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A compound PuPd,Sn was studied by means of x-ray diffraction, magnetization, heat capacity, electrical
resistivity, magnetoresistivity, Hall effect, and thermoelectric power measurements, performed in the tempera-
ture range 2—300 K and in magnetic fields up to 14 T. This compound orders antiferromagnetically at 11 K
and shows localized magnetism of Pu** ion with Mesy being close to the intermediate coupling value. The total
splitting of the plutonium 6H5 » multiplet is of the order of 150 K with a doublet being the ground state. Below
Ty the specific heat and the electrical resistivity are dominated by electron-magnon scattering with an antifer-
romagnetic spin-waves spectrum typical of anisotropic antiferromagnetic systems. Strong enhancement of the
low-temperature specific heat points to the presence of conduction electrons with high effective masses. The
Hall coefficient of PuPd,Sn is positive and dominated by magnetic skew scattering. The thermoelectric power
attains small positive values at high temperatures and exhibits a broad negative peak around 55 K. This
behavior is discussed in terms of models appropriate for metallic systems with strong electronic correlations.
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I. INTRODUCTION

Actinide-based intermetallics show a wide range of
correlated-electron behaviors, including magnetic ordering,
nonmagnetic (Kondo) ground states, and non-Fermi liquid
behavior raising a considerable interest to study the physical
properties of transuranium-based compounds. Recently, this
interest was even increased with the discovery of unconven-
tional heavy fermion superconductivity in the ternaries
PuCoGas, PuRhGas, and NpPdsAl,.!-

During the last decade, U-based compounds with the
overall composition UT,M, where T is a d-electron transition
metal and M stands for a p-electron element, have attracted
much attention because of their large variety of intriguing
physical behaviors coming from hybridization of
5f-electronic states with s, p, and/or d electrons of their
neighboring atoms. The UPd,M ternaries crystallize with
several different crystal structures*> and their magnetic and
transport properties are characteristic of moderately en-
hanced heavy fermion antiferromagnets. For example,
UPd,In orders antiferromagnetically below 7Ty=20 K and
was found to display heavy fermion features (y
=200 mJ/mol K?).® Moreover, it exhibits a structural phase
transition at 220 K from a high-temperature cubic phase to
an orthorhombic one.® Two other examples are UPd,Pb and
UPd,Sb that order antiferromagnetically at 35 and 55 K, re-
spectively, and have been considered as heavy-fermion sys-
tems (y=100 mJ/mol K?) (Ref. 7) and y=80 mJ/mol K>3
respectively). Previous studies on UPd,Sn revealed that this
compound is a nonmagnetic heavy fermion compound.®!?

In the course of systematic investigations of the physical
properties of the AnPd,Sn family (An=Th, U, Np, and Pu)!!
we have already briefly reported on the antiferromagnetic
compound NpPd,Sn (Ty=15 K).!2 Its electrical resistivity
and specific heat reveal features of a heavy-fermion ground
state.'> Here we give a full account on our studies on the
synthesis, structural, and physical characterization of its Pu-
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based counterpart, namely, PuPd,Sn. The compound was ex-
amined by means of x-ray diffraction, magnetization, heat
capacity, electrical resistivity, magnetoresistivity, Hall effect,
and thermoelectric power measurements, performed from 2
to 300 K and in magnetic fields up to 14 T.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of PuPd,Sn were prepared by arc
melting the constituents (Pu:99.8 wt %, Pd:99.999 wt %,
Sn:99.999 wt %) in a Zr-gettered argon atmosphere. The
weight losses during melting were less than 0.2%. Quality of
the obtained material was checked at room temperature by
powder x-ray diffraction using a Bruker D8 diffractometer
with Cu Ke; radiation (A=1.5406 A). It was revealed that
the prepared sample of PuPd,Sn was a single phase with
orthorhombic Pnma symmetry. No extra lines were ob-
served. The lattice parameters refined from the x-ray data are
a=10.053(9) A, b=4.502(4) A, and ¢=7.065(6) A. Close
similarities in the diffraction patterns and the values of the
lattice parameters between PuPd,Sn and the ternaries
ThPd,Sn, UPd,Sn, and NpPd,Sn (Refs. 9, 12, and 13)
strongly suggest that the Pu-based compound is isostructural
with the other materials. In this unit cell, all four atoms oc-
cupy the 4c¢ positions (x,i,z), as shown in Fig. 1.

Magnetization measurements were carried out in the tem-
perature range 2—300 K and in magnetic fields up to 7 T
using a SQUID magnetometer (Quantum Design MPMS-7).
The electrical resistivity, the magnetoresistivity, and the Hall
effect were measured from 2 to 300 K by an ac technique
employing a Quantum Design PPMS-14 platform. Heat ca-
pacity experiments were performed in the temperature range
3-300 K and in magnetic fields up to 9 T by a relaxation
method using the Quantum Design PPMS-9 setup. The ther-
moelectric power was measured from 6 to 300 K with a
homemade setup using pure copper as a reference material.
The measurements of the physical properties of PuPd,Sn
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FIG. 1. (Color online) Crystal structure of PuPd,Sn.

(even using a very small amount of the material) were lim-
ited to temperatures above 2 K due to the self-heating effect
arising from the radioactive decay of the **’Pu isotope. Be-
cause of the radiotoxicity of plutonium, all experimental
studies were made using special encapsulation systems to
avoid contamination risks.

III. RESULTS AND DISCUSSION
A. Magnetic properties

The temperature dependence of the inverse magnetic sus-
ceptibility of PuPd,Sn measured in an applied magnetic field
of 0.5 T is shown in Fig. 2. At low temperatures a distinct
minimum in the y~'(7) curve manifests the onset of antifer-
romagnetic ordering below the Néel temperature Ty=11 K.
The low-temperature part of the magnetic susceptibility mea-
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FIG. 2. Temperature dependence of the inverse magnetic sus-
ceptibility of PuPd,Sn measured in a magnetic field uoH=0.5 T.
The solid line is a modified Curie-Weiss fit. Inset: low-temperature
part of the susceptibility measured in zero-field-cooled (ZFC) and
field-cooled (FC) conditions.
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FIG. 3. Magnetization versus magnetic field of PuPd,Sn taken
at several temperatures in the ordered region.

sured in zero-field-cooled (ZFC) and field-cooled (FC) con-
ditions is shown in the inset in Fig. 2. Above the magnetic
transition, the inverse magnetic susceptibility of PuPd,Sn is
clearly curvilinear and follows a modified Curie-Weiss law
as follows:

N,u2
- ) + Xo> (1)

XD =3 9,

with the effective magnetic moment ,r=0.97ug, the para-
magnetic Curie temperature ©,=-30 K, and the Van Vleck
term x,=4.8 X 10~* emu/mol. The experimental value of
Mepp 1s larger than the free Pu* ion value expected for
Russell-Saunders coupling (0.84uz) but it is quite close to
that anticipated for intermediate coupling (1.01up). Interest-
ingly, similarly to UPd,Sn (Refs. 9 and 10) and NpPd,Sn,'?
the absolute value of the paramagnetic Curie temperature in
PuPd,Sn is negative and strongly enhanced, as usually found
in systems with stron%G)Kondo-type interactions. Using the

Hewson relation Tx~ —4"-‘ (Ref. 14) the Kondo temperature
may be estimated as 7.5 K. As shown in Fig. 3, the magne-
tization measured in the ordered state is proportional to the
strength of the applied magnetic field with no sign of any
hysteresis effect nor metamagneticlike transition up to 7 T.

B. Electrical resistivity

The temperature dependence of the electrical resistivity of
PuPd,Sn is shown in Fig. 4. At room temperature the resis-
tivity is 121 u€) cm which is the same order of magnitude
observed among light actinide-based intermetallic com-
pounds. With decreasing temperature the electrical resistivity
decreases and at 2 K reaches a value around 80 u() cm.

At the magnetic phase transition, the p(T) curve exhibits
only a small kink, better seen on the temperature derivative
of the resistivity dp/dT as a pronounced positive peak of the
Fisher-Langer type!> (see the inset in Fig. 4).

To estimate the magnetic contribution to the resistivity
one may assume that the phonon part of the resistivity of
PuPd,Sn is the same as in its isostructural counterpart
ThPd,Sn. Thus, taking into account the experimental data of
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FIG. 4. Temperature dependence of the electrical resistivity of
PuPd,Sn. Inset: low-temperature variations of the resistivity (sym-
bols) and the temperature derivative of the resistivity (solid line).

ThPd,Sn,'3 the magnetic contribution to the resistivity Ap(T)
of PuPd,Sn can be obtained as Ap(7T)PuPdSn=p(T)PuPdsSn
- p(T)B,1P 450 a5 shown in a semilogarithmic scale in Fig. 5.
The general shape of the Ap(T) curve with a broad maximum
around 150 K, reminds the behavior of dense Kondo systems
with strong crystal-field interactions. According to the theory
by Cornut and Cogblin,' the position of the maximum in
Ap(T) gives an estimate for the total CEF splitting. The
value of 150 K is very similar to that obtained from the
specific heat data (see below). At high temperatures the mag-
netic contribution to the electrical resistivity shows a nega-
tive logarithmic dependence characteristic of Kondo sys-
tems, as previously observed also for UPd,Sn (Ref. 9) and
NpPd,Sn.'? Above 150 K the p(T) curve may be well ap-
proximated by the formula

p(T)=po+py +cxInT, (2)

appropriate for scattering of conduction electrons by defects
and imperfections in the crystal lattice, disordered spins, and
Kondo impurities, respectively. Least-squares fit of this ex-
pression to the experimental data yields the parameters (p,
+py)=111 pQ cm and cx=-1.1 uQ cm.

Below the magnetic phase transition the electrical resis-
tivity of PuPd,Sn may be well described by the model pro-
posed by Continentino et al.'”'® which takes into account
scattering processes of conduction electrons on the antiferro-
magnetic spin waves with a gap in the magnon spectrum.
Assuming that the dispersion of antiferromagnetic magnons
can be approximated by the relation w=\A”?+Dk?, in which
A is the spin-wave gap while D stands for the spin-waves
stiffness, the electrical resistivity may be expressed as'’!8

kT 3 2 A\
p(T) = py + bA? Le_M‘BT{l+—+—<—> },
VA 2UpT 15\ kT
(3)

where the coefficient b is defined as b« D~32. Below 9 K,
least-squares fitting of Eq. (3) to the experimental data of
PuPd,Sn give the following parameters, p,=81 u{)cm, b
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FIG. 5. Temperature dependence of the magnetic contribution to
the electrical resistivity of PuPd,Sn. The solid and dashed lines are
fits using expressions given in the text. Inset: temperature variation
of the magnetoresistivity.

=0.28 u) cm/K2, and A=12 K. From the evaluation of the
resistivity data in terms of Egs. (2) and (3) the spin-disorder
resistivity p,; in PuPd,Sn is estimated to be about 30 () cm.

The temperature dependence of the transverse (,uoﬁ 1 {)

. (B)-p(0)
magnetoresistivity (MR), defined as Ap‘-’zp p(ol;
sured in an applied magnetic field uoH=9 T, is shown in the
inset in Fig. 5. The magnetoresistivity is very small and
reaches a maximum value of about 0.5% at 6 K. The overall
shape of the MR(T) curve is characteristic of antiferromag-

nets, as theoretically predicted by Yamada and Takeda.'”

and mea-

C. Hall effect

Figure 6 shows the temperature dependence of the Hall
coefficient of PuPd,Sn. At room temperature the Hall con-
stant is positive and of the order of 0.5 X 107! m3 C~!. With
decreasing temperature, it continuously increases down to
the Néel temperature Ty=11 K, at which the Ry(T) curve
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FIG. 6. Temperature dependence of the Hall coefficient of
PuPd,Sn measured in magnetic field B=14 T. Inset: Ry Vs X*pmag
(see the text). The solid line is a fit of Eq. (4) to the experimental
data.
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FIG. 7. Temperature dependence of the thermoelectric power of
PuPd,Sn. The solid line is a fit of Eq. (10) to the experimental data.
Inset: the Seebeck coefficient and temperature dependence of the
derivative of the thermopower in the vicinity of the magnetic phase
transition.

displays a distinct maximum, reminiscent of the anomaly in
the temperature variation of the magnetic susceptibility.

According to the theory by Fert and Levy,? the tempera-
ture dependence of the Hall coefficient of a Kondo lattice
(above the Kondo temperature) may be expressed as

Ry(T) = Ry + Y1 X (1) pag(T), (4)

where the first term describes the Hall effect due to Lorenz
motion of carriers and/or residual skew scattering by defects
and impurities, while the second term comes from intrinsic
skew scattering by Kondo impurities. In this formula y"(7)
is a reduced susceptibility being approximated by x(7)/C,
where C is the Curie-Weiss constant, whereas p,,,,(7) is the
magnetic contribution to the electrical resistivity. In the case
of PuPd,Sn, least-squares fitting of Eq. (4) to the experimen-
tal data in the temperature range 35-300 K (see the inset in
Fig. 6) resulted in the values Ry=3.9x 107! m3/C and 1y,
=3.1X 1072 K/T. The so-obtained 7, value is about ten
times larger than the one obtained for cerium-based heavy
fermion compounds CeCugq, CeAl; (Ref. 20), or for monoc-
rystalline Ce,PdSi;.>' The value of the ordinary Hall coeffi-
cient R has in PuPd,Sn a magnitude similar to that obtained
in its nonmagnetic counterpart ThPd,Sn.'3> A simple one-
band model provides an estimate for the concentration of
free holes to be 1.6 X 102 ¢cm™3, which should be considered
as the upper limit of the actual carrier concentration in
PuPd,Sn.

D. Thermoelectric power

The temperature dependence of the Seebeck coefficient of
PuPd,Sn is displayed in Fig. 7. At room temperature the
thermopower is about +1 uwV/K. With decreasing tempera-
ture the Seebeck coefficient decreases, changes sign at about
250 K, and shows a broad minimum of about -2.8 uV/K
near 50 K. Similarly to the electrical resistivity, the magnetic
phase transition manifests itself only as a small kink on the
S(T) curve. It is better seen as a pronounced minimum on the
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temperature derivative of the thermopower dS/dT (see the
inset in Fig. 7). The total change in the thermoelectric power
is quite small, thus consistent with the metallic character of
the electrical resistivity. Above 150 K, the Seebeck coeffi-
cient shows a linear T dependence, which may indicate that
the diffusion contribution to the total thermopower domi-
nates the scattering at high temperatures. Generally, this
mechanism may be expressed as*?

KmT| dlnn(E) aln*(E) dln #E)
+
3lelEfl dInE dInE dInE

S(T) = SS))

where n(E), v(E), and 7(E) denote the density of states, the
velocity of carriers, and the relaxation time of carriers, re-
spectively, near the Fermi level. Consequently, the thermo-
electric power is very sensitive to details of the electronic
band structure, especially in compounds with narrow bands
near Er. Hence, in strongly correlated electron systems com-
plicated temperature dependencies of the Seebeck coefficient
with pronounced maxima or minima are frequently observed.
To describe the temperature variations of the Seebeck coef-
ficient in such compounds a simple phenomenological model
was developed,?® which takes into account scattering pro-
cesses of conduction electrons from broad s-d bands into a
narrow 4f or 5f quasiparticle band. The latter band is as-
sumed to have a Lorenzian form

n(E) =

-, 6
sF+W2 (6)

where W denotes its width and &y is its position with respect
to the Fermi energy. The model predicts the following tem-

perature dependence of the Seebeck coefficient:?3>*
27ky el
S(T) = R 7
D=7 22, @
3 +ep+ W

in agreement with the behavior of many Ce- and U-based
heavy fermion compounds.’24-26

The so-called two-band model is found sometimes to be
insufficient to properly describe the thermopower of some
strongly correlated electron systems (see, e.g., Ref. 27). To
overcome the problems Freimuth proposed?® to consider pos-
sible variations with temperature of the parameters W and e
as follows:
-T,

gp=A+Be T, )

and
W=Te /7, 9)

where A, B, and T,, are sample-dependent constants, while
the parameter 7Y is related to the quasielastic linewidth of the
Kondo peak and can be directly obtained by means of inelas-
tic neutron scattering experiments.>” With this modification
the formula for the Seebeck coefficient reads as follows:?%3
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CyTep(T)

S(T)=C,T+ W

(10)
where C; and C, are temperature-independent parameters
that determine the strength of the contributions arising from
the nonmagnetic Mott-type [see Eq. (5)] and the magnetic
scattering processes, respectively. The above expression was
successfully applied to describe S(7) variations of several
cerium-, ytterbium-, and uranium-based heavy-fermion
systems.?”28:30:31 Ag shown in Fig. 7 it provides also a quite
good approximation of the thermoelectric power of PuPd,Sn
nearly in the entire temperature range studied. In the per-
formed analysis it was assumed, like in the original paper by
Freimuth,?® that T, is equal to zero, and thus the position of
the Kondo peak is independent of temperature. The least-
squares fit of Eq. (10) to the experimental data yielded the
parameters C;=0.06 uV/K?, C,=-6.34 uV/K, g=49 K,
and Ty= 69 K, which are similar to those derived for 4f- and
5f-electron-based compounds with strong correlations.

The aforediscussed models are very simple and neglect
some important interactions present in the crystalline solids.
A more reliable approach should take into account electric
field effect (CEF) and its influence on the electronic band
structure. In the model by Cogblin and Schrieffer (CS)3233
the Kondo effect is described in the presence of the crystal-
field interactions, which strongly influence the temperature
variations of the Seebeck coefficient. In particular, a charac-
teristic broad extremum in S(7) is predicted to occur at T,,,

3, where A denotes the total crystal-field splitting. In the
case of PuPd,Sn the minimum in S(7) is located around
55 K which implies A=165 K being consistent with the re-
sult obtained from the specific heat and magnetic suscepti-
bility data. Recently, Zlati¢ et al. extended the CS model by
considering, besides the crystal-field interactions, hybridiza-
tion effect between the 4f and conduction electrons.’*—37 The
latter model was successfully applied to describe the tem-
perature dependencies of the thermoelectric power in
CeCu,Si, (Ref. 35) and CeRu,Ge,,**?? as well as theS(T)
behavior under hydrostatic pressure.

Finally, it should be noted that the magnitude of the See-
beck coefficient in PuPd,Sn is much smaller than the ther-
mopower values usually found for strongly correlated elec-
tron systems. A possible explanation of this discrepancy is
that the thermopower is reduced because of the presence of
some disorder in the crystal lattice caused by radioactive
decay of the *°Pu isotope. It gives a >>>U recoil atom and an
alpha particle inducing disorder in the lattice.*® Furthermore,
similar small values of the Seebeck coefficient were ob-
served in disordered Kondo lattices such as, for example,
Ce,NiGe;.*!

E. Heat capacity

Figure 8 shows the temperature dependence of the spe-
cific heat of PuPd,Sn. Near room temperature C,, has a value
of about 100 J/mol K that corresponds to the Dulong-Petit
limit, i.e., C,=3nR=99.77 J/mol K, where n is the number
of atoms per molecule and R is the gas constant. The mag-
netic phase transition at 7y=11 K manifests itself as a small
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FIG. 8. Temperature dependence of the specific heat of
PuPd,Sn. Inset: temperature variation near Ty of the ratio C,/T
measured in zero magnetic field and in a field of 9 T.

\-type anomaly in C,(T). This peak is hardly affected by an
applied magnetic field. As shown in the inset in Fig. 8 in a
field as strong as 9 T, the maximum in C,/T shifts only
faintly towards lower temperature and insignificantly de-
creases in magnitude. The observed behavior is very similar
to that found before for NpPd,Sn.!?

The electronic contribution to the specific heat of
PuPd,Sn is strongly enhanced at low temperatures. The C,,/T
ratio extrapolated to 7=0 K from the regions above and be-
low Ty is as large as 570 mJ/mol K2 and 180 mJ/mol K2,
respectively (cf. Ref. 11). These values are comparable with
the Sommerfeld coefficients reported for UPd,Sn and
NpPd,Sn, which were 130 mJ/mol K> (Ref. 10) and
400 mJ/mol K212 respectively.

In order to estimate the magnetic contribution to the spe-
cific heat of PuPd,Sn one may assume that the phonon part
to the total specific heat of PuPd,Sn is similar to that in its
isostructural counterpart ThPd,Sn containing no 5f electrons.
The excess specific heat calculated as AC(T)=C,(T)"*P%25"

C(T);fhPGlzsn (here our unpublished C(T)Tthzsn data were
used'?) is shown in Fig. 9.

Below the magnetic phase transition AC(T) can be well

approximated by the formula

AC(T) = Y'T+ Cp(1), (11)

where the first term describes the electronic contribution due
to heavy electrons and the second one is appropriate for ex-
citations of antiferromagnetic spin waves over a gap AT in
the magnon spectrum'342 as follows:

- 39T 51
C,..(T)=cA"*NTe™ | 1 ( ) . (12
nag(T) = AT\ Te "o0a T2\ (12)

In this expression the same dispersion relation of mag-
nons was assumed as that applied above in the analysis of the
electrical resistivity, and the coefficient ¢ is related to the
spin-wave stiffness D being defined as cxD™>. The least-
squares fit of Eq. (11) to the experimental data below 8 K,
shown by the solid line in Fig. 9, yielded the parameters

—161 mJ/mol K2, ¢=11X10"*J/mol K*, and A=7 K.
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FIG. 9. Temperature dependence of the magnetic contribution to
the specific heat of PuPd,Sn (note a semilogarithmic scale). The
solid and dashed lines are fits described in the text. The inset dis-
plays the temperature variation of the magnetic entropy.

The so-obtained value of the magnon gap is reasonable with
respect to the Néel temperature and similar to that derived
from the electrical resistivity data (see above). It is also
worthwhile noting that the A and ¢ values are similar to
those derived for cerium-based heavy fermion systems such
as CeCoGes_,Si, (Refs. 18 and 42) or CeNiGe;.*?

At Ty the specific heat exhibits a jump 6C of about
7 J/mol K. In dense Kondo systems the magnitude of this
jump is given by***

sc=—Rks [zﬂ’(l+§>+§df’<l+§>]2, (13)
1 2 2
W”(-+§>

T,
where {=5—-, whereas ¢/, ¢/, and /" are the first, second,

27Ty’
and third dgrivative of digamma function, respectively.
Within this simple approach, formulated within the mean-
field approximation, the Kondo temperature in PuPd,Sn is
estimated to be about 8 K.

Another estimate for Tx comes from the analysis of the
magnetic entropy that is released at the Néel temperature. As
shown in the inset in Fig. 9 the entropy in PuPd,Sn reaches
at Ty a value of about 91% of RIn2. By applying the
formula*®

Ty e 16T

AS "y
' In(1 + e "&"N) + o1 +e T (14)

adequate for dense Kondo systems, one finds Tx=7.6 K. It
is worth noting that the two values of Ty derived from the
specific heat data are close to one another and agree well
with the value Tx=7.5 K estimated from the magnetic sus-
ceptibility characteristics (see above).

In the paramagnetic region of PuPd,Sn, the overall shape
of the AC(T) curve, with a pronounced Schottky-type maxi-
mum near 44 K, indicates a predominant contribution due to
crystal-field effect. The dashed line in Fig. 9 represents the
sum of the electronic and Schottky terms, AC(T)=yy,T
+Ccpr(T), where the Pu** ground multiplet is split into three

PHYSICAL REVIEW B 77, 014431 (2008)

doublets. The least-squares fitting yielded the parameter yyr
of about 23 J/mol K? and energies of the excited states A,
=70 K and A,=150 K. In this context it is worthwhile noting
that the magnetic entropy in PuPd,Sn reaches at T a value
of 5.3 J/mol K (see the inset in Fig. 9) that is close to R In 2,
expected for a doublet ground state. In turn, at high tempera-
tures the entropy saturates at a value of about 15 J/mol K,
which is nearly equal to R1In6 which corresponds to the
sixfold degeneracy of the Pu** ground multiplet.

F. Crystal-field analysis

The effective magnetic moment calculated from the mag-
netic susceptibility data of PuPd,Sn is ,;=0.97up (see
above), i.e., it is very close to that predicted for the J=5/2
ground state of the 5f° electronic configuration of Pu** ions
when intermediate coupling is taken into account (1.01up).
This finding clearly points towards an essentially localized
behavior of the 5f electrons in this compound, which should
be well describable within a crystalline electrical field (CEF)
approach, as, for example, the magnetic behavior in the
AnPd; (An=U,Np,Pu) series of compounds, and in particu-
lar, the properties of UPds, which is known as a rare example
of a fully localized uranium-based intermetallic system.*’ As
the tendency to localization generally grows with the atomic
number within the actinide series, the hypothesis that the
magnetic properties of PuPd,Sn can be understood within a
crystal-field model seems well grounded.

The Hamiltonian describing the quantum states of an ac-
tinide ion with 5fV electronic configuration and well-
localized electrons can be written as the sum of free-ion and
CEF parts.*® The free-ion parameters for Pu** can be found,
e.g., in Ref. 49. The orthorhombic symmetry conditions im-
pose the CEF Hamiltonian to have the form

3k

Hep= 20 X BY(Co + C3)). (15)

k=1 g=0

where C%Z are the CEF operators defined in accord with the
Wybourne normalization.*® In principle, nine nonzero CEF
parameters B%Z are allowed, however, most of them have
very limited effect on the energy spectra and wave-function
composition, as long as a sixfold-degenerate ground multi-
plet is considered (separated from the next higher manifold
by about 4700 K). In fact, the matrix elements of sixth-order
C29 operators within two states with J=5/2 are all zero be-
cause the triangular inequality for the Wigner 3; symbols is
not satisfied.® Moreover, the Stevens factor 8 (which enters
as a proportionality factor in the explicit expression of
fourth-order B3? CF parameters),’' calculated for the Pu**
ion in the intermediate coupling regime, (8;0=-2.4X 107%)
is one order of magnitude smaller in size than the Russell-
Saunders approximation for a 5f° electronic configuration,>!
while the second-order Stevens factor « is only slightly af-
fected. These considerations suggest that only the second-
order CEF parameters, i.e., Bg and B%, have significant im-
pact on the energy spectra of Pu**. The presence of J-mixing
effects does not change the situation, and it has been shown’?
that the use of Stevens operators with renormalized values of
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FIG. 10. Temperature dependence of the magnetic contribution
of the specific heat (a) and the magnetic susceptibility (b) of
PuPd,Sn. The solid lines are fits described in the text.

the parameters can correctly take it into account. Neverthe-
less, this hypothesis was checked by numerical diagonaliza-
tion of the full matrix for the 5f° configuration and found to
hold very well if fourth- and sixth-order parameters are var-
ied within a reasonable range.

Based on the above arguments the magnetic specific heat
curve of PuPd,Sn was fitted above Ty by varying the second-
order CEF parameters only. In this analysis the electronic
contribution to the specific heat was taken into account by
adding a term in the form C,;=yy;T. The best fit, shown by
the solid line in Fig. 10(a), yielded the parameters B
=330 K and B3=97 K, and resulted in a doublet-doublet-
doublet CEF scheme with the first and second excited dou-
blets being located above the ground level at 64 and 146 K,
respectively. These values of the CEF parameters were then
used to calculate the magnetic susceptibility in the paramag-
netic state x,. The contribution due to antiferromagnetic ex-
change interaction was taken into account according to the
formula y~'= )(;1+)\. As shown in Fig. 10(b), the calculated
magnetic susceptibility curve compares very well to the ex-
perimental one if one chooses A™!=4.6 X 103 emu/mol. We
recall that the antiferromagnetic ordering condition is satis-
fied if \™'=)x, (Ty), where { is the direction of the magnetic
moments in the ordered phase. Though some ambiguity in
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the choice of the reference frame is always present when
dealing with orthorhombic symmetry,> the model provides
for PuPd,Sn a value x,, (Ty)=1.7 X 10~* emu/mol along the
“easy” z axis. While the order of magnitude of x, (7)) is the
same as of \~!, the apparent discrepancy between the two
values may be due to the presence of more complex features
not accounted for by the model applied, such as anisotropic
superexchange interactions. Direct spectroscopic measure-
ments of the energy spectra, for example, by means of in-
elastic neutron scattering, and precise determination of the
antiferromagnetic structure in the ordered phase would be
crucial to further investigate this point.

IV. SUMMARY AND CONCLUSIONS

The Pu-based intermetallic compound PuPd,Sn was syn-
thesized and thoroughly studied in wide temperature and
magnetic field ranges. The compound crystallizes, like other
members of the AnPd,Sn series with An=Th, U, and Np, in
the orthorhombic Pnma unit cell. The magnetic measure-
ments revealed that PuPd,Sn orders antiferromagnetically at
Ty=11 K. From the specific heat, magnetic susceptibility,
and resistivity data the crystal-field splitting of the Pu*® mul-
tiplet was estimated to be about 150 K, with a doublet being
the ground state and two other doublets being the excited
states. The large negative paramagnetic Curie temperature
(with respect to the Néel temperature), negative logarithmic
slope of the magnetic contribution to the resistivity, and
strongly enhanced low-temperature electronic specific heat
are all indicative that PuPd,Sn belongs to a family of dense
Kondo systems with heavy-fermion ground state. Using a
few different approaches, the Kondo temperature was esti-
mated to be of about 7 K. Also the temperature dependencies
of the Hall coefficient and the thermoelectric power, deter-
mined for PuPd,Sn, are typical for intermetallics with strong
electronic correlations. The positive sign of both the ordinary
Hall coefficient and the thermopower at high temperatures
indicates that the charge and heat transport in the compound
studied is likely dominated by hole carriers.

To summarize, the observed physical behavior in PuPd,Sn
strongly suggests that it may be a heavy-fermion system, one
of very few known so far amidst plutonium-based
intermetallics.>* However, despite the obtained coherent de-
scription of this compound in terms of Kondo interactions,
some ambiguity still remains, especially in the analysis of
the Seebeck coefficient. Therefore, further studies are re-
quired on the electronic ground state, possibly using less
disordered material. One possibility would be to synthesize
PuPd,Sn using 222py to decrease self-decay and hence reduce
disorder effect.
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