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Investigation of magnetic order in Sm7r,Zn,, (Tr = Fe, Co, Ru) and Sm7r,Cd,, (Tr = Ni, Pd)
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Single crystals of the “cage compounds” Sm7r,Zny (Tr = Fe, Co, Ru) and Sm7r,Cdy, (Tr = Ni, Pd) have been
investigated by means of electrical resistivity, magnetization, and specific-heat measurements. The compounds
SmFe;Zn,y, SmRu,Zn,;, and SmNi,Cdyy exhibit ferromagnetic order with Curie temperatures of T¢c = 47.4,
7.6, and 7.5 K, respectively, whereas SmPd,Cd, is an antiferromagnet with a Néel temperature of Ty = 3.4 K.
No evidence for magnetic order is observed in SmCo0,Zny, down to 110 mK. The Sommerfeld coefficients y
are found to be 57 mJ/mol K? for SmFe,Zn,y, 79.5 mJ /mol K* for SmCo0,Zn,;, 258 mJ/mol K for SmRu,Zn,,
165 mJ/mol K* for SmNi,Cd,, and 208 mJ/mol K> for SmPd,Cd,,. Enhanced values of y and a quadratic
temperature dependence of the electrical resistivity at low temperature for SmRu,Zn,y and SmPd,Cd,, suggest
an enhancement of the quasiparticle masses due to hybridization between localized 4 f and conduction electron

states.
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I. INTRODUCTION

Intermetallic compounds containing Sm have attracted
significant interest for displaying a large variety of un-
usual physical phenomena. For example, SmS undergoes
an isostructural first-order electronic phase transition to a
collapsed gold phase that exhibits “valence fluctuation” behav-
ior [1,2], the La;_,Sm, Snjz system displays Kondo anomalies
in superconducting and normal-state properties [3,4], and
SmBg has an intermediate Sm valence and is a hybridization
gap semiconductor (Kondo insulator) [5]. Among the Sm-
based filled skutterudite compounds, SmOs4Sb;, displays a
heavy-fermion state that is robust against applied magnetic
field [6-10], SmFe4P;, exhibits ferromagnetic order [11], and
SmRuyP;, undergoes a metal-insulator transition associated
with multipolar order [12].

The class of intermetallic compounds R7r, X5y (R = rare
earth, Tr = transition metal, and X = Al, Zn, Cd), crystallizes
in the CeCr,Aly-type (Fd3m space group) cubic structure
[13-17]. These RTr, X»9 compounds have recently attracted
much attention because of their unique crystal structure, in
which R ions are encapsulated in the Frank-Kasper cages
formed by 16 X ions, and have a larger coordination number
of tetrahedral groupings of spheres [18], compared to the filled
skutterudites and rare-earth hexaborides [19-30]. This crystal
structure provides an opportunity to study strongly correlated
electronic states, which can be associated with either f or
d electrons, and localized rare-earth magnetic moments that
have a large spatial separation.

The only Sm-based RTr, X»yp compounds to be character-
ized in single-crystalline form are Sm7r, Alyy (Tr = Ti, V, Cr),
which order antiferromagnetically and show heavy-fermion
behavior with strong Sm valence fluctuations [31,32]. In order
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to better understand the Sm7r, X5y compounds, we examined
the thermodynamic and electrical transport properties of four
previously unreported compounds: Sm7r,Znyg (Tr = Fe, Ru)
and Sm7r,Cdyy (Tr = Ni, Pd) together with SmCo,Zny.
X-ray diffraction (XRD), electrical resistivity, magnetization,
and specific-heat measurements revealed a ferromagnetic
ground state for SmFe;Znyy, SmRu,Znyy, and SmNiyCdyg
and an antiferromagnetic ground state for SmPd,Cd,. The
formation of heavy quasiparticles in the ordered states of the
SmRu,;Znyy and SmPd,Cdyy compounds is also observed.
Analysis of the low-temperature electrical resistivity data
suggests the presence of spin-wave excitations for SmFe,Zny,
SmRUQano, SmNiQCdQ(), and SdeQCdQQ.

II. EXPERIMENTAL DETAILS

Single crystals of Sm7r,Znyg (Tr = Fe, Co, Ru), YFe,;Zn;,
SmTr,Cdyg (Tr = Ni, Pd), YNi,Cd,y, and LaNi,Cd,, were
prepared by the Zn and Cd self-flux methods, respectively.
Details of the sample synthesis are described in Refs. [22,33].
Crystal structure and sample quality were primarily charac-
terized through analysis of powder XRD patterns collected
by a Bruker D8 x-ray diffractometer. Four-wire electri-
cal resistivity measurements were performed from 300 to
~1.1 K in a pumped *He Dewar for SmTrZnyy (Tr =
Fe, Co, Ru) and SmPd,Cd;y, and down to 110 mK using
a 3He-*He dilution refrigerator for SmCo,Zny. Electrical
resistivity measurements were performed for SmNi,Cdyg
down to 0.36 K using an electrical transport option on the *He
insert for a Quantum Design Physical Property Measurement
System (PPMS) equipped with a 9-T superconducting magnet.
Magnetization measurements were performed between 300
and 2 K in a Quantum Design Magnetic Property Measure-
ment System (MPMS) equipped with a 7-T superconducting
magnet. Specific-heat measurements were performed down to
1.8 Kin a PPMS Dynacool using a standard thermal relaxation
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TABLE I. Summary of structural, magnetic, and electrical transport properties for Sm7r,Zn,, (Tr = Fe, Co, Ru) and Sm7r,Cdyy (Tr =
Ni, Pd) compounds. Included in the table are the cubic lattice parameter a; Curie-Weiss temperature ®Ocy; effective magnetic moment fLeg;
magnetic ordering temperature 7 or Ty ; saturation magnetic moment p, at 5 T along the [111] crystallographic direction; residual resistivity
0o measured at T ~ 1.2 K for SmTr,Zn, (Tr = Fe, Co, Ru) and SmPd,Cd,g, and T ~ 0.5 K for SmNi,Cd,g; coefficient of the T2 term of the
electrical resistivity A (with temperature range of fit given in parentheses); residual resistivity ratio RRR = R (300 K)/R (1.2 K) for Sm7r,Zny
(Tr = Fe, Ru) and SmPd,Cd,y and RRR = R (300 K)/R (0.5 K) for SmNi,Cd,y and SmCo,Zn,; and spin-wave energy gap Ag,,.

Compound  a(A)  Ocw (K)  prer (up)  TeorTy (K)  jra (45) o (nS2cm) A (e RRR Ay (K)
SmFe,Zny 14.51 47.8 1.7 474 1.05 35 441 x 1073(T <4K) 21 4.82
SmCo,Zny,  14.08 —1.83 0.99 5.8 - 12

SmRu,Zny,  14.73 8.62 0.71 7.6 0.47 11.5 29 x 1072(T <3K) 7.2 3.88
SmNi,Cdyy 1553 56.2 0.71 7.5 0.52 0.11 - 21 8.79
SmPd,Cdyy  15.56 —6.88 0.74 3.4 0.06 48 x 1071(T <3K) 80 3.63

technique. The orientation of single crystals was determined
using a Bruker D8 Discover x-ray diffractometer.

III. RESULTS AND DISCUSSION

Analysis of powder XRD patterns indicated that the single
crystals contained no inclusions of impurity phases. Table I
lists the results of Rietveld refinements that were conducted
on powder XRD patterns for each sample using GSAS [34]
and EXPGUI [35]. The CeCr;Alyg-type cubic crystal structure
with space group Fd3m was observed for all samples. A
representative XRD pattern (for the SmNi,Cd, single crystal)
is shown in Fig. 1, plotted with its refined pattern for
comparison.

Magnetization divided by applied magnetic field M/H
data are displayed as a function of temperature in Fig. 2(a).
Measurements were performed in applied magnetic fields of

SmNi,Cd,,

2

Intensity (a. u.)

20 (Degrees)

FIG. 1. (Color online) X-ray diffraction pattern for SmNi,Cdyg
measured at room temperature. The black open circles indicate
the observed intensity I, the red line represents the calculated
intensity /..., and the black line indicates the difference Iops — Zealc- A
broad, featureless hump at low angle comes from the glass slide and
petroleum jelly used to mount the powder on the slide. A photograph
of a SmNi,Cd, single crystal is shown in the inset of the figure where
the small squares are 1 mm x 1 mm for reference.

H = 0.1 T for SmFe,Zn,y, SmRu,Znyy, and SmPd,Cd,,
H =0.5T for SmCo,Znyg, and in H = 0.05 T for SmNi,Cdy.
The SmFCQan(), SmRU2Zn2(), Sn’lNi2Cd2(), and Sde2Cd20
compounds exhibit features in M/H that are consistent with
a magnetic phase transition. M/H data as a function of
temperature reveal the primary difference between the Fe
column members (SmFe,Zn;y and SmRu,Zn,) and the Co
column member (SmCo,Zny): for Fe column members, there
is an apparent ferromagnetic (FM) order (with notably high and
moderately high Curie temperature of T¢c = 47.4 and 7.6 K
for SmFe;Znyy and SmRu,Zn;, respectively). In contrast, no
evidence for magnetic order is observed down to 2 K for
SmCo,Zny. However, the large increase in M/ H below 10 K
for SmCo,Znyy, which does not obey Curie-Weiss law behav-
ior, could in principle be related to magnetic order below 2 K.

Among the RTr,Znyy compounds, GdFe;Zn;, and
GdCo,Zny have attracted special attention due to the distinct
magnetic properties exhibited by each compound [21,22,36].
GdFe,Zny is a FM with a remarkably high Curie temperature
of Tc = 86 K compared with other RFe;Zn,; compounds.
However, as Co is substituted for Fe, ferromagnetic order is
rapidly suppressed, culminating in antiferromagnetic (AFM)
order at Ty = 5.7 K in GdCo,Zny [21,36]. Band-structure
calculations suggest that the enhanced Curie temperature in
GdFe,;Zny is due to a large d-electron contribution to the
electronic density of states at the Fermi energy when compared
to GdCo,Zny, and that the transition from FM to AFM order
is associated with the filling of electronic states with two
additional electrons/f.u [21,36]. TbFe,Znyy and TbCo,Znyg
also exhibit distinct magnetic behavior according to neutron
scattering measurements; TbFe;Znyy is a ferromagnet with
Te = 66 K and TbCo,Zny orders antiferromagnetically at
Ty = 2.5 K [37]. The neutron scattering data are consistent
with a picture of the RFe,;Zny, family of compounds in
which the high ordering temperatures are associated with the
highly polarizable Fe lattice; however, we note that the small
magnetic moments on the Fe sites do not order [37]. This
distinct magnetic behavior is expected because the rare-earth
and transition-metal ions in the R7r,Znyy compounds are
surrounded by Zn cages, preventing direct magnetic exchange
interactions between the 4 f or 3d levels. Rather, an indirect
Ruderman-Kittel-Kasuya-Yosida (RKKY) [38—41] magnetic
exchange interaction, mediated by the conduction electrons,
provides the mechanism for magnetic order. Therefore, the
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FIG. 2. (Color online) (a) Magnetic susceptibility M /H as a function of temperature 7 measured in an applied magnetic fieldof H =0.1 T
for SmFe,Znyy, SmRu,Zny), and SmPd,Cdyy, H = 0.5 T for SmCo0,Znyg, and H = 0.05 T for SmNi, Cdy. Inset: low temperature M /H vs. T
data for SmRu,Znyy, SmNi,Cd,, and SmPd,Cd,,. The magnetic ordering temperatures 7¢ and Ty are emphasized by arrows. The M/H vs.
T data for SmCo,Zn, and SmPd,Cd,, were scaled by factors of 50 and 100, respectively, for clarity. (b) Inverse magnetic susceptibility data
x ' = H/M vs. T for SmTr,Zny, (Tr = Fe, Co, Ru) and Sm7r,Cd,, (Tr = Ni, Pd). Dashed red lines represent modified Curie-Weiss fits to
the data using Eq. (1) and dashed black lines represent the fits to the data using Eq. (2) as described in the text. The x ™' = H/M vs. T data
for SmCo,Zn,y and SmRu,Zn,, were scaled by a factor of 50 for clarity. (¢) M vs. H data at T = 2 K for the Sm7r,Zn,, (Tr = Fe, Co, Ru)
and Sm7r,Cdyy (Tr = Ni, Pd) compounds. The black solid line is a guide to the eye to clarify the separation from the linear behavior of M vs.

H data for SmPd,Cd, at an applied magnetic field of H =2.5T.

conduction electrons play an important role in controlling the
magnetic properties of the RTr,Zn;y, compounds.

The remarkable differences in magnetic behavior between
SmCo,7Zn,y and SmFe;Znyy could be associated with the
fact that there are two extra electrons per formula unit in
SmCo,Znyy than in SmFe;Zn;y, in analogy with the R =
Gd compounds [21,36]. Interestingly, even though Ni and Pd
are in the same column of the periodic table, SmNi,Cdyg
and SmPd,Cd,p show different magnetic behavior in their
ground states; SmNi,Cdyy has a FM ground state with
Tc = 7.5 K and SmPd,Cdyy has an AFM ground state
with Ty = 3.4 K.

Inverse dc magnetic susceptibility Xd? versus T data for
SmFe,Zn,y and SmNi,Cd,, were fitted using the Curie-Weiss
law

X — xo = Co/(T — Ocw), (D

where yo is a temperature-independent contribution from
the filled electron shells and conduction electrons, in the
temperature range 60-300 K to determine the Curie-Weiss

temperature ®cw and effective magnetic moment of the rare-
earth site uesr. The effective moment o Was extracted from
the Curie constant Cyp = Ny ugff /3kg, where N4 is Avogadro’s
number and kg is Boltzmann’s constant. This analysis was
performed by fitting Eq. (1) to the data using nonlinear least-
squares regression. The resulting best-fit parameter values for
Wetr and Ocw are tabulated in Table 1. The theoretical Sm**+
free ion magnetic moment is Wi = gs[J(J + D1V =
0.845u g /f.u., where g; = 0.286 is the Landé g factorand J =
%. The effective moment o values were determined to be
1.7pup/fu. and 0.71 g /f.u. for SmFe;Znyy and SmNi,Cdyy,
respectively, which are larger for SmFe,;Zn;y and somewhat
smaller for SmNi,Cd,o than the theoretical Sm>* free ion
value. It has been reported that DyFe,Zn, is a ferrimagnet
with a magnetic moment associated with both Dy and Fe
via Mossbauer experiments [20]. This might be the reason
for the larger e value of SmFe;Znjyy: both Sm and Fe
may have magnetic moments in this compound. The positive
values of Ocw = 47.8 K for SmFe,Zn,, and 56.2 K for
SmNi,Cdyy are consistent with ferromagnetic interactions.
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However, the magnitude of ®cyw for SmNi,Cdy is a factor
of ~7.5 larger than T¢. This observation may suggest the
presence of magnetic frustration or a competition between FM
and another ordered state in this compound.

On the other hand, X(;cl versus T data for SmCo,Zny,
SmRu,Znyy, and SmPd,Cd,y show an extremely weak T
dependence with distinctly non—Curie-Weiss behavior. This is
common in Sm-containing compounds since Sm>* ions have
relatively low-energy angular momentum excited states above
the Hund’s rule J = % ground state. A simple Curie-Weiss
law was, therefore, unable to adequately describe the data.
Although possible reasons for this weak 7" dependence include
valence fluctuations of Sm ions, the origin is not yet well
understood. Similar weak 7 dependence was also observed
in Sm7r,Alyy compounds with 3d transition metals [31,32].
Previous work has shown that x(7) for Sm compounds
can often be reasonably well described, without considering
splitting of the Sm multiplet by the crystalline electrical field
(CEF), by the equation [10,42]

_&[Lﬁﬂ_ﬂ

1= 37— s @)

where pp is the Bohr magneton, § = 7A /20, and A is the
energy (expressed in units of K) between the Hund’s rule J =
% ground state and the J = % first excited state. Equation (2)

consists of a Curie-Weiss term due to the J = % ground-state
contribution and a temperature-independent Van Vleck term
due to coupling with the first excited J = % multiplet. The

best overall fit of Eq. (2) to the Xd_C'(T) data is shown in
Fig. 2(b) (dashed black lines). It can be seen that the free-ion
Van Vleck term, without adding a Pauli paramagnetic term,
provides an excellent fit to the temperature-independent region
at high temperatures. The contribution below 100 K displays
Curie-Weiss behavior and fits yield pef values of 0.99u g /f.u.,
0.71up/fu.,and 0.74 g /f.u. with ®Ocw values of —1.83, 8.62,
and —6.88 K for SmCOZano, SmRUQZHQQ, and SdeQCdzo,
respectively. The signs of the ©cyw values are consistent with
ferromagnetic interactions in SmRu,Znyg (T¢ = 7.6 K) and
antiferromagnetic interactions in SmPd,Cdyy (Ty = 3.4 K).
The signs of ®cw for SmCo,Znyy imply that there are
weak antiferromagnetic interactions in that compound, which
is consistent with previous reports [19,22]. However, there
are deviations in the u.g values from the free-ion effective
paramagnetic moment of 0.845up/f.u. We obtain a larger
value for SmCo,Zn;o and smaller values for SmRu,Zn,o and
SmPd;Cd;g. The resulting A values are 412, 265, and 1488 K
for SmCo,Znyy, SmRu,Znyy, and SmPd,Cdyg, respectively.
These values for SmCo,Znyy and SmRu,Zn,; are much
lower than the A ~ 1500 K value estimated for free Sm**
ions [43]. However, low values of A have previously been
inferred from the fits to x4.(7) data for other Sm-based
compounds such as SmRhyB4 (A = 1080 K) and SmOs,4Sb,
(A =850K) [10,42].

The nature of the magnetic order in these compounds
was further studied by measurements of the isothermal
magnetization at low temperatures. Magnetization M versus
H data, measured at 2 K with H parallel to the [111] direction,
are presented in Fig. 2(c). For SmFe;Znyy, SmRu,Zny,
and SmNi,Cdyy, M(H) is consistent with a FM state with

PHYSICAL REVIEW B 90, 144406 (2014)

a rapid rise and saturation of the ordered moment as the
magnetic field increases. By extrapolating the high-field slope
of the magnetization curves at 2 K back to H = 0 T, the
saturation moment (g was determined to be 1.05upg/fu.
for SmFe,;Zn;p; this value is higher than the theoretical
value of My, = g5 Jup = 0.71up/f.u. We also obtain values
of 0.47 and 0.52up/fu., for SmRu,Znyy and SmNi,Cdy,
respectively, which are ~70% of the theoretical value of the
free Sm>* ion. The ratio of the effective magnetic moment
to the saturation magnetic moment for these compounds is
Wefr/ sat ~ 1, indicating that the f electrons associated with
the Sm magnetic moments are localized [44]. At 2 K, the
remnant magnetization Mg is 0.58, 0.31, and 0.27u 5 /f.u. for
SmFe;Znyy, SmRu,yZny, and SmNi,Cdy, respectively. The
M (H) isotherms at temperatures higher than their respective
T¢’s (not shown here) are approximately linear. On the other
hand, M versus H data measured at 2 K are hysteretic for
SmFe;Znyy, SmRu,yZnyg, and SmNi, Cdyo; however, negative
curvature for SmCo,Znyy, which cannot be described by
Brillouin function and approximately linear behavior for
SmPd,Cdyp up to H = 2.5 T, is consistent with AFM
correlations which can be field stabilized to fully saturated
states in large enough applied magnetic fields. A magnetic field
of H =5 T was unable to saturate the magnetic moments of the
SmCo,Znyy and SmPd,Cd,y compounds. There is a departure
from the linear behavior of M versus H data for SmPd,Cd,
at an applied magnetic field of H = 2.5 T, which may be
related with classical spin reorientation in a cubic symmetry
coordination (i.e., an incipient metamagnetic phase transition).

The electrical resistivity p versus temperature 7" data for
the Sm7r,Znyo (Tr = Fe, Co, Ru) and SmNi,Cd,y compounds
are displayed in Fig. 3. Metallic behavior is observed for all
of the compounds. The zero-field residual resistivity ratios
RRR = R (300K)/R (1.2 K) for Sm7r,Zn, (Tr = Fe, Ru) and
Sde2Cd20, RRR = R (300 K)/R (005 K) for SmNi2Cd20,
and RRR = R (300 K)/R (0.11 K) for SmCo,Zn,, were
found to be ~7-80, which indicates that the single crystals
studied are of good metallurgical quality (i.e., low impurity
scattering). The values for RRR are given in Table I. A
shoulder develops in the zero-field p(T') curve for SmFe,Zny,
SmRu,Znyy, SmNi;Cdyg, and SmPd,Cd,, below which p(T')
exhibits a sharp drop, indicating a transition to an ordered state.
A similar shoulder with a gentle rolloff can also be seen in the
zero-field p(T') curve for SmCo,Zny, (indicated by an arrow
in the inset of Fig. 3(a)) without an accompanying sharp drop.
The transition temperatures 7¢ and Ty at which these drops
occur are defined as the intercept of two lines, one of which
is a linear fit to the data above the transition, while the other
is a linear fit to the data below the transition. Examples of
this definition of the 7¢ values are shown in Fig. 3(b) and the
resulting values of T¢ and Ty are indicated by arrows in the
inset of Fig. 3(a). The T¢ value for SmNi,Cdy is determined
to be 6.6 K in zero magnetic field, which increases to T¢ =
7.5 K in an applied magnetic field of H = 5 T. This behavior
is consistent with a ferromagnetic ground state in SmNi, Cdy,
in agreement with our magnetic susceptibility results.

In order to analyze the behavior of the electrical resistivity
at low temperature, the p(7") data were fit with a power law
of the form p = py + AT". The best-fit parameter values for
po (selected to maximize the linear region of the In(p — po)
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FIG. 3. (Color online) (a) Electrical resistivity p vs. temperature T for Sm7r,Zn, (Tr = Fe, Co, Ru) and Sm7r,Cd, (Tr = Ni, Pd). Inset:
electrical resistivity at low temperatures emphasizing the magnetic ordering temperatures 7¢ and Ty (indicated by arrows). For SmCo,Znyg,
the arrow indicates the low-temperature shoulder in p(7'). (b) Low-T p vs. T data in zero field and an H = 5 T applied magnetic field for
SmNi,Cd,y. The red dashed lines indicate the method we used to determine T¢. (c) Low-T p vs. T3 data in zero field and an H =5 T
applied magnetic field for SmNi,Cd,, with power-law fits (solid black line). (d) Low-T p vs. T data in zero magnetic field for SmFe,Zn,, with

spin-wave scattering fit (solid red line) using Eq. (3).

versus InT fitextending from low 7') and A are listed in Table I.
As an example, a best fit for the SmNi,Cd,( data is plotted as
a solid line in Fig. 3(c). The residual resistivity py increases
with increasing magnetic field. For both H =0and 5 T, n ~
3 indicating that SmNi,Cdyo exhibits neither typical Fermi-
liquid (FL) (n ~ 2) nor typical non-Fermi-liquid (NFL) (n <
2) behavior. On the other hand, the exponent values of n ~ 2
for SmFe>Zn,y, SmRu,Zn,g, and SmPd,Cd,o are consistent
with a Fermi-liquid state and n ~ 0.9 for SmCo,Zny is
consistent with typical NFL behavior [45,46]. We note that
these power-law fits were made to maximum temperatures that
are less than the respective spin-wave gap temperatures Ag,,,
(see Table I); therefore, scattering with spin waves should be
negligible in this analysis and can safely be neglected.

Since ferromagnetic order occurs below T, electron-spin-
wave scattering at higher temperatures was considered with

the form [47]
T A
142 -—2), @3
< + ASI“”) exp( T ) ( )

where Ay, is the spin-wave energy gap, which may result
either from magnetic anisotropy or from broken symmetry

p(T)=po+ B

spw

due to the presence of a CEF. This formula describes the o(7T")
data in a ferromagnetically ordered state. A FL term AT?
was added to Eq. (3) for fits to SmFe,;Znyy and SmRu,Zny
data. An example of the best fit for SmFe,Zn,q is given in
Fig. 3(d). As determined from the fits, the spin-wave energy
gap values Ay, for SmFe;Znyy, SmRu,Znyg, and SmNi; Cdyg
are 4.8, 3.9, and 8.8 K, respectively. However, SmPd,Cd;q
orders antiferromagnetically so the following expression was
used to fit the spin-wave scattering contribution to electrical
resistivity [48,49]:

o(T) = py + AT* + CA? T
spw Aspw
2
42 () + s (5 = @)
X — — e .
3\ 2w/ 15\ Ay

The differences in the values extracted for A, via fits
to the low-temperature p(7) data using Eqgs. (3) and (4) are
small because the exponential term that contains the gap in its
argument is the dominant term in both expressions. However,
the values for Ay, extracted by using Eq. (4) agree much
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better with the values for the energy gap obtained from fits of
the low-temperature specific-heat data as discussed below. The
spin-wave energy gap Ay, for SmPd,Cd, is determined to be
3.6 K. Because magnetic order is not observed for SmCo,Zny,
it is inappropriate to describe the p(7') data with an expression
containing spin-wave scattering; therefore, we have limited
these fits to the p(7) data for SmFe,;Zny;, SmRu,Zny,
SmNi;Cdyg, and SmPd,Cdyg. The extracted values for Ay,
are reasonably close to one another and are listed in Table I.
Specific heat divided by temperature C/T versus tempera-
ture 7' data are shown in Fig. 4(a). A sharp lambdalike anomaly
in C/T is observed at Tc = 6.76 K for SmRu,Zny, Tc =
6.34 K for SmNi,Cd,y, and Ty = 3.05 K for SmPd,Cd,,
indicating a second-order phase transition. However, C/T
versus T data do not manifest a standard lambdalike anomaly
for SmFe,Znyg; rather, they exhibit a broad shoulder around
Tc, which is taken to be the midpoint of the region with nearly
zero slope, and was determined to be T¢ = 44.4 K. This broad
feature is observed more clearly after a background subtraction
as shown in Figs. 4(c)—4(e), which may indicate a distribution
of T¢ values associated with multiple transitions. All of the
magnetic ordering temperatures are indicated by arrows in
Fig. 4(a). The upturn in SmCo,Zny, below 10 K may be related
to a Schottky anomaly due to splitting of the Hunds’s rule
ground state of Sm>* by the CEF. Similar results in C(7T") data
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for SmCo,Zn;( were observed by Jia et al. [19]. Additionally,
we observed another upturn at lower temperatures below 2 K
which may also be related to a Schottky anomaly due to
splitting of the nuclear states. On the other hand, this upturn
might be associated with NFL behavior in SmCo,Zn;, which
is supported by the subquadratic temperature dependence
of the electrical resistivity below ~2 K. Low-temperature
specific-heat measurements are necessary to clarify whether
SmCo,Znyy has a NFL or a FL ground state in which the
properties below 10 K are dominated by spin fluctuations.
It is of interest to note that a broad shoulder below T¢ and
Ty is a common feature in compounds such as TbCo,Znyg,
ErFe,Znyg, and PrTi;Alyg [19,50]. According to calculations
by Fishman and Liu [51], these features arise naturally in
a Heisenberg ferromagnet with large spin quantum number;
however, it is also possible for quantum fluctuations in the
transverse degrees of freedom to produce similar features [51].

The electronic and phonon contributions to specific heat,
characterized by y and f, respectively, were determined
by linear fits to the data plotted as C/T versus T? using
the expression C/T =y + BT?. The fits were performed
in the 100-250 K? temperature range to avoid contributions
from magnetic order below 10 K or Schottky anomalies
for SmC02ZI‘120, SmRUQano, SmNi2Cd2Q, and Sde2Cd20.
The y values of SmCo,Znyy, SmRu,Zn;y, SmNi,Cdyy, and

T (K) T(K)
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° I I I I (a) o SmFeZn, -4 25 ‘ __RIn6lq5
—e—S8mFe2Zn, —e—SmCo,Zn, 2= g d)
—*—SmRu,Zn,, —e—SmNi,Cd,, 0.4 (b) 20t RIn4|qo
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= 15 9&
S <
310} Rin2]g g
3 5
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y=57 (mJimol-Sm-K?)
e 0 T S
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e SmFe,Zny, (e)
| ACw T"exp (-4,/T) 120
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f I 15§(0
o Q
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FIG. 4. (Color online) (a) Specific heat divided by temperature, C/ T, for Sm7r,Zny, (Tr = Fe, Co, Ru) and SmNi,Cd,, in zero magnetic
field. Arrows refer to magnetic phase transition temperatures. Inset: C/T for SmCo,Zn,, emphasizing the upturn at low temperatures below
2 K (indicated by the arrow). (b) C/T vs. T? for SmFe,Zn,o. The solid line represents a fit to the data using the equation C/T =y + BT>.
(c) Logarithmic plot of power-law fit (blue solid line) and anisotropic spin-wave fit (red solid line) to the magnetic contribution to the specific
heat, AC(T), for SmFe,Zny after electronic and lattice contributions have been subtracted. (d) Magnetic entropy, Smag, vs. T for Sm7r,Zny
(Tr = Co, Ru) and SmNi,Cdy. (€) Magnetic contribution to specific heat, AC, (corresponds to left axis) and the magnetic entropy, Sy, (right

axis) vs. T for SmFe,Zn.
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TABLE II. Summary of characteristic quantities and ratios for
RTr,Znyy (R = Y, La, Sm, Tr = Fe, Co, Ru) and RTr,Cdy (R =
Y, La, Sm, Tr = Ni, Pd). Included in the table are the Sommerfeld
coefficient of the specific heat y; Sommerfeld-Wilson ratio SWR;
and Kadowaki-Woods ratio KWR.

Compound y (0 SWR KWR (#2em mo’ K7
YFezzl’lzo 53

YNi,Cdyg 22.9

LaNi2Cd20 25.9

SmFe,Zny 57

SmCOzznzo 79.5

SmRu,Zn, 258 2.0 4.4 x 1077
SmNi,Cdsg 165

SmPd,Cd,, 208 0.7 1.1 x 107

SmPd,Cd,¢ are listed in Table II together with y values
for nonmagnetic YFe,Zn;y, YNi,Cd,y, and LaNi,Cdyy ref-
erence compounds [30,33]. These values of y are upper
limits, and their precise values are subject to some uncer-
tainty because of experimental constraints imposed by the
low-temperature upturn of C/T for SmCo,Znyy and the
sharp lambdalike anomalies for SmRu,Zn;, SmNi,Cdyg, and
SmPd,Cd;y. An example of the linear fit for SmFe;Znyg
is shown in Fig. 4(b) as a solid line; the fit was per-
formed in the 4-25 K? temperature range. Sommerfeld
coefficient values of y ~57 mJ/molK? for SmFe;Zny,
~79.5 mJ/molK* for SmCo,Zny;, ~258 mJ/mol K> for
SmRu,Znyy, ~165 rnJ/molK2 for SmNi,Cd,g, and ~208
mJ/mol K2 for SmPd,Cd,, were obtained.

In general, y is proportional to the total density of
states at the Fermi energy D(E s). The observed differences
between y values probably simply reflect differences in the
electronic structure of these compounds. On average, the
compounds with X = Cd appear to have larger values of
y than when X = Zn, and the y values also seem to
increase when we go from 3d to 4d transition-metal elements.
For clarity, it would be helpful to perform band-structure
calculations. Since there are 23 atoms per formula unit in
these 1-2-20 compounds, the electronic states coming from
the transition metal and Zn or Cd ions could produce a
fairly large contribution to D(E ) without considering any
Sm contributions. We have, therefore, compared the y values
we measure for the Sm-based compounds with values obtained
from suitable nonmagnetic reference compounds where R =
Y or La. The difference between these values is a measure
of the contribution of Sm and its interactions with itinerant
electron states (i.e., any quasiparticle resonances) to D(E ).
The electronic specific-heat coefficient y (see Table II) for
SmFe;Znyy and SmCo,Zny is not very different from the
y value of nonmagnetic YFe;Znyy. However, there is an
enhancement of the y value for SmRu,Zn,y, SmNi,Cdy,
and SmPd,;Cd, relative to the y value of YRu,Znyy (y ~
34 mJ/mol K?) [22], YFe>Znyy, YNiyCdyg, and LaNi,Cda,
indicating an enhancement of D(E ) associated with Sm
ions. The Debye temperature ®p, was calculated using the
relation ®p = [23 % 1944 % 1000(1/8)]'/* K. For all of the
compounds studied, ®p values are roughly the same near
~214 K.
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Figure 4(c) displays the magnetic contribution to specific
heat AC(T) of SmFe,Zn,;, as a representative example.
AC(T) is obtained after the specific heat of nonmagnetic
YFe,Znyo, LaNi,Cdy (used to estimate the lattice contribution
to specific heat for SmFe,Zn;y and SmNi,Cdyy, respectively)
is subtracted from the specific heat of SmFe,Zny, and
SmNi,Cdy, respectively,and y T + B T3 (estimated electronic
and lattice contribution terms) is subtracted from the specific
heats of SmRu,Zn,y and SmPd,Cdyy. The low-temperature
data for SmFe,Zn,y, SmRu,Zn,g, and SmNi, Cd,o were fit with
a spin-wave formula AC(T) o« T", which is appropriate for
magnetically isotropic metals. Fits were made using AC(T)
T3/% exp(— Ay / T) for magnetically anisotropic metals, and
AC(T) x T3 exp(—Agpw/T) for SmPdyCdyg [52]. From the
first formula, we obtained exponent values of n ~ 3.1,
3.11, 2.8, and 2.9 for SmFe,Zn,y, SmRu,Zn,y, SmNi,Cd,,
and SmPd,Cd,, respectively. These values for SmFe,Zny,
SmRu,Znyp, and SmNi,Cdyy are in disagreement with pre-
dictions from theoretical calculations involving ferromagnetic
spin waves which yield a 732 dependence, but they are
consistent with a calculation for the specific heat that involves
antiferromagnetic spin waves which gives C o T3 [53]. The
spin-wave energy gap Ag,,, values were determined from the
second formula to be 7.0, 4.9, 10.8, and 5.7 K for SmFe,Zn,,
SmRu,Znyg, SmNi, Cdyg, and SmPd,Cd,, respectively. These
values are consistent (i.e., of the same order of magnitude) with
the values of 4.8, 3.9, 8.8, and 3.6 K, which were determined
from the zero-field electrical resistivity data.

The magnetic contribution to specific heat AC(T) of
SmCOZano, SmRUQZDQ(), SmNi2Cd20, and SdeQCdzo is
displayed in Fig. 4(d) (left axis). The magnetic contribution to
the entropy Smae = [(AC/T)dT (extrapolating a power-law
T dependence of AC/T to 0 K to estimate the magnetic
entropy below 1.8 K) is displayed in Fig. 4(d) (corresponding
to the right axis). The entropy Sy, attains a value of Spag ~
5.95 J mol™" K~! for SmRu»Znsg, Smag ~ 12.8 J mol™' K~!
for SmNiCdyg, and Spag ~ 7.81J mol~! K~ for SmPd,Cdy
at their respective magnetic ordering temperatures. Then, Sy,
reaches a value of 9.14 J mol~! K~! and 8.1 J mol~! K~!
by 15 K and saturates for SmCo,Znyy and SmRu,;Zny,
respectively. These values are lower than expected for Sm**
with J = % (Smag = RIn(2J + 1) = 14.9 T mol~' K~!) with
full degeneracy, but Sy, reaches ~R In2 at Tc = 6.76 K,
which suggests that the ground state of Sm for SmRu,Znyg
could be a I'; doublet; however, low-temperature specific-heat
measurements are necessary to identify the ground state for
SmCo,Znyy because of the low-temperature upturn below
10 K. On the other hand, Sye ~ 14.7 Jmol™' K~! at 15 K for
SmNi,Cdy nearly reaches R In6, indicating that the expected
magnetic entropy is completely recovered by this temperature.
A value of Spae ~ 11.7 I mol™" K~! at 15 K for SmPd,Cdy
and a value of 7.81 J mol~! K~ at Ty = 3.4 K suggests
that the ground state of Sm in this compound is probably
a I'g quartet [54]. Thus, our check demonstrates that the
estimated AC/T curves for the Sm7r,Zn,y (Tr = Fe, Co,
Ru) and SmT7r,Cdyg (Tr = Ni, Pd) compounds are reasonable.
The sizable release of magnetic entropy indicates that the
valence of Sm ions is close to 3+. On the other hand, Syag
versus T for SmFe,Zn,, displayed in Fig. 4(e), attains a value
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18.7 T mol~! K~! above the ferromagnetic transition. This is
a larger value than expected for Sm>*, which may be due to
a contribution from Fe ions to the magnetic entropy. Such a
scenario is in concert with the larger ¢ value for SmFe,Zn;g
than expected for the Sm** ion alone.

IV. DISCUSSION

The magnetic, electrical transport, and thermodynamic
properties of SmFe,Zn,, SmRu,Znyg, and SmNi,Cdyg reveal
ferromagnetic order below T¢c = 47.4,7.6, and 7.5 K, respec-
tively. Antiferromagnetic order is observed below Ty = 3.4 K
for SmPd, Cd,, but no evidence for magnetic order is observed
down to 110 mK for SmCo,Zn;y. Magnetic order with low
transition temperatures or no ordering at all might be expected
in the RTr,Zny series of compounds due to their very low rare-
earth ion concentrations and large spatial separations between
neighboring R ions. However, SmFe;Zn,( exhibits a relatively
high Curie temperature of 7 = 47.4 K. In the RTr,Zn;, com-
pounds, the rare-earth and transition-metal ions are surrounded
by Zn cages preventing direct magnetic exchange interactions
between the 4 f or 3d electrons; however, 3d electrons from
Fe sites in RFe,;Zny( act as important mediators via the RKKY
interaction and the indirect magnetic exchange interaction
between Fe 3d electrons enhances the magnetic interactions
between R** localized magnetic moments, resulting in the
remarkably high T¢ for RFe;Zn;, compounds. It has also been
suggested that the magnetic exchange interaction between the
two R ions is weaker than that between R and Fe ions [55]. In
this scenario, the T¢ of RFe;Zny, compounds is enhanced
by the magnetic exchange interaction between R and Fe
ions [55]. The T¢ values in the RFe,Znyg series of compounds
with R = Gd-Lu are reported to scale with the de Gennes
factor [56], and the relatively high 7 value we observe for
SmFe,Zny fits in with this scaling behavior of the heavier
rare-earth ion members. We note that R7r,Znyy compounds
with 7r = Ru, Os, which are both in the same column as Fe,
are characterized by significantly lower T¢ values compared
to those for 7r = Fe [19]. In the neighboring column, the
RTr,Znyy compounds with 7r = Co, Rh, Ir are known to
order antiferromagnetically [19]. Therefore, it appears that
the number of conduction electrons from the transition-metal
d-electron shell plays an important role in determining the
magnetic properties of the RTr,Zn;y compounds. However,
this conclusion does not appear to apply for all the R7r,Cdyg
compounds because, even though Ni and Pd both reside in
the same column of the periodic table, SmNi,Cdyy orders
ferromagnetically with 7¢ = 7.5 K while SmPd,Cd,( has an
antiferromagnetic ground state with Ty = 3.4 K. Calculations
of the electronic band structure would be helpful to understand
why the magnetic structures for SmNi,Cdyy and SmPd,Cdyg
are different.

The electronic specific-heat coefficient y (see values of
y listed in Table II) for SmFe,Znyy and SmCo,Znyy is
not significantly larger than the y value for nonmagnetic
YFe;Zn;y and YCo,Znyo (y ~ 18.3 mJ/mol Kz) [22]. This
observation suggests that the electronic structure and the
well-localized nature of 4 f electrons are quite similar in these
compounds. However, an enhancement of the y value for
SmRu,Znyp, SmNipCdyg, and SmPd,Cdy, relative to the y
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values for YRu,Znyy (y ~ 34 mJ/mol Kz) [22], YNi,Cdyy,
and LaNi,Cdyp, suggests that heavy quasiparticles form at low
temperature or that there is a peak in the electronic density
of states D(E) near Ef contributed by Sm states. Since we
were unable to prepare nonmagnetic reference compounds
for SmPd,Cd,p, we assumed that the density of states of
YNiszzo, LaNi2Cd20, YszCdzo, and Lan2Cd20 are similar.
Values of y that are significantly enhanced relative to those
of nonmagnetic analogues imply that the f electrons are
strongly admixed with conduction-electron states and have
developed delocalized character. However, the value n ~ 3 of
the exponent from the power-law fit of the electrical resistivity
data for SmNi,Cd,g and the localized character of f electrons
(determined from pefr/isat ~ 1) [44] in SmRu,Zn,y and
SmNi,Cdyg are inconsistent with typical heavy-fermion (HF)
physics. Localized f electrons in SmRu,Zn; and SmNi, Cdyg
participate in their respective FM ground states via the RKKY
interaction [39-41], which competes with the heavy-fermion
state in a generic Doniach model context. This contradictory
behavior of SmRu,Zny; and SmNi,Cd,y suggests that these
compounds may be near a ferromagnetic quantum critical
point (QCP). Due to the possible proximity to a ferromag-
netic QCP, SmRu,Zn,y and SmNi,Cd,( compounds represent
potential new model systems for studying the break down
of Fermi-liquid behavior near a ferromagnetic QCP. Even
though there are extensive studies on HF systems that focus
on antiferromagnetic (AFM) QCP’s, there are a limited but
increasing number of HF ferromagnets (FMs). In particular,
Sm-based HF FMs are rare and include SmFe, Py, (y ~ 350
mJ/mol K?) [11], SmOs4Sby, (y ~ 880 mJ/mol K?) [9], and
SmPtSi (y ~ 250 mJ/mol K?) [57]. We also note that a few
other Sm-based compounds with the CeCr; Alyo-type structure
are considered to be heavy fermions with y ~ 100 mJ/mol K>
for SmTiyAlyg, y ~ 720 mJ/mol K? for SmV,Aly, and y ~
1000 mJ/mol K? for SmCr,Alyp, which all have AFM ground
states [31,32]. The investigation of other FM compounds near
a QCP is therefore highly desirable for a more complete
understanding of quantum criticality. An enhanced electronic
specific-heat coefficient for SmPd,Cd,y, which has as an
exponent value of n ~ 2, an AFM ground state, and a possible
metamagnetic transition at 7 = 2 K and H ~ 2.5 T supports
an interpretation that this compound is near a QCP with a FL
ground state. We want to emphasize that there is no evidence
for a coherence temperature in the electrical resistivity data,
as would be expected for typical HF compounds. On the
other hand, this lack of distinct features in the electrical
resistivity o(7") has been observed in other Sm-based HF
compounds such as SmFesP;; and SmOs4Sby, [9,11], and
may indicate that the HF composite quasiparticles in these
compounds develop through a route different from the standard
Kondo-lattice mechanism.

In order to elucidate the character of the HF behavior,
we calculated the Kadowaki-Woods ratio KWR = A/y?,
where y is the coefficient of the electronic specific heat
and A is the coefficient of the T2 contribution to the
electrical resistivity [58]. Calculations were performed for
the compounds that have a quadratic T dependence at low
temperature in electrical resistivity data. Calculated KWR
values are given in Table II. In the original treatment [58],

2K2 . .
KWR = 107 %, which is almost the same value we

144406-8



INVESTIGATION OF MAGNETIC ORDER IN Sm7r,Zn ...

calculate for SmPd,Cd,o. More recently, it has been found that
a number of HF compounds based on lanthanide or actinide
ions other than Ce (e.g., Sm, Eu, Yb, U) exhibit KWR values

closer to A/y? = 1.0 x 107 ’mmm—fz“’lsz, which can be
explained by taking into account the degeneracy N of the
lanthanide or actinide ions [59]. For SmRu,Zn,;, KWR is
close to 0.36 x 1076 #2em moPK: whoh we assume N =

2

8, supporting the formationn(l)Jf a magnetic FL ground state.
Moreover, we consider the Sommerfeld-Wilson ratio SWR
= [7%k% /(i) *1x0/ v » Where kp is the Boltzmann constant,
Wegr 18 the effective magnetic moment, and ¥ is the enhanced
Pauli susceptibility [60]. SWR values are tabulated in Table II.
A SWR ratio value of 0.7 is calculated for SmPd,Cd,g; this
value is very close to 1, which is expected for a free-electron
gas [61]. We calculate a value of 2 for SmRu,Zny,, which is
consistent with a Kondo system and has been observed in many
HF systems. The f-electron spin fluctuations presumably
enhance x( relative to y, which leads to a larger value for
the SWR [61,62].

Low-temperature electrical resistivity data suggest the
presence of spin-wave excitations below T for SmFe,Zny,
SmRu,Zn,y, and SmNi,Cdyg, and below Ty for SmPd,Cd,.
The uncertainty in the ground state of the Sm multiplet energy-
level scheme and the microscopic properties of spin-wave
excitations may be resolved by performing neutron scattering
experiments. However, for such an experiment, it should be
noted that both Sm and Cd are strong neutron absorbers;
therefore, samples would need to be synthesized using one
of the less-absorbing Sm isotopes such as *2Sm or '*Sm and
a Cd isotope such as 14cd 163].

V. SUMMARY

Measurements of electrical resistivity, magnetization, and
specific heat have been performed for single crystals of
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the caged compounds Sm7r,Zn;y (Tr = Fe, Co, Ru) and
SmTr2Cd20 (Tr = Nl, Pd) SmFezZHQQ, SmRuZano, and
SmNi,Cdyg exhibit ferromagnetic order with Curie temper-
atures of Tc =47.4, 7.6, and 7.5 K, respectively, while
SmPd,Cd,y is an antiferromagnet with Ty = 3.4 K. No
evidence for magnetic order is observed in SmCo,Zn;, down
to 110 mK. Sommerfeld coefficients y of 57 mJ/mol K* for
SmFe,Zny, 79.5 mJ /mol K? for SmCo,Zn,, 258 mJ/mol K>
for SmRu,Znyy, 165 mJ/molK?> for SmNi,Cdyy, and
~208 mJ/mol K? for SmPd,Cd,, are obtained. Enhanced
Sommerfeld coefficients relative to nonmagnetic reference
compounds and the exponent n ~ 2 from the power-law fits
of electrical resistivity data for SmRu,Znyy and SmPd,Cdyg
suggest an enhancement of the quasiparticle masses related
due to hybridization between localized 4 f and conduction
electron states. Therefore, we suggest that SmRu,Zn; is a
new addition to the rare class of Sm-based HF ferromagnet

with a KWR value of 44 x 1077 ’mmm—};“’lsz and a SWR
value of 2, which have been observed in many HF Kondo

lattice systems.
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