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Heavy-fermion behavior, crystalline electric field effects, and weak ferromagnetism in SmQSb;,

W. M. Yuhasz, N. A. Frederick, P.-C. Ho, N. P. Butch, B. J. Taylor, T. A. Sayles, and M. B. Maple
Department of Physics and Institute for Pure and Applied Physical Sciences, University of California San Diego,
La Jolla, California 92093, USA

J. B. Betts and A. H. Lacerda
National High Magnetic Field Laboratory/Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA

P. Rogl
Institut fur Physikalische Chemie, Universitat Wien, A-1090 Wien, Wahringerstrasse 42, Austria

G. Giester
Institut fir Mineralogie und Kristallographie, Universitat Wien, A-1090 Wien, Althanstrasse 14, Austria
(Received 9 March 2004; revised manuscript received 28 October 2004; published 3 Margh 2005

The filled skutterudite compound Smf3¥,, was prepared in single-crystal form and characterized using
x-ray diffraction, specific-heat, electrical resistivity, and magnetization measurements. TheRm©Osy/stals
have the LaFgP;-type structure with lattice parametar9.3085 A. Specific-heat measurements indicate a
large electronic specific-heat coefficient 880 mJ/mol K, from which an enhanced effective mast
~170m, is estimated. The specific-heat data also suggest crystalline electric(@iElg splitting of the
Sm*J=5/2 nultiplet into aT'; doublet ground state and & quartet excited state separated b¥B7 K.
Electrical resistivityp(T) measurements reveal a decrease(if) below ~50 K that is consistent with CEF
splitting of ~33 K between d'; doublet ground state arld; quartet excited state. Specific-heat and magnetic
susceptibility measurements display a possible weak ferromagnetic transitio®.&t, which could be an
intrinsic property of SmQSb;, or possibly due to an unknown impurity phase.
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I. INTRODUCTION Kondo effect. Similar to Smk@;, the compound
SmFgSb;, has also been found to be ferromagnetic; how-
The family of filled skutterudite compounds exhibits a ever, unlike the magnetization of SmPg, SmFaSh;, is
variety of interesting strongly correlated electron phenomengharacterized by a saturation magnetization at 5 KViQf;
and have potential for thermoelectric applications. These=0.7 ug/f.u., which agrees with the Sthfree ion value.
phenomena include, for example, superconductivity inAfter taking into account the contribution from the FgSh
LaFgP;,! heavy-fermion superconductivity in PrgBb,,? polyanions, the effective magnetic moment of SpStg,
ferromagnetism in SmiB;,,® Kondo-insulating behavior in was found using Van Vleck's formula to beueg
CeOsShy,* and valence fluctuations in Ybf®b,®> The =1.6+0.2ug/f.u., in good agreement with the calculated
filled skutterudites have the chemical formd,X,, where  value of pey=1.66 ug/f.u.t
M =alkali metal, alkaline-earth, lanthanide, or actinidé or X-ray diffraction, specific-heat, magnetization, and elec-
U); T=Fe, Ru, or OsX=P, As, or Sh. The unit cell for these trical resistivity measurements on the compound S;80s
compounds consists of 34 atoms crystallized in ahave been performeéd. These measurements revealed the
LaFeP;type structure with thémgspace group. presence of crystalline electric field effects, heavy-fermion
The only Sm-based filled skutterudites to be characterize@€havior, and magnetic order. Analysis of the magnetization
at low temperatures are all three phosphides and $&tfe ~ Using scaling theory and modified Arrott plots shows signs of
of these, only SmF®;, has been studied in single-crystal & ferromagnetic component to the magnetic order.
form37-14These studies have revealed that SyReis fer-
romagnetic below 1.6 K, SmRB;, has a metal-insulator
transition at 16 K, SmQ#®,, is an antiferromagnet below
4.6 K, and SmF£5h, is ferromagnetic below 45 K. Experi- Single crystals of SmQSh;, were grown in a molten Sb
ments on SmF®;, have also uncovered heavy-fermion andflux. Stoichiometric amounts of S@CERAC 99.9% and Os
Kondo-lattice behavior, with a Kondo temperature of about(Colonial Metals 99.95%were combined with an excess of
30K and an electronic specific-heat coefficient of Sb(CERAC 99.999%in the atomic ratio 1:4:20 and placed
~370 mJ/mol ¥.3° By 7 T, the magnetization of Smf®,  in a carbon coated quartz tube, which was then evacuated
at 1.8 K does not saturate and only reaches a value aind filled with 150 Torr Ar prior to being sealed. The sealed
0.15 ug/f.u., which is much less than the Sinfree ion  tube was placed in a box furnace, heated to 1050 ° C for
value of Mg,=0;J ug=0.71ug/f.u. This behavior was at- 48 h, and then cooled to 700 ° C at 2 ° C/h. The resulting
tributed to screening of the magnetic moment due to therystals were cubic and tended to form in large intercon-

Il. EXPERIMENTAL DETAILS
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TABLE |. Single-crystal structural data for Smg3b,, (LaFeP;-type, space groupng; No. 209 taken atT=296 K, with a scattering
angle range of 2%2<80°.

SmOsSh;,

Crystal size 84 84X 56 um? Lattice parametea [A]  9.308%2) Density p [g/cn?] 9.767
Reflection in refinements 44940(Fp) of 482 Number of variables 11 RE=3|F3-F3/3F3 0.0207
Goodness of fit 1.284
Smin 2 (0, 0, 0; Thermal displacements [AZ] Interatomic distancegA ]
Occupancy 1.0@) Sm:Uq1=Uy=Uz; 0.05526) Sm-12 Sb 3.4824
Osin & (1/4, 1/4, 1/3; Thermal displacements [AZ] Interatomic distancefA |
Occupancy 1.0@) 0Os:Uq1=Uy=Uz3 0.00191) Os—6 Sh 2.6241
Shin24(0,y, 2;v: 0.155893) Thermal displacements [A?] Interatomic distancegA |

z 0.340093) Sb:U;; 0.00191) Sb-1 Sb 2.9022
Occupancy 1.0@) Uys 0.003711) 1Sb 2.9771

Uss 0.00631) 2 Os 2.6241

1Sm 3.4824

nected clusters, with most of them much less than 1 mm inwere made with a constant current of 100—308, perpen-
dimension. A small batch of ultra-high purity single crystalsdicular to the applied magnetic field. Magnetization mea-
were also produced using SEAMES 99.99%, Os (Alfa  surements were made with Quantum Design superconduct-
Aesar 99.999% and SH(CERAC 99.999% However, these ing quantum interference device magnetometers in the
single crystals were only used as a subsequent check f@gmperature range 1.7 to 300 K in magnetic fields upto 5 T.
Impurities. Measurements of the dc and ac magnetic susceptibility
The quality of the single crystals was determined by x-rayy, (T) and y,{T), respectively, and the isothermal magneti-
powder diffraction measurements, which were performedzation M(H) were made on a 5.37 mg single crystal with
with a Rigaku D/MAX B x-ray machine on a powder pre- gimensions~0.6x 1.16x 1.18 mm mounted such that the

pared by grinding several-single crystals. Single crystafie|q was applied along the long axis of the crystal.
structural analysis was performed on two single crystals with

similar dimensions. Inspection with an AXS-Gadds texture
goniometer assured the high quality of the specimens prior to
x-ray intensity data collection. For the data collection, a four- A. Single-crystal structural refinement
circle Nonius Kappa diffractometer equipped with a CCD
area detector employing graphite monochromatedikyjea-

Ill. RESULTS

Analysis of the x-ray powder diffraction pattern indicated
o - ) . g single phase SmQ@Sb;, with a minor impurity peak of
diation (A =0.071073 nmwas used. Orientation matrix and OsSh (=5%). Table | lists the results of a structural refine-

upc;t r;r?]lllfs ﬁl%ra;?)iﬁrs,[io\éveégrrg;irgid w:?(lan%ect:gfs’\gzro be ment performed on x-ray-diffraction data taken from two
program- P Y mOsSh;, single crystals. The structural refinement indi-

cause of the regular crystal shape and small dimensions § .
the investigated crystals. The structure was refined with th%ated that SmQSh,, has a LaFgPytype structuré, with a

. 17 attice parametera=9.3085 A and a unit cell volume of

aid of th.e.SHELXS'W program. 06.6 2. The Sm site was found to be fully occupied and
Spec'f'(.: heaC('I_’) measurements_were ma_de between 0. m was found to have large isotropic thermal displacement

and 70 Kina sem|ad|abat1°’¢1e c_alonmeter using a standard arameterd);; relative to those of Os and Sb. The values of
heat pulse technique. Many smglg crystals were combine i for Sm are consistent with the“rattling” behavior of the
for a total mass of 49.34 mg which were attached to the}illed skutterudite compounds.
thermometer(Cernox/heater sapphire platform with about
7.44 mg of Apiezon N grease. The electrical resistiyi(y)
of several samples with dimensions 6f1 X 0.5X 0.5 mm
was measured using a four probe techniqgue from Displayed in Fig. 1a) is a plot of the specific heat divided
1.1 to 300 K. Magnetoresistancep(H,T) measurements by temperatureC/T vs T of SmOsSh;, between 0.6 and
were made using a four probe ac technique in fields up t@5 K. Two features are readily apparent in the data repre-
9 T in the 2 to 300 K temperature range in a Quantum Desented by the open circles in Fig(al The first feature, a
sign Physical Properties Measurement System and in madump which peaks at2 K, can be associated with the onset
netic fields up to 18 T down te-0.05 K using®He—*He  of ferromagnetic order when corroborated y{T) and
dilution refrigerators at UCSO0-8 T) and the National M(H) measurements described later in this article. The fer-
High Magnetic Field Laboratory at Los Alamos National romagnetic ordering temperatuf€urie temperatujewas
Laboratory (8—18 T). All of the resistivity measurements approximated by taking the maximum negative slop€ bf,

B. Specific heat
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which occurs at 2.6 K. This feature is not as well defined af ~4.2 J/mol K by 25 K, where the Schottky contribution
that expected for a typical ferromagnetic transition and mays in its high-temperature tail and significantly reduced.
be due to the presence of an impurity phase. However, this
hump is similar to a broad feature in the specific heat of
PrFeSb;, that is associated with the occurrence of magnetic Electrical resistivity measurements were performed on
order?® several single crystals of SmgBb,,. Figure 2 displays the
The second feature observed in the specific-heat data israom-temperature  normalized  electrical  resistivity
Schottky-like anomaly centered atl0 K. The data between p/p(294 K) vs T for two representative samples. Samples A
3.5 and 20 K were fitted by an equation containing elec-and B both exhibit metallic behavior with residual resistivity
tronic, lattice, and Schottky terms. These results are also disatio (RRR) values of 12.7 and 19.1, respectively, and room-
played in Fig. 1a). The Debye temperatu®,~294 K in-  temperature resistivity p(294 K) values of 313 and
ferred from the fit is typical for a filled skutterudite 379 4 ) cm, respectively. At low temperatures, there is a
compound, while the resultant electronic specific-heat coeforoad hump inp(T) between 6 and 40 K for sample A and a
ficient y~880 mJ/mol K is extremely large. It is important kink in p(T) at ~12.5 K for sample B. These features occur
to note that this value of is fairly insensitive to the Debye el aboveT,,,~2.6 K determined fronC(T), as well as
temperaturédp, and the splittingAE of the crystal field lev-  from y.(T) and M(H,T) data presented later. The sample
els, changing by less than 5% for various reasonable valuggspendence of the electrical resistivity along with the high
of Op andAE. The effective mase can be estimated from  qom-temperature resistivity values indicate the presence of

C. Electrical resistivity

y using the relation atomic disorder.
The temperature and magnetic field dependencies of the
T2AZIQ)Km' A electrical resistivity for SmQ$b;, are shown in Figs. 3 and
h2kKE .
whereZ is the number of charge carriers per unit cé€ll;is 0.8 | SmOsSbi,
the unit cell volume, anél-=(3722/Q)*?3 is the Fermi wave
vector using a spherical Fermi surface approximation. We
, . . 06 |
assume thaZ =2, since there are two formula units per unit é 025
cell and in each formula unit, Sthcontributes three elec- s < A
trons and each of th€0sSh)™ polyanions contributes one 0.4 1 Q§ 0.15
hole. Equation(1) yields m" =~ 170m,, wherem, is the free A = B
electron mass, revealing that SmShb,, is a heavy-fermion 02 0.05 1
compound. B 0 20 40
The magnetic contribution to the entro,, shown in 0 - . T(K)
Fig. 1(b) was determined by subtracting the electronic and 0 100 TK) 200 300
lattice contributions fromC/T, extrapolating to zero tem-
perature, and then integrating over At the ~2.6 K mag- FIG. 2. Electrical resistivity vs temperaturd for SmOsShy,

netic transition, the magnetic entropy was found to besamples A and B. The low-temperature behavior is shown in the
~94 mJ/mol K(1.6% ofRIn 2) and it only reaches a value inset.
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FIG. 3. Electrical resistivity
p(T) at various fields for
SmOsSh;, (Sample A. (a)
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102 T <18 T.(c) p—po vs T on a log-

log scale. The lines are power law

1011 fits to the data of the fornmp
=po[1+(T/Ty"]. (d) dp/dT vs T
100} at fields up to 9 T showing a peak
- . 2 at ~7.5 K for all fields.
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4. Figure 3a) displays the electrical resistivity of SmgBly,  data in the temperature range fron0.05 to ~10 K up to
from 2 to 300 K in fields up to 9 T. In general, the resistivity 8 T and from~0.02 to 2.6 K from 10 to 18 TFig. 3(c)].
increases with increasing field at all temperatures. The shoulFhe fits show that the exponentis approximately 2 up to
der in p(T), which is observed at-30 K, becomes more 4 T, consistent with Fermi-liquid behavior, and then de-
prominent as the magnetic field increases. The behavior direases with increasing field, possibly indicating a cross over
the low-temperaturg(H) data above 4 T for SmQ8by,is  t© field-induced non-Fermi-liquid behavior. The valueTgf

very similar to that of LaOgSh;,: however, below 4 T, the determined from the power-law fits varies betweenr and
p(H) data exhibit a rapid increase withwhose origin is not 8 K.' and may be as.sqc'lated with the peak Qbsgrved in the
understood. derivative of the resistivitydp/dT vs T, shown in Fig. &d),

The heavy fermion behavior inferred from the SIOeCiﬁC_Whlch occurs around 7.5 K at all fields between 0 and 9 T.

. . ; .~ This low value of the scaling temperatufg is consistent
heat measurements is also reflected in the electrical reS'St'With the large value ofy.

ity. The electrical resistivity of a typicaf-electron heavy- The coefficientA [=po/ (T2)] of the T2 term in the electri-
fermion compound has a relatively weak temperature.,| resistivity is often found to follow the Kadowaki-Woods
dependence at high temperatures and then decreases rapig{y) relation A/2=1x 1075 xQ cm moP K2mJ2 (where
with decreasing temperature below a characteristic “coher;, s the electronic specific heat coefficigft For
ence temperature,” until, at the lowest temperatures, the r&smOgSh;,, the power-law fits to the electrical resistivity
sistivity varies asT2. The T? dependence is indicative of result in anA/ 47 ratio of ~0.5x 107 uQ cm mof K2 mJ2
Fermi-liquid behavior and is strong enough to be readilyat 0 T, which is~20 times smaller than the value expected
observable in most heavy-fermion compounds. In order tdrom the KW relation. However, Tsujiiet al. recently
ascertain whether the resistivity of Sm@h,, follows this  found a different empirical relation A/»?~0.4
T2 dependence at low temperatures, power-law fits of the< 1076 10 cm moP K2mJ?2 from studies of several Yb-
form p=p[1+(T/Tp)"] (Wherep, is the residual resistivity based compoundéuch as YbCg YbAl;, and YbInCuy),
andTy is a characteristic temperatiingere made to the(T)  some Ce-based compoun@@eNigSi, and CeSg), and some
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FIG. 4. Electrical resistivityp(H) at various temperatures for
SmOsSh;, (sample A along withp(H) at 1.5 K for LaOgSh;,. (a)
p(H,T) for O T<H=<9 T and 0.02 K T<40 K. (b) p(H,T) for
0 TsH<18T and 0.02kKT<275K. The p(H) data for
LaOs,Shy, (solid circles at 1.5 K (shifted upwards by adding
20 pQ) cm) for comparison with the low-temperatupgH) data of
SmOsSh,.

transition metalgsuch as Fe, Pd, and % To explain this
new relation, Tsujiiet al. suggested a relation to the ground-

state degeneracy of the system, which has been developed

further by Kontani in the form of a generalized Kadowaki-
Woods relatiorf:?2The A/ y? value for SmOgSh,, seems to

PHYSICAL REVIEW B 71, 104402(2005
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FIG. 6. M(H) isotherms between -5 T and 5 T for SmSk,;,»
at 2, 3, 4, and 5 K. The inset displays the low-field behavior of the
2 K isotherm.

was unable to describe the data. Previous #ohlas shown
that x(T) for Sm compounds can often be reasonably well
described without considering CEF splitting by the equation

(T):(N_A>|:'U“—gff+ﬂ23:| 2)
X kB 3(T_ acw) 6 ’

where N, is Avogadro’s numberu.y is the effective mag-

be in much better agreement with this new relation andnetic momentfc,y is the Curie-Weiss temperatures is the
thereby, consistent with the behavior of several other heavyBohr magneton, andé=7A/20, whereA is the energy(ex-

fermion compounds.

D. Magnetization and magnetic susceptibility

Inverse dc magnetic susceptibility;: vs T data for
SmOsgSh;, are shown in Fig. 5. Since Sthions have rela-

pressed in units of K between the Hund’s ruled=5/2
ground state and th&=7/2 first excited state. Equatiof®)
consists of a Curie-Weiss term due to the5/2 ground-
state contribution and a temperature-independent Van Vleck
term due to coupling with the first exciteld=7/2 multiplet.
The theoretical SAT free ion moment is uef=g[J(J

tively low-energy angular momentum states above the.1))V/2 ;,.=0.845u,/f.u., whereg;=0.286 is the Landd

Hund’s ruleJ=5/2 ground state, a simple Curie-Weiss law

. o
SmOs 4Sb 12

600 |
)
% 400 E
E 5
X §
= 200 s
& 25

120
TK)

240

FIG. 5. Inverse dc magnetic susceptibiliggl, measured at
0.5 T, vs temperaturd (filled circle§ for SmOsSh;,. The line

factor andJ=5/2. Thebest overall fit of Eq(2) to the X;g(T)
data, shown in Fig. 5, results in the paramet&s,=
-0.99 K, =300 K, and u.4=0.63 ug/f.u.. The value of
terr=0.63 ug/f.U. is somewnhat less than the theoretical’Sm
free ion value ofu.;=0.845ug/f.u., while §=300 K yields
A=206/7=850 K, which is much less than tie~ 1500 K
value estimated for free Sthions?* However, low values of
A have previously been inferred from the fits yg(T) data
for other Sm-based compounds such as SyBRR?

The magnetic properties of Smg3,, were also charac-
terized by measuring,{T) and M(H,T) at low tempera-
tures. They,{T) data(Fig. 5, insel exhibit a peak indicative
of a magnetic transition a-=2.66 K, whereT. is defined
as the temperature of the midpoint of the changg,ion the
paramagnetic side. The results of isotherid&H) measure-
ments, made in the vicinity of the transition, are shown in
Fig. 6. The magnetic transition can clearly be seen in the
M(H) isotherms where the approximately linear behavior at

represents a fit of a Curie-Weiss law with a temperature-2 K becomes nonlinear at lower temperatures and hysteretic

independent Van Vleck term using E@®) to thexal(T) data. The

C

at 2 K (Fig. 6, insel. These results reveal that some type of

inset shows the temperature dependence of the ac magnetic susc&pagnetic order with a weak ferromagnetic component occurs

tibility xac The arrow denotes thHE: of SmOsSh;, (defined as the
midpoint of the transition on the paramagnetic $ide

below 2.66 K. At 2 K, the remnant magnetizatidvig is
~0.0151) wg/f.u. and the coercive fielHq is ~2.51)
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FIG. 7. Scaling plotM|/|t|# vs |H|/|t|#? for SmOsSh;,. The

line is a guide to the eye. FIG. 8. Modified Arrott plot for SmMOgSb,. The inset shows the

conventional Arrott plot for SmQ$b;, using the the critical expo-

X103 T. Even though saturation is not achieved at 2 K,nents from the molecular field approximatigf=1/2 andy=1).

which is only~0.5 K away fromT¢, a magnetization value

M of ~0.1221) ug/f.u. is obtained at 5 T which is only made in this field range as shown in Fig. 8; the intercepts of

17% of the theoretical value dls,=9;J ug=0.71 ug/f.u. the fits were then used to determine the Curie temperature
Arrott plots were constructed in an attempt to determineT, the initial susceptibilityy,, and the spontaneous magne-

the Curie temperaturdc, the spontaneous magnetization tization Mg for each isotherm. The value dic from the

Ms, and the initial susceptibility,. An Arrott plot consists  modified Arrott plots agrees well with the scaling analysis

of M?vs (H/M) isotherms, wher is magnetization antf  result of Tc=2.605) K to within ~0.1 K. A Curie-Weiss fit

is the internal field. In general, thd? vs (H/M) isotherms  of XoX(T) [Fig. Y@)] resulted in Ocy=2.5 K and wueg

form a series of lines for a ferromagnetic compound that are-0.4 ug/f.u. These values are not in agreement with the ear-

parallel nearT¢, whereTc corresponds to the isotherm that Jier fit to the x4(T) data using Eq(2) since thex,~(T) data

passes through the origin. However, in the case ofyere fit from 2 to 300 K while the,X(T) data were fit only

SmOsSh;,, theM? vs (H/M) isotherms are strongly curved, nearTe.

as shown in the inset to Fig. 8. To overcome this difficulty,

theM(H,T) data were analyzed using a modified Arrott plot,

MY vs (H/M)Y (where B and y are critical exponenjs

which is based on the Arrott-Noakes equation of staffo A. Crystalline electric field analysis

construct the modified Arrott plot, it was necessary to deter-

mine the critical exponentg and y. This was accomplished the sixfold degenerate SinJ=5/2 multiplet splits into al’;

by estimating the value of the critical exponehuising the doublet and d'g quartet. Although it has been shown that the

relationM ~HY¥T=Tc) and plottingd In(uoH)/d IN(M) vs =~ .= ) . . _
4gH for all the measured isotherms. The isotherm with the1‘|Il|ng atom (Sm) in the filled skutterudites experiences tet

slope closest to zero was found to be the oneTeR.6 K,

IV. DISCUSSION

In the presence of a cubic crystalline electric fiGREF),

and the average value fatIn(ugH)/dIn(M) above ugH —x,'=-121.1+483T
=0.05 T for this isotherm give$=1.825). These values M7= 010 = 0.087 ffu Moy =04 1y
were then analyzed using scaling the@Fyg. 7), from which 3 8o =25K »
[M|/]t|# is plotted as a function ofH|/|t|#° where t=(T
-Tc)/ Te; on this plot, the isotherms collapse onto two uni- %
versal curves with the isotherms far>Tc on one branch S <,
and those forT<T¢ on the other. Based on this scaling ~ %£'® smossb |10 g
analysis, values of3=0.735) and §=1.825) were deter- & 472 H
mined, whiley=0.605) was obtained from the Widom scal- = =
ing relation5=1+1v/ 8.2 The resulting value of - from the ¢
scaling analysis is 2.68) K, which agrees well withT - de- o (@ \'\ (b)
termined fromy,d{T) measurements on the same crystal. o

0 1 2 3 25 27 29 3.1

The critical exponents determined from the scaling analy- TH T80
sis were then used to construct the modified Arrott plots,
shown in Fig. 8. With the correct critical exponents for  FIG. 9. (a) Spontaneous magnetizatidhz” vs T along with a
SmOgSh,, the isotherms in the modified Arrott plot were linear fit (solid line) and extrapolation to 0 Kdashed ling (b)
linear and parallel close td. in the high-field region from Inverse initial susceptibilityo(T)™* vs T along with a Curie-Weiss
0.15 to 3 T. Linear fits to theM'# vs (H/M)*” data were fit (line).
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320 ; ; matched smoothly with the resistivity of LagBy, below
(a) . 100 K. These data were then combined to repreggrftom
22400 o 0s.Sb o 1 2 to 300 K in Fig. 10a). After subtracting this estimated lat-
§ G tice contribution,Ap was plotted as shown in Fig. () and
6o compared with the calculated resistivity due solelyst®
< gol . exchange scattering,,g from the Srﬁ* af energy levels in
: the CEF. The exchange scattering contributipg,y for
0 I_eStlmatedIPlat"'pimp SmOsSh;, was calculated for CEF splitting of the Hund'’s
0 100 T(K) 200 300 rulg J=5/2 multiplet for Sn¥* S|m|I_ar to a procedure de-
60 . scribed elsewhere for Prgiby »,3° which was based on work
° AP T Pmggft by Anderseret al3! Since Sm* has a magnetic ground state
_ 0 and, in order to simplify the analysis, a contribution to the
40} £ CEF resistivity due to aspherical Coulomb scattering was not
g g% considered. The fit of the calculatgg,dT) to the Ap(T)
;520 I S ] data was quite good, except belews K, where the discrep-
£ 5 ancy may be due to the ferromagnetic phase transition that
g (b) %o % @ %0 occurs at~2.6 K or the development of the coherent heavy
% 100 ()260 300 Fermi liquid ground state. Based on this fit, a splitting of
T(K) ~33 K between thd'; doublet ground state aridg quartet

excited state was inferred. In general, the splitting that results
from the CEF fit ofp,d T) to theAp(T) data is in reasonable

(b) Ap(=p—piar—pimp) vS T compared with a fit of the resistivity due agreement with the valuéss K) determlrle.c.i from specific .
to s-f exchange scattering of electrons from fhedoublet ground heat mggsgrements. Howeyer, the possibility that the drop in
state and th&g quartet excited state separated-b$3 K due to the e resistivity below~50 K is due to the development of the
CEF (solid line). The fit gives a good description of thep(T) data ~ coherent heavy Fermi liquid, rather than CEF splitting of the
from 7 to 300 K. The inset shows the quality of the fit at low SM’* J=5/2 multiplet, cannot be ruled out.
temperatures. The fit of Eq.(2) to the x;2(T) data yielded a good overall
o _ o ~ description of theyy(T) data without incorporating CEF ef-
rahedral CEF splitting] cubic CEF splitting was used in- fects. Fits that considered CEF effects in addition to the split-
stead for simplicity. The best fit to th€/T data for ting between the)=5/2 andJ=7/2 multiplets (not shown
SmOsShy,, obtained by scaling the CEF Schottky contribu- gid not vary significantly from the results of E@). Follow-
tion by 0.58, resulted in & ground state and Hg excited  jng the modified Arrott plot analysis, it was also found that
state separated lyE ~38 K. The scaling that was necessary the value ofu.y determined from the fit to thg;X(T) data is
could imply that most of the entropy of thef £lectrons in good agreement withue;=0.41ug/f.u. arising from arl’;
SmOsSh;, is associated with the Schottky-like anomaly qround state and is much less thagy=0.77ug/f.u. associ-
while the rest resides within the heavy quasiparticles a”‘gted with al'g ground state. However, a linear fit Mé’ﬁ(T)
magnetic ordering. Fig. Ab)] resulted in a value of 0.0 /f.u. for Mg, at
The zero-field electrical resistivitg(T) of SmOsgSby, is EI':% ?(( \)A]/hich is—37% of M t:gJ<J§¥())rM:F7 groundsgttate
shown in Fig. 10a) (sample A. The resistivityp(T) has an at T=O, K. In addition, the fS;iIure of CEF-based fits to ad-

approximately lineaiF dependence between 50 and 300 Ke : =
. A quately describe thg,;(T) data may suggest that the CEF-
f)mld dr%%slzapldly geIO\:degElT:' Tollii?termlfntehlf th§e f_eé’;\/t;re based fit toC/T is inappropriate. The Schottky-like anomaly
clow was due 1o spiting ot the R at 10 K, taken to be a strong indicator of crystal field split-

multiplet, it was necessary to subtract a lattice contributiorhng may conceivably be due to a complex temperature de-
Piar @nd an impurity contributiopyy, (~21 ufl cm) from the pen,dence ofy, which can occur when the value of is

resistivity data, yielding an mpremgntal resistivity (_Where greatly enhance? as is observed in Sm@aby,.
Ap=p=plai= pimp)- Usually, pi; is estimated from an isostruc-

tural nonmagnetic reference compound; in the case of
SmOsSh;,, LaOsSh;, was used. However, above 100 K,
p(T) of LaOs,Sh;, exhibits a significant amount of negative  The low value of the magnetic entropy at the transition,
curvature, which is common in La-based compoutgiscch  the lack of features in the electrical resistivity at the transi-
as LaAb).222°The curvature is generally less pronounced intion, the low nonsaturating magnetization, and the unex-
Y- and Lu-based compounds, which have empty and fillegplained critical exponents seem to suggest that the ferromag-
4f-electron shells, respectively. However, since the comnetism is either unconventional, or due to an unknown
pounds YOsSh,, and LuOgSh;, have not yet, to our knowl- impurity phase. Although an impurity phase may be respon-
edge, been prepared, an estimategffor SmOsSh,, was  sible for the ferromagnetism, it should be noted that many
made from 2 to 300 K. This estimate was derived by shiftihngcompounds exhibit similar behavior, including the itinerant
the linearly T-dependent resistivity of SmGBb, above ferromagnets ZrZp NisAl, and Sgln,%*-3¢ many other
100 K, where theT dependence was assumed to be comheavy-fermion systems such as CgiNiGas 105 YbRhSD,
pletely due to electron-phonon scattering, such that iand CgSns,%—3 and the heavy-fermion-filled skutterudite

FIG. 10. (a) Zero-field electrical resistivity and the estimated
Prat* Pimp VS T for SmOsShy, (sample A, wherepjm,~ 21 uf) cm.

B. Weak ferromagnetism
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SmFgP;,.2 For instance, the low value of the magnetic en-nations for the unconventional critical exponents include
tropy at the transitiof~0.016RIn 2) and the small size of CEF splitting?® disorder of a single magnetic phaSé€ or

the feature due to magnetic ordering@ T of SmOsSb;,  the existence of multiple magnetic phases. In the case of
are consistent with the behavior observed in weak itineran8mOgSh;,, it seems that the presence of an impurity phase
ferromagnets such as e.*>4! Similar behavior is also ob- could lead to the unusual critical exponents that have been
served in several heavy-fermion systems such asbserved. For example, the usual mean-field critical expo-
CeNj 57453 105 YDRhSb, CeSns, and SmFgP;,.3"3°These  nents of some ferromagnetic impurity could be obscured by
heavy-fermion systems all show anomalie<CifiT, although  the presence of a large paramagnetic contribution. However,
the magnetic entropy at the phase transitions of each of theseis also possible that the odd magnetic behavior is intrinsic
systems ranges froii®.1 to 0.33RIn 2. The lack of features to SmOsSh;, and the unexplained critical exponents may
in the electrical resistivity at the transition is also consistenteflect some type of novel magnetic ordering. Neutron-
with the weak itinerant ferromagnets ZrZnNisAl, and  scattering measurements could offer insight into this possi-
SGIn,*-**as well as SmF£L;,.2 None of these compounds bility.
shows a clear indication of a phase transitiop(it). In the

case of the magnetization of Sm3%,,, the low nonsaturat-

ing moment is similar to behavior that has been observed in  peasurements oE(T), p(T,H), M(H, T), andy,(T) have
the magnetization of Smie,,, V‘éh'ch at 1.8 K reaches a peen performed on the filled skutterudite compound
value.around 0.14¢B/f.y. by 5 T This nonsaturating mo- SmOsShy,. The C(T) measurements reveal a strongly en-
ment is also observed in weak itinerant ferromagnets, such Fnced electronic specific-heat coefficient

i 33-36 :
ZrZny, NigAl, and Sgin.> > The behavior of the systems _ggy mj/mol i, indicative of a large quasiparticle effec-

described above is not clearly understood and has been gf;, massn’ ~ 170m,. A fit of a possible Schottky anomaly
tributed to either Kondo screening or itinerant electron Madig the C(T) data indi.cates CEF splitting of the $M=5/2

netL‘sm. ing th faf fici it oh sixfold degenerate Hund’s rule multiplet intolg doublet
ssuming the presence ot a ferromagnetic Impunty pnas€y ., \nq state and &3 quartet excited state separated by

the percentage of t.h's phase present in a samplg 8 K. The electrical resistivity has a strong temperature de-
S_mOaS_blz can be _estlmated from the ob_served magnet'zabendence below-50 K. CEF fits to this region agree well
gon(.) glnce _tSF“ is the b?nlyt magnetic consﬂtuentt 'nfwith the specific-heat measurements and yield an energy
mOsShy,, it is reasonablé to assume a moment o splitting of ~33 K between thd’; doublet ground state and
~1 '“B/f'u' _for the impurity phase. In order to prod_uce thethe I's quartet excited state. The resistivity of SmSs;,
maglgetlzagotn obsetr)t/et(j ?to/z Kft%ndtst-li the 'm??k:'ty phas(?ncreases with field at all temperatures. BelowO K and up
would need to constitute-17 of the total mass of € CIys- 4, 4 1 the resistivity exhibits Fermi-liquid behavior. Fits to
tal, assuming that the molecular weight of the impurity phas he x;X(T) data using a temperature-independent Van Vieck
is comparable to that of Sm. Based on this, it is clear that i erm dcield a value ofizeq=0.634 u5/f.U. with an ener a
would be very difficult to resolve the potential impurity A:8g4 K between thows/2 ang?hé]:'wz multipletsgyT%ep
phase in x-ray powder diffraction data. To check whether th%ysteresis observed iM(H) at 2 K, the low value (‘)f the
unconventional magnetic behavior was due to impurities in ’

the raw materials, single crystals were grown from ultrahighOrderecj moment, and conformity of thé(H,T) data to a

quality materials(Sm 99.99%, Os 99.999%, Sb 99.999% modified Arrott plot are consistent with weak ferromagnetic

Magnetization measurements made on these crystals did nBEde';]pOSSibly ddue tg'?n din;\purity pihase.' A;galzsis ufirég scal-
differ significantly from those made on previous crystals'"d theory and modified Arrott plots yield the valudg

grown from lower quality starting materials. This finding ~2.605) K and a spontaneous magnetization at 0 K of

seems to indicate that if there is an impurity phase, then a Sif087 pg/f.u.
compound is the most likely candidate.

The applicability of the modified Arrott analysis to ACKNOWLEDGMENTS
SmOsSh;, indicates that the ferromagnetic ordering is not We would like to thank S. K. Kim, A. Thrall, and J. R.
described by mean-field critical exponeg=0.5,6=3, and  Jeffries for experimental assistance. Research at UCSD was
v=1). Deviation from mean-field behavior is not uncommon. supported by the U. S. Department of Energy under Grant
For instance, the magnetic interactions in a given compoundlo. DE-FG02-04ER46105, the U.S. National Science Foun-
may be best described by other models, such as the 3Bation under Grant No. DMR 0335173, and the NEDO in-
Heisenberg model for whict8=0.3639, 6=4.743, andy  ternational Joint Research Program. Work at the NHMFL
=1.3873% The critical exponents determined for SmSls;,  Pulsed Field FacilityLos Alamos National Laboratoyywas
clearly do not agree with those of the 3D Heisenberg modelperformed under the auspices of the NSF, the State of
or any of the other standard modéfsOther possible expla- Florida, and the U.S. Department of Energy.

V. SUMMARY

104402-8



HEAVY-FERMION BEHAVIOR, CRYSTALLINE... PHYSICAL REVIEW B 71, 104402(2005

1G. P. Meisner, Physica B & €108 763(1981). 23H. C. Hamaker, L. D. Woolf, H. B. MacKay, Z. Fisk, and M. B.
2E. D. Bauer, N. A. Frederick, P.-C. Ho, V. S. Zapf, and M. B. Maple, Solid State Commur2, 289 (1979.

Maple, Phys. Rev. B55, 100506R) (2002. 24J. H. Van Vleck,The Theory of Electric and Magnetic Suscepti-
3N. Takeda and M. Ishikawa, J. Phys.: Condens. MattgrL229 bilities (Oxford University Press, London, 1982

(2003. 25A. Arrott and J. E. Noakes, Phys. Rev. Lett9, 786 (1967).
4E. D. Bauer, A.Slebarski, E. J. Freeman, C. Sirvent, and M. B. 26J. J. Binney, N. J. Dowrick, A. J. Fisher, and M. E. J. Newman,

Maple, J. Phys.: Condens. MattéB, 4495(2001). The Theory of Critical Phenomen@xford University Press,
5N. R. Dilley, E. J. Freeman, E. D. Bauer, and M. B. Maple, Phys.  New York, 1992.

Rev. B 58, 6287(1999. 27K. Takegahara, H. Harima, and A. Yanase, J. Phys. Soc. 2pn.
6W. Jeitschko and D. Braun, Acta Crystallogr., Sect. B: Struct. 1190(2002).

Crystallogr. Cryst. Chem33, 3401(1977). 287, Slebarski and D. Wohlleben, Z. Phys. B: Condens. Ma@éy

"W. Jeitschko, A. J. Foecker, D. Paschke, M. V. Dewalsky, C. B.  449(1985.
H. Evers, B. Kunnen, A. Lang, G. Kotzyba, U. C. Rodewald, 29\. B. Maple, Ph.D. thesis, University of California, San Diego,

and M. H. Méller, Z. Anorg. Allg. Chem 626, 1112(2000. 1969.
8C. Sekine, T. Uchiumi, I. Shirotani, and T. Yagi, AIRAPT7,  3ON. A. Frederick and M. B. Maple, J. Phys.: Condens. Matty
826 (2000. 4789 (2003.
9N. Takeda and M. Ishikawa, Physica 89-333 460 (2003. 3IN. H. Andersen, P. E. Gregers-Hansen, E. Holm, H. Smith, and O.

10R. Giri, C. Sekine, Y. Shimaya, |. Shirotani, K. Matsuhira, Y. Doi, ~ Vogt, Phys. Rev. Lett32, 1321(1974.
Y. Hinatsu, M. Yokoyama, and H. Amitsuka, Physica 39— 32G, R. Stewart, Rev. Mod. Phy%6, 755 (1984).
333 458(2003. 333, Foner, E. J. McNiff, and V. Sadagopan, Phys. Rev. L&%.

K. Fujiwara, K. Ishihara, K. Miyoshi, J. Takeuchi, C. Sekine, and  1233(1967).
I. Shirotani, Physica B329—-333 476 (2003. 34g, Ogawa, Phys. Lett25, 516 (1967.

12M. Yoshizawa, Y. Nakanishi, T. Kumagai, M. Oikawa, C. Sekine, 3°F. R. de Boer, C. J. Schinkel, J. Biesterbos, and S. Proost, J. Appl.
and |. Shirotani, J. Phys. Soc. Jpn3, 315(2004. Phys. 40, 1049(1969.

13K, Matsuhira, Y. Hinatsu, C. Sekine, T. Togashi, H. Maki, I. Shi- 36J. Grewe, J. S. Schilling, K. lkeda, and K. A. Gschneidner, Jr.,
rotani, H. Kitazawa, T. Takamasu, and G. Kido, J. Phys. Soc. Phys. Rev. B40, 9017(1989.

Jpn. 71, 237(2002. STE. V. Sampathkumaran, K. Hirota, I. Das, and M. Ishikawa, Phys.
14M. E. Danebrock, C. B. H. Evers, and W. Jeitschko, J. Phys. Rev. B 47, 8349(1993.
Chem. Solids57, 381 (1996. 38Y. Muro, Y. Haizaki, M. S. Kim, K. Umeo, H. Tou, M. Sera, and

15M. B. Maple, N. A. Frederick, P.-C. Ho, W. M. Yuhasz, T. A. T. Takabatake, Phys. Rev. B9, 020401R) (2004).
Sayles, N. P. Butch, J. R. Jeffries, and B. J. TayloRinceed-  3%J. M. Lawrence, M. F. Hundley, J. D. Thompson, G. H. Kwei, and

ings of SCES’'94Physica B(to be publishey. Z. Fisk, Phys. Rev. B43, 11 057(199J.
16NONIUS KAPPA CCDpackagecoLLECT, DENZO, SCALEPACK, SORTAY, 40K. Ikeda and K. A. Gschneidner, Jr., J. Magn. Magn. Mag4,
Nonius Delft, The Netherlands, 1998. 207 (1981).

17G. M. Sheldrick,sHeLxs-97 Program for Crystal Structure Re- “4!K. Ikeda and K. A. Gschneidner, Jr., J. Magn. Magn. Magg,
finements, University of Goéttingen, Germany, 1997; windows 273(1983.

version by McArdle, Natl. Univ. Galway, Ireland. 423, Ogawa, J. Phys. Soc. Jp#0, 1007(1976.
18, C. Sales, D. Mandrus, and R. K. Williams, Scier@g2, 1325  “43C. J. Fuller, C. L. Lin, T. Mihalisin, F. Chu, and N. Bykovetz,
(1996. Solid State Commun83, 863 (1992.

19€. Bauer, S. Berger, C. Paul, M. D. Mea, G. Hilscher, H. Michor, **Y. Masuda, T. Hioki, and A. Oota, Physica B & &1, 291(1977.
M. Reissner, W. Steiner, A. Grytsiv, P. Rogl, and E. W. Scheidt,*°K. Chen, A. M. Ferrenberg, and D. P. Landau, Phys. Rev&®

Phys. Rev. B66, 214421(2002. 3249(1993.
20K. Kadowaki and S. B. Woods, Solid State Commi58, 307  46K. U. Neumann and K. R. A. Ziebeck, J. Magn. Magn. Mater.
(1986. 140, 967 (1995.
2IN. Tsuijii, K. Yoshimura, and K. Kosuge, J. Phys.: Condens.*’A. Aharoni, J. Magn. Magn. Matei58, 297 (1986.
Matter 15, 1993(2003. 48]. Yeung, R. M. Roshko, and G. Williams, Phys. Rev.38, 3456
224, Kontani, J. Phys. Soc. JpiT3, 515 (2004). (1986.

104402-9



