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PHYSICAL REVIEW B VOLUME 60, NUMBER 6 1 AUGUST 1999-1I

Structure and physical properties of the quaternary Remeika-phase compound YdPtgIn 16Bi»

E. G. Moshopoulou, M. F. Hundley, R. Movshovich, J. D. Thompson, J. L. S&rrao,
and Z. Fisk
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

E. Felder, M. Chernikov, D. Pushin, and H. R. Ott
Laboratorium fu Festkaperphysik, Eidgengsische Technische Hochschifnggerberg, 8093 Zich, Switzerland
(Received 12 January 1999

We report the synthesis and characterization of an indium-rich quaternary Yb-Pt-In-Bi compound that is
similar to the well-known rare-earth transition-metal stannide Remeika-phase compounds. In addition to
structural/composition studies identifying the compound agP¥n,Bi,, we have made dc and ac magnetic
susceptibility, specific heat, resistivity, magnetoresistance, Hall effect, and thermoelectric power measurements
on this material. It appears that this Remeika-phase compgsinacture type TERhsSn;g) is moderately
disordered. Crystal-field effects influence the temperature dependence of the dc magnetic susceptibility, the
specific heat, the resistivity, and the thermoelectric power. A cusp in the ac magnetic susceptibility peaks near
300 mK, close in temperature to where the specific heat divided by tempe@{(f§/T also reaches a
maximum. The susceptibility feature is frequency dependent and suggestive of a disorder-induced spin-glass
transition rather than conventional magnetic order.

[S0163-182699)03830-9

INTRODUCTION lateral dimension grow from these melts. They have an ap-
. . . . . earance and morphology very similar to what is found in
Since being d|sgov§ared in the early 1Q$0%,Reme|ka- '?he growth of the Igeme?lza stgnnides from excess Sn. The
phase compoundgin-rich rare-earth transition-metal stan- ystais are clearly quaternary phases as it is not possible to
nides have attracted much attention, especially because Qfynihesize the material from melts that exclude any of the
the coexistence of magnetism and superconductivity that isonstituent elementén particular B). Furthermore, it has
observed in some members of this family of compouhds.not proved possible to synthesize the Yb-Pt-In analogue of
Although distorted versions of each ex'?§tthe materials can the 9.7-A fcc stannide, a|though such a phase can be pro-
be divided into two groups. The first are those derived fromquced with light rare earths, for example £aln,.”
a face-centered-cubic structure with lattice constant The symmetry of the Yb-Pt-In-Bi crystals was established
~9.7A, such aR;M,Sny; often written SR;M,Sni, be-  from precession photographs using Moradiation. The

cause of the muItIpIICIty of Sn sites, wheReis a rare earth hotographs d|sp|ay Laue symmetm3m and reflection
andM is a transition-metal element. The more complicatedeonditionshkl: h+k,h+1,k+1=2n, Okl: k,1=2n, hhl: h

group are those derived from a face-centered-cubic structurg | =2n h00: h=2n, consistent with the space groups
with a~137A, for example RsMeSng OF  F432 F-43m, and Fm-3m. The F cell parameter, deter-
Sn_«RxR;MgSnig. Both classes of compounds form with mined from the precession photographs, ds-13.8 A.
many different rare earths and transition mefaWe have Crushed Crysta's also were examined by powder X_ray d|f_
found that it is also pOSSible to Synthesize indium-rich Com“fraction’ using a Siemens diffractometer anq<gmdiation,
pounds in the same structure that seem to share many of tii¢ order to determine accurately the cell constant. The final
physical properties of these stannides. Here, we report thgttice constant, refined by the least squares method using the
observation of the larger-cell structure in an Yb-Pt-In-Bi ghsolute ¢ angle of 12 high angle reflections, was
quaternary phase. We also have observed the smaller-cell 13.86(2) A.
p_hase in rare earth-platinum-indium ternari@e only pre- Quantitative x-ray microanalysis was performed by apply-
viously reported group of such compounds that do not congg the Cliff-Lorimer ratio techniqué to data obtained with
tain Sn are the rare-earth transition-metal germanides, digg Phillips CM 300 transmission electron microscdpeM)
cussed by Brau. operating at 300 kV and equipped with a Kevex x-ray
energy-dispersive(XEDS) analysis system. The Cliff-
Lorimer (or sensitivity factors,k, used in the XEDS analy-
sis, were determined from analysis of the stoichiometric
In an attempt to grow single crystals of Yb-Bi-Pt phasesstandard compounds YbBiPt and YbInCTEM samples of
from an indium flux, we have grown single crystals of a Yb-Pt-In-Bi and of the standard compounds YbBiPt and
quaternary phase Yb-Pt-In-Bi compound. The crystals growrbInCu, were prepared by crushing single crystals of each
from an approximately 10 molar % solution of the composi-compound in anhydrous methanol, dispersing them onto a
tion YbBIiPt in excess In. The synthesis is made in aluminal000-mesh TEM grid, and immediately inserting them into
crucibles encapsulated in evacuated silica, by slow coolinghe microscope, in order to avoid potential contamination.
from 1100 °C. Multi-faceted crystals with faces up to 1 cm in“Beam transparent” areas along the edges of many crystal-

SYNTHESIS AND STRUCTURAL CHARACTERIZATION

0163-1829/99/6@®)/40965)/$15.00 PRB 60 4096 ©1999 The American Physical Society



PRB 60 STRUCTURE AND PHYSICAL PROPERTIES OF TH. .. 4097

lites of each compound were examined to check both the
homogeneity and the stability of the specimen. All the crys-
tallites were studied under kinematical diffraction conditions. °
The XEDS spectra for both standards and the unknown com-150x10 s
pound Yb-Pt-In-Bi were acquired, interpreted, and processed
with the DTSA software packadeunder identical acquisi-
tion conditions of electron-beam energy, detector efficiency,
position and orientation of the specimen relative to the de-
tector, and with 1000 s collection times. Because of the
strong overlap of the BL lines with the PiL lines, thekg;yy,
andKkpyp, factors were determined from the integrated inten-
sities of the PtM, (2202 eV}, M5 (2122 eV} and of BiM,
(2688 eV}, M5 (2580 eV lines; the use of these low-energy
lines introduced at5% error in their determination. The
composition of the Yb-Pt-In-Bi sample was found to be i s assee
43.07 wt. % In, 19.69 wt. % Yb, 26.85 wt. % Pt, 10.08 wt. % 0 50 100 150 200 250 300 350
Bi, corresponding to the chemical formula sRIn,¢Bi,. No TK)
inhomogeneities were observed.
The x-ray diffraction and XEDS data suggest that the ma- F|G. 1. The temperature-dependent magnetic susceptibility
terial belongs to the TgRhsSm g type structure described by (open circles and the inverse magnetic susceptibilippen
the space grougFm-3m. Rietveld refinement of single- squares The solid line is a Curie-Weiss fit to the high-temperature
crystal neutron-diffraction data confirms this suggestion andiata.
indicates that the compound is disordefed., variations in
site occupancy are obseryeduch disorder is a ubiquitous 3.72,,/Yb, an anomalously low value, and a Weiss tem-
feature of the Sn variants of these CompOU?'lasf SimpliC- peratureacwz — 27 K. However, if we assume that one Yb
ity, we assume in what follows that the compound we areyer formula unit is nonmagnetic, i.e., divalent Yb, then the
studying has the composition ¥RiIn;¢Bi,. It is important  effective moment per trivalent Yb is 4.18, a number
to note that this composition would require two distinct Yb close to the free-ion Hund’s rule value of 4,54. Below
sites even in the absence of disorder. In Fi&l3m space 100 K, the deviation from the extrapolated high-temperature
group, a less favorable choice based on the laRfactor in - Curie-Weiss behavior suggests a crystal-field splitting of the
our neutron-diffraction studies, this possibility is easily real-ground state multiplet of trivalent Yb atoms. We have syn-
ized as one fully-occupied Yb site with a unit-cell multiplic- thesized the corresponding Gd-Pt-In-Bi compound for com-
ity of four (that one infers from magnetic susceptibility to parison. Assuming the GBtIn,¢Bi, stoichiometry, we find
contain magnetic Yb® ions) and one fully-occupied site from its magnetic susceptibility an effective moment of
with a multiplicity of one containing nonmagnetic Yb In 7964, /Gd, essentially the free-ion value, with all 5 Gd at-
the case oFm-3m, partial occupancy of an eight-fold site oms being magnetic. This adds support to our assumption
and partial occupancy of a onefold site is required. Althoughegarding the presence of one divalent Yb site in
the latter choice may be less natural in obtaining four triva-yp_ptn, Bi».
lent Yb’s and one divalent Yb per formula uriés suggested The low-temperature specific heat of JIn,Bi, is
by the magnetic susceptibility data discussed bglawdoes  shown in Figs. 2 and 3. Note that to facilitate a comparison

provide a natural source of disorder and frustration, consisyith the magnetic susceptibility data we have normalized the
tent with the spin-glass behavior we observe at low tempera-

ture. More work is clearly required to differentiate rigorously 10 —r——
between thd=-43m and Fm-3m space groups. 2
A broad range of experimental techniques was used to
characterize the physical properties ofsPRIn,¢Bi,. The dc
magnetic susceptibility was measured using a commercial
SQUID magnetometer. The heat capacity ab@& K was
measured using a thermal relaxation technique; low-
temperature ac magnetic susceptibility and heat capacity
were measured in a dilution refrigerator using mutual induc-
tance and semiadiabatic heat-pulse techniques, respectively.
Transport measurements were performed in & éfgostat
and a dilution refrigerator using the standard four-wire ac
technique.
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EXPERIMENTAL RESULTS AND DISCUSSION T (K)

The magnetic susceptibility of ¥B%In;Bi, measured in FIG. 2. C/T vs temperaturéopen circles and C /T vs tem-
a field of 1000 Oe is shown in Fig. 1. Fitting the data aboveperature (solid line). C/T vs T? is shown in the inset forT
100 K to a Curie-Weiss law yields an effective moment of <20 K. The dashed line is a fit to the high-temperature data.
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dependent magnetic entropy is pictured in the inset. L E
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specific heat data per mole of magnetic Yb. The inset to Fig. 0.20 025 030 035 040
2 shows the data plotted &/T vs T?. The data show a T X)

modest downward curvature above 5 K, indicative of a

crystal-field level influencing the specific heat. A fit to the ; -

data for 5 k< T<20K (dashed ling yields a Sommerfeld real part of the complex ac magnetic susceptibiliypper panegl

coefficient y of 107+ 3 mJ/mole mag YbR a phonon con- and specific heat divided by temperature as a function of tempera-

tribution 3 %’_3 with [;: 2.5 m/mole mag ka(aD: 178 K) ture (lower panel, measured on the same single crystal.

and a quartet crystal-field level located58 K above a dou- .

blet ground state. It should be pointed out that in theCTystal of YiPEInyeBi, between 0.2 and 0.4 K. At a fre-

TheRh,Snys structure, the point symmetry of Yb in quency of 420 Hz, a distinct b_ut reIatlver broad maximum is

YbsPtIn,gBi, causes thel=7/2Yb multiplet to split into observed at 0.27 Il<,flslugg;est|ng a freez:rgl] of rr?agnetm mo-

four doublets. The fact that we obtain the best fit to Ourr_nent_s. An external field of 100 Oe parallel to the ac excita-
o ’ . ) : tion field, of order 0.1 Oe, further broadens the maximum. In

specific heat data with a doublet-quartet configuration SUgE; 4(b) we show the ratio of specific heat at constant pres-

gests the presence of two close-in-energy excited doubletg.u(‘]r;e divided by temperaturé, ('[I)')/T for the same cr s{)al

In fact, fits which allow three crystal-field levels produce y P p ' Ty .

over the same temperature range. The maximum in

nearly degenerate excited doublétiot shown, but with Cp(T)/T, indicating the maximum rate of loss of entropy, is

large uncertainties in the fitted values due to the large num\—/e close in temperature to theyT) maximum
ber of free parameters in the fits. ry P '

C/T rises continuously below 5 K. The low-temperature f we a'?'o hsvte measilérqd (dTigirlsﬁve_ﬁ: of[her exc;{agn
data are shown in the main part of Fig. 2, wheZ€T is requencies between 1o an £. The temperaiy

plotted as a function of below 3 K. A maximum, too broad which y' reaches a maximum increases with increasing fre

to be consistent with conventional magnetic order, is see uencyw, again typ'c?" of spin-glass behavior. In_our case
near 300 mK. The subsequent rise in specific heat at th e variation of Ty with frequency can be described ad-
lowest temperatures appears to be due to a nu%&;ar Schottﬁguately using the Vogel-Fulcher relation
contribution, because the data can be well fit by & 1érm. _ _ _
The magnetic specific heaf,,4, was determined by sub- V(T =voexp~Ea/lke(Tr—To I}, @
tracting the fitted low-temperature nuclear-Schottky contri-where v,=1x10%s™! is chosen as the characteristic
bution and the fitted high-temperature electronic, phononfrequency'? The T; versus 1/Ing,/v) data plotted in Fig. 5
and crystal-field contribution@hese contributions are given can be fit by a straight line witfi,=0.19 K and an activation
by the dashed-line fit in the inset of Fig) #om the total energyE,/kg of 1.9 K. Over the range of frequencies for
specific heat. The quanti@,,¢/T is shown by the solid line  which we measured, the average value of,/T¢~0.68
in Fig. 2 and is replotted a§,,vs T in Fig. 3. The sharp indicates that YEPtIn,¢Bi, is a spin glass with a moderate
rise of Crpag between 0.1 and 0.3 K is followed by a plateau strength of RKKY interaction between magnetic moments,
of almost constant specific heat up1 K and only a slight mediated by conduction electroffs.
subsequent decrease at higher temperature. Because onlyThe absence of conventional long-range order in
0.75RIn 2 of magnetic entropy is recovered by 7 K, a split- YbsPtIn,¢Bi, is most likely due to the inherent disorder in
ting of the doublet ground state of ¥bions due to conven- the Yb sublattice. The rati®; /6y, wheredcy is the high-
tional magnetic order belo 1 K may be excluded. temperature Weiss temperature extracted from dc magnetic
Indeed, subsequeng,. measurements at different fre- susceptibility, is of the order of 0.01, suggesting a high de-
guencies confirm the existence of a spin-glass-like transitiogree of frustration. The rather small entropy associated with
below 0.3 K. In Fig. 4a) we show the real pat’(T) of the the freezing transition, however, indicates that either only a
complex ac magnetic susceptibility measured on a singlemall fraction of full-moment Yb ions is affected by the

FIG. 4. Temperature dependences, between 0.2 and 0.4 K, of the
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FIG. 5. Temperature at which the real part of the complex ac
magnetic susceptibility reaches a maximum as a function of re- . .
duced frequency. The solid line is a fit to the Vogel-Fulcher rela- .
tion. See text for details. 0.00 53K Yb Pt In, Bi,

freezing or considerably reduced Yb moments are frozen out.
The present set of experiments cannot distinguish clearly be-
tween these two cases. °
The temperature dependence of the electrical resistivity of
YbsPtIn1gBi, is shown in Fig. 6. The resistivity drops by
only 4% between 300 and 50 K, then rises approximately
15% at low temperature, going through a broad maximum in
the region of the spin-glass transition. The origin of the rise
in resistivity below 50 K is not clear; however, the field- 004 Ny
dependent magnetoresistand®R), defined as Ap/pg 0 5
=[p(H)—p(0)]/p(0), shown in Fig. Ta) obeys the simple
scaling relationship described by Beal-Monod and Wéther ® HAT + ) (kOe/K)
for a Kondo system withr>Ty : Apxf(M), whereM is FIG. 7. (8) Magnetoresistance isotherms in fields to 50 k®g.

the magnetization. By plotting the magnetoresistancélvs \Magnetoresistance field sweeps plotted as a functiod /¢T + 6)
~H/(T+ 6) [Fig. 7(b)], all of the data collapse on a univer- with 9=1 K.

sal curve ford~1 K. Hence, the MR is consistent with a low

Ch?rrﬁgtfe”ns]t'gggjrrgzzczlﬁ dler]nihﬁaﬁoé?)g?flijcri]gﬁt measured imagnitude between 296 and 3 K. Although quantitative
10 kOe. i ph g F'p 8 -1 T R ! . Qnalysis is difficult because we cannot make a reasonable
€, 1S shown in F1g. H VersusT. Ry Is negative  qogiimate of the non-magnetic scattering in the absence of a

at all temperatures and is strongly temperature dependerﬁonmagnetic analogue for ¥BiIn,Bi,, the Hall coefficient
varying essentially as T/and changing by two orders of

Yb_PtIn, Bi,

170
1658 YbPtIn, Bi,

160

536 3 O IO

R, (10°C/m”)
N

p (R cm)

145 -

200

300

100

200
T (K)

FIG. 8. Temperature-dependent 10 kOe Hall coefficient from 3
to 300 K plotted aﬂgl versusT. The solid line is proportional to
T, suggesting that the Hall coefficient is dominated by skew scat-
tering.

TK)

FIG. 6. Resistivity as a function of temperatupéT) below 2 K
is shown in the inset.
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FIG. 9. Field-dependent Hall coefficient from 3 to 53 K. FIG. 10. Temperature-dependent thermoelectric power from 4

to 300 K.

d?‘a are consistent With. a simple model consisting of a SmaBroad maxima centered at roughly one-third of the energy
-independent conventional Hall term plus a larger skew-yjiing Hence, the peak in thermopower centered at 25 K is

scattering contribution that follows the temperature depengqsistent with the 60 K crystal-field levéds deduced from
dence of the magnetic susceptibilifye., = 1/T).* The field-  the specific heat data, and the second peak centered at
magnetoresistance dat&(H) is field-dependent at low crystal-field level.

temperatures and is essentially field-independent above 36 SUMMARY

K.
Finally, the temperature-dependent thermoelectric power We have found that a quaternary compound with the ap-

(TEP) is depicted in Fig. 10. The TEP is positive and exhib-Proximate chemical composition ¥BtlIn;Bi, is closely re-

its a broad double-peak below 100 K and increases mondated structurally to the stannide phasesRh;Sng. The

tonically above 100 K, achieving a value ofd/K at room compound appears to have inequivalent sites occupied by

temperature. As with the Hall-effect data, the overall magni20th divalent and trivalent Yb ions, displays chemical disor-
er similar to its stannide analogue, and undergoes a spin-

tude of the TEP is characteristic of a metal, and the sign o o ‘ ;
thermoelectric power is consistent with an estimate of theglass transition near 300 mK. There is evidence from bo';h
non-skew-scattering contribution to the Hall eff¢although thermodynamic and_transpc_)rt. measuremgnts of effects attrib-
Ry is large and negative, we estimate the ordinary Hall con—“table, to a crystal-field splitting of the trivalent Yb=7/2
tribution to be small and positiyé* Given the degree of Hund's rule ground state.
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