum interference devicgorm in YbPtin a triangular sublattice.

(SQUID) magnetometer.
The heat capacity was measured in the range 0.2-10 K
using a thermal relaxation method. B. Physical properties
The temperature and magnetic field dependence of the e .
electrical resistivity was studied in the temperature interval. _'I_'he temperature variation Of the_ molar magnetic suscep-
0.1-300 K and in magnetic fields up to 14 T employing at'b'“ty O_f _Y_thIn IS presen_ted n Fig. 2. Ab0\_/e o0 K '_[he
standard dc four-point technique. The measurements below sqeptlblllty follpws a Curle_—We|ss la@ee the inset to Fig.
K were done in a CryogenicdHe-*He dilution refrigerator. 2) with the e_ffect|v_e magnetic momeptey=4.2115 and the
The specimens were glued to sapphire supports, and the eldd@ramagnetic Curie temperatfigy,= — 16 K. The value of

trical leads were thin copper wires contacted to the samplé-eff is somewhat lower _than that expected for a freé’”Y_b
by tin soldering. ion (4.54ug). The negative value ofi.,y may suggest anti-

ferromagnetic interactions and/or a Kondo effect. Below 50

IIl. EXPERIMENTAL RESULTS AND DISCUSSION

YbPtIn

A. Crystal structure

Refinement of the crystal structure of YbPtin was per-
formed using a Rietveld-type CSD-prografThe starting
atomic parameters of the ytterbium and platinum atoms were
determined by direct methods, while the indium atoms were
located employing a subsequent difference Fourier synthesis.
The final difference Fourier map yielded no significant re- FIG. 1. Crystal structure of YbPtI(ZrNiAl type).
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FIG. 2. Temperature dependence of the molar magnetic suscep-
tibility of YbPtIn and LaPtiIn. Inset: the inverse susceptibility vs
temperature for YbPtIn. The solid line is a Curie-Weiss(§iee
text).

FIG. 4. Field variation of the magnetization of YbPtin measured
at various temperatures with increasifgplid symbol$ and de-
creasing(open symbolsmagnetic fields.

K the susceptibility deviates from a straight-line behavior,contradicted by the heat capacity data, shown in Fig. 5.

presumably due to thermal depopulation of the crystal field'here, as many as three pronounced anomalies are seen in
levels. the low-temperature variation of the specific heat, namely, at

As displayed in Fig. 3, the low-temperature magnetic sus3.1, 2.3, and 1.2 K. The first transition can be associated with
ceptibility of YbPtin does not show any anomaly down to the onset of magnetic order. In turn, the other two features
1.7 K regardless of whether it is measured in weak or strondfave unknown origin. The anomaly at 2.3 K coincides with
magnetic fields. Yet it is worthwhile noting that below about @n antiferromagnetic transition in ¥8;," and therefore it

3.5 K, the susceptibility becomes slightly field dependentmay reflect the presence of some small amdisefow the
This feature may reflect the onset of some magnetic correlgdetection limit of x-ray powder diffractionof this parasitic
tions. At the lowest temperatures studied the magnetizatioRhase. Alternatively, both the 2.3 and 1.2 K anomalies may
of YbPtIn is initially an almost linear function of the mag- manifest some order-order type phase transitions; i.e., they
netic field but in stronger fields it shows some tendency tomay reflect intrinsic magnetic behavior of the compound
wards saturatiortsee Fig. 4 At 1.7 K and in a field of 5 T studied. It is worth recalling at this point that subsequent spin
the magnetic moment is 1.6 ; i.e., it is much smaller than reorientations have also been evidenced in other ternaries
the free YB* ion value of 4ug. Only above 10 K is the crystallizing in the hexagonaI.ZrNiAI-type .structure, e.g.,
magnetization almost perfectly proportional to the magneticYoPtSn and YbRhShand considered as being due to mag-

field. No hysteresis effect in(B) was observed at any tem- Netic frustration, which develops between the magnetic ions
perature studied. arranged in a triangular symmetry manrir a discussion

The featureless low-temperature behavior x¢fT) and ~ See Refs. 1 and 11
o(B) might suggest that YbPtin remains paramagnetic at

least down to 1.7 K. However, such a presumption is clearly 4 T T T T
YbPtIn < 20—
0.29 . . . . . .l £ s |
—e— B=0015T Ty M
0.27 < _— ~ 1.0 4
= 5 YbPtIn
T |- ©, 2f os L ]
S 025} J 5 0 1 2
£ - T K
=1 (=%
g S
S 023} .
=
LaPtIn
“'" YbPtIn I R e
0 2 4 6 8 10
0‘19 1 1 1 1 1
1.5 2.0 2.5 3.0 3.5 4.0 45 Temperature (K)
Temperature (K) FIG. 5. Temperature dependence of the specific heat of YbPtIn

and LaPtin(the data for LaPtin taken from Ref. L1@nset: low-

FIG. 3. Low-temperature magnetic susceptibility of YbPtin temperature specific heat of YbPtIn in the fo®4T vs T2. The
measured in various magnetic fields. solid line marks a fit to the functio®/T=y+ BT? (see text
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FIG. 6. Temperature dependence of the magnetic specific heatbPtin and LaPtin. The solid line is a fit to the Bloch-@aisen-
of YbPtin. Inset: temperature dependence of the magnetic entroplylOtt expressiorisee text
for YbPtIn. The arrow denotegy . The solid and dashed lines are
theoretical predictions for the single-ion entropy witR=7.7 and  surementsis only 0.88R1In 2. In turn, the entropy aty is
3.2 K, respectively(see text The horizontal dashed bar marks the only 66% of the value expected for a doublet ground state.
Bethe ansatz solution fd8,, at Ty . This large reduction of the magnetic entropy may result from
a Kondo effect. To examine this hypothesis the experimen-

As displayed in the inset to Fig. 5 the specific heat datd@!ly derived Sy(T) was compared with the Bethe ansatz

obtained belw 1 K can be well approximated by the formula Selution obtained for a Kondo impuritys¢-1/2) by Des-
C/T=y+BT2, appropriate for antiferromagnetic spin granges and Schottéln this procedure the Kondo tempera-

waves. From this equation a strongly enhanced coeffigient ;ure of t7-7 K W.?S htak;ar;, tas Aes_t|mated fr?][T] th?h IO_W_
of 740 mJ/mol K is derived. This value can be compared temeera6ure spect IbCI eat data. tsk;stapparirrl] rom the mstetl
with y=500 mJ/mol K reported for the isostructural 0 FIg. ©, reasonable agreement between the experimenta

cerium-based counterpart CePtnThe latter compound results and theoretical prediction was obtained only at the

which is a well-established heavy-fermion system, does no{owest temperaturesT(<2 K). Another comparison can be

however, order magnetically down to at least 60 mK. In themaOle assuming=3.2 K, as derived from the magnetore-

paramagnetic region th@/T ratio for YbPtIn shows a mini- sr|]§t|V|ty data fro(;n dthe parama?nhetic regi(_xee be_lrovy In
mum of about 150 mJ/mol Karound 7 K and this value can S ¢ase a good description of the experimeSiT) was

be compared with 200 mJ/moPKneasured at the same tem- obtained abovd  (see the dashed line in the inset to Fiy. 6
perature for CePtIf® It is also worthwhile noting that the magnetic entropy re-

In order to derive the magnetic contribution to the total!€@€d in YbPtin@4 K is about 0.6%n 2(=0.4%R) which,

measured specific heat one usually approximates the Iattic‘aeccOrOIIng to the Bethe ansatz solution, should be observed
contribution toC(T) by the specific heat of a nonmagnetic just atTy. L : e
counterpart to the compound studied. In the case of YbPtIn The Femperature yangﬂon of the electrical re5|_st|y |'ty 9f
the most appropriate phase would be LuPtin. However, am(thln is presented in Fig. 7. Above 50 K the resistivity is
our attempts to synthesize this latter compound have failec®!9Ntly temperature dependent, showing only a broad local
Therefore, in the following, another nonmagnetic compoundn@Ximum around 90 K. Yet below about 30 K it starts to
LaPtin, which crystallizes with the same crystal structure agncrease rapidly, goes through a sharp peak at 4 K, and fi-
YbPtin, is considered as its phonon counterpart. As shown ifally drops down rapidly towards lower temperatures. In

Fig. 2, LaPtin is a temperature-independent weak parama ontrast, the electrical resistivity of LaPtIn exhibits a typical
net with the susceptibility of the order of 18 emu/mol. The etallic behavior and can be approximated in the whole tem-

temperature variation of the specific heat of LaPtIn is disPerature range by the Bloch-Greisen-Mott expressidh

played in Fig. 5. Below 10 K it can be represented by the

formula C/T=y+ BT? with the Sommerfeld coefficieny _ *(oo/T x°dx
=0.2 mJ/mol ¥ and 8=0.77 mJ/mol K.26 The Debye tem- P(T)=pot4RT| 0, fo (@—1)(1-e %)
perature for LaPtln, derived from the specific heat data, (1)
amounts to 196 K. The magnetic heat capacity of YbPtIn,

obtained by subtraction from the specific heat of YbPtIn with the parameterg,=12 u) cm, R=0.28 ndcm/K, Op
that one of LaPtinthe latter corrected for the difference in =182 K, andK=7.3x10"" uQ cm/K>. It is worth noting

the molar mass of the ytterbium- and lanthanum-based conthat the Debye temperature derived for LaPtin from the re-
pounds, is shown in Fig. 6 in the forn€,,/T(T). The mag- sistivity data agrees well with that estimated from the spe-
netic entropy calculated from this variatidwith the as- cific heat result$see above Assuming that the temperature-
sumption of a linear temperature dependence of the specifidependent part of the resistivity of LaPtIn gives a reasonable
heat in the range 0—0.3)Ks presented in the inset to Fig. 6. approximation of the phonon contribution to the total mea-
The entropy released at 10 ¢the upper limit of our mea- sured resistivity of YbPtin, the magnetic resistivity of

3
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FIG. 8. Temperature variation of the magnetic contribution to  F|G. 9. Field dependence of the transverse magnetoresistance of
the electrical resistivity of YbPtin. The arrows mark the phase tran-ypptin measured at various temperatures belgw

sitions. The solid lines are fits discussed in the text.

YbPtin was derivedsee Fig. 8 In the low-temperature re- Occurs. Yet also well abové@y the magnetoresistivity of
gion, over a decade below 1.2 K, the resistivity follows the YPPtIn is quite large. For example, the negative magnetore-
function sistance taken ilB=8 T becomes smaller than 1% only
above about 60 K. Figure 11 displays the electrical resistivity
pm(T)=po+AT?, (2)  of YbPtin measured as a function of temperature in the para-

. B B 2 magnetic region at various applied magnetic fields. With in-
with the parameterp,=217 uf) cm andA=14 uld /K™~ o o nqina field the low-temperature maximum in the resistiv-
The transitions at 3.1, 2.3, and 1.2 K are rather hardly seen i (occurring 4 4 K in zero field gradually broadens and
p(T) but do .maf‘”eSt themsglvgg as singularities in the ®Mshifts to higher temperaturest 8 T the maximum is already
perature der|va_t|ve of_the resistivifpot shown. A_bove_4 K hardly seen. In Fig. 12 the magnetoresistivity of YbPtln mea-
where the maximum ip(T) occurs, the magnetic resistivity

- . o sured as a function of magnetic field in the paramagnetic
exhibits a negative temperature coefficient and shows tW?egion is shown. The overall character of thesp/p(B)

g'OStlTCt rgglgns oi(l)%gsn%:nl?tdepfizdence: _betwteelnd 5t a?gurves is reminiscent of that characteristic of Kondo impuri-
, and above - The fits ot the experimental data Qe Thys, in order to test a single-ion scaling relation, ap-

the equation plied previously to several well-established heavy-fermion
pn(T)=a—ckInT 3) syste_m§,° the magnetoresistivity datz_:t were repl_otted as a
function of B/(T+T*). The result obtained assuming a char-
yield the following values of the parametersti=278  acteristic temperaturd* of 4 K is presented in Fig. 13.
pcm andcg=16 p cm in the range 5-30 K, and  Apparently, all the magnetoresistance curves measured at
=367 wf) cm andc=35 ) cmin the range 100—-300 K. different temperatures are superimposed there on a single
The temperature variation of the resistivity of YbPtin with curve. It is worth noting that reducing or increasimg by

two logarithmic slopes in the paramagnetic region recall9.5 K makes this overlap considerably worse. Such a good
that characteristic of archetypal Kondo lattices, which ex-

hibit an interplay of Kondo and crystal field interactidils.

Accordingly, the crystal field splitting in YbPtin can be es- ok 4
timated fromp,(T) as being of about 90 K. YbPtIn
The low-temperature transverse magnetoresistiBty i() -
of YbPtin, defined as PR I e y
°\° —v— B=135T
Ap p(B, T)—p(B=0,T) — —v- B=274T
—(B,T)= , (4 & ~ M- B=41T
p p(B=0,T) g]’- 20F 5 posssT i
was measured as a function of magnetic figlee Fig. 9 and :,t: 322;?52
temperaturdsee Fig. 10 down to 100 mK and in magnetic 30 L —A-B=95T Ny i
fields up to 14 T. The magnetoresistivity is negative except e T RN
in fields lower than 1.5 T. A characteristic anomaly in the & B=14T
magnetoresistivity occurring in fields arai@d T might be -40 L L
related to a kind of metamagnetic-type transformation, 0.01 0.1 1

though no corresponding feature was observed in the field-
dependent magnetizatignompare Fig. # The largest mag-
netoresistivity of about-35% is observed at the Metem- FIG. 10. Low-temperature dependence of the transverse magne-
perature in a field of 14 T, where a minimum &yp/p(T) toresistance of YbPtIn taken in various magnetic fields.

Temperature (K)
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FIG. 11. Temperature dependence of the electrical resistivity of FIG. 13. Single-ion scalingsee texk of the transverse magne-
YbPtln measured abovEy in various magnetic fields. toresistance of YbPtIn.

applicability of the Kondo scaling to YbPtin strongly sup- lated to the Kondo temperature. In order to apply Schiott-
ports classifying this compound as a dense Kondo system.mann’s theory to YbPtin measured at finite temperatures, the
Another indication of Kondo behavior in YbPtin comes parameteB* was adjusted in such a way as to get the best
from analysis of the magnetoresistivity data in terms offit of the universal curvétaken from Ref. 21to the experi-
Friedel’s sum rule. According to Schlottmafinwho applied  mental data. The results of the fitting are shown in Fig. 12 by
the Bethe ansatz technique in order to calculate within theéhe solid lines. The values of the characteristic fiBld de-
Cogpblin-Schrieffer model the zero-temperature magnetorerived from these fits are plotted in Fig. 14 as a function of
sistivity of a Kondo impurity, the ratip(B)/p(B=0) can be  temperature. According to Battlagt al.?? B*(T) is a linear

expressed as function of temperature and follows the formula
2j+1
p(B=0) 1 [ Ke T
S8 241 21 sin 2i+1) ) B (T)=B*(O)+@T=B (0) HTK)’ (7

where the occupation numbgrof t_he 2j+1 Zeeman levels  \yhere w is the Kondo-screened magnetic moment and

generated by the magnetic field is constrained by stands for the Lande factor. Applying this relation to the data

of YbPtIn one getsu=0.4ug (for g=8/7 appropriate for
_ Yb®* ion) and Tx=3.2 K, the latter value being in reason-

> n=1 (6) : \

=1 able agreement with the other estimates.

2j+1

The model predicts a negative magnetoresistivigy/ p(B),
which depends universally on a single energy s&ie re- IV. SUMMARY
The hexagonal compound CePtIn is a well-known para-

' ' ' magnetic heavy-fermion systethiwe attempted to investi-

1.1

YbPtIn

200 T T

YbPtIn

_
2
= 150 |
a
2 e
~ 100 .
@

50

i 0
Field (M 0 20 40 60

FIG. 12. Field variation of the transverse magnetoresistance of Temperature (K)
YbPtIn, presented gs(B)/p(B=0), measured at various tempera-
tures aboveT . The solid lines are fits to the Schlottmann expres-  FIG. 14. Temperature variation of the characteristic parameter
sion (see texk B* (see text as derived from the fits presented in Fig. 12.
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gate an ytterbium-based counterpart and prepared YbPtligion. The transverse magnetoresistivity is negative and
The x-ray diffraction study, performed on a single crystal,rather large.

has revealed that the new compound is indeed isostructural All the experimental findings strongly suggest that YbPtIn
to CePtIn, adopting a crystallographic unit cell of ZrNiAl is a magnetically ordered dense Kondo system with pro-
type. The magnetic measurements have indicated in YbPtlnounced crystal field effects. This presumption is supported
the presence of almost trivalent Yb ions which carry ratheby the results of semiquantitative analysis of our experimen-
well-localized magnetic moments. The heat capacity meatal data in terms of Kondo scaling. The theoretical predic-
surements have shown that the ytterbium indide orders magdions describe remarkably well the measured heat capacity,
netically at 3.1 K. Two furthen-type anomalies irC(T) resistivity, and magnetoresistivity of YbPtIn, yielding a char-
have been observed at lower temperatures, the origin dcteristic temperature of about 4 K.

which is unclear as yet. The magnetic entropy in YbPtIn is
strongly reduced with respect to the value characteristic of a
doublet ground state. Moreover, ti¥T ratio extrapolated

to 0 K attains as large a value as about 700 mJ/nfolTie The work at the University of Florida was supported by
electrical resistivity of YbPtIn exhibits &% behavior at low the Department of Energy under Contract No. DE-FG02-
temperatures and a Thdependence in the paramagnetic re-99ER45748.
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