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Superconductivity and crystalline electric field effects in the filled skutterudite PrRu As;,
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Magnetization, electrical-resistivity, specific-heat, and thermopower measurements were performed on
single crystals of the filled skutterudite compound PrRuyAs;,. These measurements reveal a superconducting
transition near 2.5 K that is quantified by: (1) magnetic susceptibility data which display an onset to a Meissner
state at T,~2.5 K and complete diamagnetic shielding as 7— 2.0 K, (2) electrical-resistivity data which show
a transition to a zero-resistance state at 7.~2.5 K, and (3) specific-heat and thermopower data which display
“jumps” at T.=~2.5 K. Furthermore, the electronic contribution to the specific heat follows the BCS prediction
for a superconductor. For temperatures above 7., magnetization measurements indicate local moment behavior
where p,¢=3.52 wp/Pr3* ion. Analysis of the data for 7> T, using a crystalline electric field model, suggests

that PrRuyAs;, has a I'} ground state with a I'y first excited state at Ty, =95 K.
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I. INTRODUCTION

The family of filled skutterudite compounds with the
chemical formula MT,X,;,—where M is an alkali metal, al-
kaline earth, lanthanide, or actinide; T is Fe, Ru, or Os; and
X is P, As, or Sb—display a wide variety of strongly corre-
lated electron phenomena: e.g., superconductivity (both con-
ventional and unconventional), magnetic and quadrupolar or-
der, metal-insulator transitions, Kondo phenomena, heavy-
fermion, and non-Fermi-liquid behavior.!” The Pr-based
filled skutterudites provide a particularly large reservoir of
interesting phenomena as a result of the interplay between
several factors including: (1) hybridization between conduc-
tion electron and Pr localized f-electron states, (2) splitting
of the Pr** ion Hund’s rule ground-state multiplet by crystal-
line electric fields (CEFs), and (3) complicated electronic
band structures.

To date, much of the research on the Pr-based filled skut-
terudite compounds has focused on those that include Sb and
P, in part because of technical difficulties in synthesizing
single crystals of As-based filled skutterudites. These prob-
lems were recently overcome® and several members of the
arsenide series have now been studied in single-crystal form.
Presented here are the first measurements on single crystals
of the compound PrRu,As;,. We report results for magneti-
zation M(T), specific heat C(T, H), electrical resistivity p(T),
and thermopower S(7), all of which show that PrRuyAs;,
displays conventional superconductivity below a critical
temperature of T.~2.5 K. Analysis of CEF effects on M(T),
C(T), and p(T) are used to determine the CEF splittings of
the Pr3* Hund’s rule multiplet.

II. EXPERIMENTAL DETAILS

Single crystals of PrRu,As;, were grown from elements
with purities >99.9% in a molten Cd:As flux at high tem-
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peratures and pressures using a technique detailed
elsewhere.® Following the growth, PrRu,As;, single crystals
of an isometric form with dimensions up to ~1.0 mm were
collected and etched in HCI acid to remove any impurity
phases from the surfaces. X-ray powder-diffraction measure-
ments were performed using a Rigaku D/MAX B x-ray ma-
chine on a powder that was prepared by grinding several
single crystals along with a high purity Si (8N) standard.
These measurements did not reveal any significant impurity
phases. The LaFe,P;,-type filled skutterudite crystal struc-
ture was confirmed for PrRuyAs;, by x-ray diffraction on a
crystal with a regular octahedral shape and dimensions of
0.21X0.19%X0.18 mm>. A total of 3136 reflections (366
unique, R;,=0.1018) were recorded and the structure was
resolved by the full matrix least-squares method using the
SHELX-97 program with a final discrepancy factor R1
=0.0324 [for I>20(I), wR2=0.0715].78 The refinement re-
vealed a lattice parameter of a=8.508(2) A as well as full
occupancy of the Pr sites.

Magnetization measurements were performed on single
crystals of PrRuyAs;, using a Quantum Design (QD) mag-
netic properties measurement system for 1.7=7=300 K
and H=1 and 50 mT. The specific heat for a collection of
single crystals was measured for 600 mK=7<40 K in a
SHe semiadiabatic calorimeter using a standard heat pulse
technique. Specific-heat measurements for 0<H<0.7 T
and 0.37<T<7 K were performed for a different group of
crystals with a total mass m=13.4 mg in a QD physical
properties measurement system using a standard heat pulse
technique. The electrical resistivity was measured for 2=T
=300 K for a single-crystal specimen in a “He cryostat us-
ing an ac resistance bridge and a standard four-wire tech-
nique. Measurements of the thermoelectric power for 0.5
<T<350 K were performed on single crystals with lengths
less than 1 mm using a method described by Wawryk and
Henkie.?
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FIG. 1. Inverse magnetic susceptibility x~' vs temperature T in
a 50 mT field. The solid line is a Curie-Weiss fit to the data for
115=T=300 K. Left inset: zero-field-cooled (ZFC) and FC vol-
ume magnetic susceptibility 47y vs T data for PrRusAs;, ina 1 mT
field. The ZFC data display perfect diamagnetism at 7~2 K where
4mxy——1 due to the diamagnetic shielding signal, while the FC
data show the development of a Meissner state at 7,~2.5 K. Right
inset: magnetic susceptibility y=M/H vs T in a 50 mT field.

III. RESULTS
A. Magnetization

Magnetic susceptibility y=M/H vs T measurements were
performed for two single crystals of PrRusAs;, in fields of 1
and 50 mT (oriented along the [100] crystallographic axis).
As shown in Fig. 1, x(T) for H=50 mT can be fitted using a
Curie-Weiss (CW) function y(7)=C/(T- 6cy) for tempera-
tures between 115 and 300 K, yielding a Curie-Weiss tem-
perature f-w=-6.21 K and an effective magnetic moment
Merr=3.52 up (in close agreement with the Pr3* free ion
value of 3.58 ug). Below 100 K, the data deviate from CW
behavior, indicating that CEF splitting becomes important at
lower T. The left inset of Fig. 1 displays the low-temperature
zero-field-cooled (ZFC) and FC volume magnetic suscepti-
bilities for H=1 mT, revealing the onset of superconductiv-
ity at T,=~2.5 K. The ZFC measurement shows that x(7)

_’EIT for T=2 K, indicating complete diamagnetic shield-
ing. The FC data show 40% of the full Meissner state for
T=2 K, which provides evidence for the formation of a

bulk superconducting state.

B. Specific heat

Displayed in Fig. 2 are specific heat C,, divided by T vs T?
data for PrRuyAs;, between 0.6 and 7 K. A linear fit to the
data in the region above the superconducting transition using
the function C,/T=y+pBT* (for 3=T=5 K) yields the
Sommerfeld coefficient y=70 mJ/mol K> and S
=0.813 mJ/mol K*, from which the Debye temperature 6,
=344 K is calculated. The superconducting transition is
sharp, indicating good sample homogeneity. The jump in
C,/T begins near 2.5 K and an equal area construction gives
T.~2.44 K, in good agreement with the values found from
p(T) and x(T) data.

To investigate the nature of the superconducting state, fits
of the electronic specific heat C,,=C,~C;, where C; is the
lattice portion of the specific heat determined from the linear
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FIG. 2. Specific heat divided by temperature C,/T vs 72 for
PrRuyAs;, showing the transition from the normal state to the su-
perconducting state at T,.~2.5 K. The solid line shows yT+ BT
for  3=T7=5 K where the Sommerfeld -coefficient vy
~70 mJ/mol K2 and B=0.813 mJ/mol K*, from which the Debye
temperature 0p=344 K is calculated. Left inset: low-temperature
electronic contribution to the specific heat C, (closed circles) and
entropy (open circles) S, for PrRugAs;,. The solid line is the
normal-state entropy S, extrapolated from 7.~2.5 K<T assum-
ing Fermi-liquid behavior. Right inset: electronic contribution to the
specific heat in the superconducting state plotted as Ce/ yT, Vs
T./T on a semilogarithmic plot. The solid line represents a fit to the
data using Eq. (1) where A=8.4 and B=1.44.

fit described above, were made below T.. For conventional
superconductors, C,(T) can be fit by an exponential BCS
function, as is appropriate for an isotropic energy gap, while
for unconventional superconductors, C,,(T) can often be de-
scribed by a power law that is attributed to nodes in the
energy gap. C,,(T) for PrRusAs;, is described by an expo-
nential function for T=0.6T,, indicative of conventional su-
perconductivity with an isotropic energy gap. A semilogarith-
mic plot of C,/yT. vs T,/T is shown in the right inset of
Fig. 2 along with a fit to the equation,

°, (1)

where A and B are fitting parameters. In the region 2.5
<T./T<A4, the fit yields A=8.4 and B=1.44, in very close
agreement with the predictions given by the BCS theory.

The jump in the specific heat near the superconducting
transition, AC(T,), provides information about the strength
of the coupling. For PrRuyAs;,, AC(T,)/ yT.=1.53, which is
close to the weak-coupling prediction [AC(T,)/ yT,=1.43]
for a BCS superconductor. This value is quite different than
the value of AC(T,)/yT.=0.83 found by Namiki'® for a
polycrystalline specimen of PrRuyAs;,, suggesting that the
single crystals are of higher quality.

Also shown in the left inset of Fig. 2 are the electronic
portion of the entropy S, and C, vs T for PrRujAs,. As
expected, the superconducting state entropy S;, is less than
that of the normal-state entropy S, since the superconduct-
ing state is more ordered. We also observe that C,<S, for
T.<T, in contrast to what is expected for a Fermi liquid.
Although we cannot make any definitive statement, since
measurement error could yield this difference, we note that
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FIG. 3. (a) Specific-heat data for 0<H<0.7 T and 0.37<T
<3 K. The superconducting critical temperature 7, is determined
using an equal entropy construction which is represented by the
straight lines. (b) The temperature dependence of the upper critical
field H (7).

this situation could arise if C, were to deviate from 7-linear
behavior for T<T..

Specific-heat measurements were performed for 0 <H
<0.7 T and 0.37<T<3 K [Fig. 3(a)]. From these data, the
temperature dependence of the upper critical field H.,(7)
[Fig. 3(b)] was determined using an equal entropy construc-
tion. Disregarding the small positive curvature near 7, the
initial slope (=dH ,/dT); is 0.43 T/K and is 20% larger than
that previously reported ‘for polycrystalline samples.'® The
Pauli pararnagnetlc limiting field can be calculated from the
expression H, (0) 1.84T, which gives a value near 4.4
T.!L12 By comparlson the Werthamer-Hefland-Hohemberg
(WHH) formula for the orbital critical field in the clean limit
yields Hyy(0)=0.71 T.!3 Thus, we conclude that the su-
perconductivity is limited by orbital depairing mechanisms.

The superconductlng coherence length can be determined
from the expression (=dH,/dT); =®/2T. .m&, yielding &
=178 A.1 The Fermi velocity vy=3.1 X 106 cm/s can then
be calculated from the expression &=0.18%v/kgT,."> From
UF, the charge carrier effective mass m™ and the coefficient of
the electronic specific heat y can be estimated using a spheri-
cal Fermi-surface approximation where kr=(37°Z/()). Here,
Z is the number of electrons per unit cell, and () is the
unit-cell volume. From this expression, kr is found to be
6.6 X 107 cm™' and m*=hky/vy then gives m*=24m,. Fi-
nally, the electronic coefficient of the specific heat is given
by y=m(Z/Q)kagm*/hki and is found to be near
156 mJ/mol K2. This value is somewhat enhanced in com-
parison to the value estimated from the normal-state specific
heat and AC(T,) at T,. It is interesting to note that similar
results were obtained for the compound PrRu,Sb;, where
m*~24m, and y~ 182 mJ/mol K2, as calculated using the
formalism described above.'® In that case, the extrapolated
normal state values for y and AC(7,) are 75 mJ/mol K? and
96 mJ/mol K2, respectively.'’

C. Electrical resistivity

Figure 4 shows the temperature dependence of the elec-
trical resistivity p(7) for a single crystal of PrRuyAs;,
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FIG. 4. Open circles: electrical resistivity p vs temperature 7 for
LaRuyAs;,. Closed circles: p(7) for PrRuyAs;,. Dashed line: fit to
p(T) for LaRuyAs;, using Eq. (3). Solid line: fit to p(7) for
LaRu,As;, using Eq. (3) with an additional term BT>. Left inset: p
vs T? for LaRuyAs,, showing that n=3 for the Bloch-Griineisen
formula. Right inset: p vs T for PrRuyAs;, showing that 7,
=25 K.

(closed circles). With decreasing T, p(T) decreases from the
room-temperature  value [p(300 K)=135 w{) cm] with
negative curvature down to 7~ 50 K, after which p(7) ex-
hibits positive curvature down to p,=1.04 w{) cm just be-
fore it drops to zero below 7.~2.5 K due to the supercon-
ducting transition (right inset of Fig. 4). From this value of
po, Wwe estimate the residual resistivity ratio RRR
=p(300 K)/py=94, which is comparable to the values
found for PrOs,As;, and PrFe,As;, (RRR=75)

To analyze the electrical transport behavior for PrRu,As,
above T,, we measured p(7T) for a single-crystal specimen of
LaRuyAs, [p(300 K)=197 wQ cm], which is the homolo-
gous compound without f electrons (open circles in Fig. 4) to
PrRu,As;,. In order to describe p(T) for LaRuyAs,, we con-
sidered the following scattering processes: (1) a
T-independent term p, which arises from impurities and/or
defects that perturb the periodicity of the lattice potential and
(2) electron-phonon scattering due to lattice vibrations,
which can be described by the Bloch-Griineisen (BG) for-
mula,

T Or/T x"dx
pBG(T) A( 0R> J (ex_ 1)(1 _e_x)’ (2)

where n=>5 (in the original treatment) and O is the Debye
temperature. At low temperatures (T< Or), thlS expression
reduces to AT® while at high temperatures ( 0x<T) it be-
comes linear in T.'® However, the BG expression where n
=5 is not generally valid and values of 2<<n<5 are com-
monly observed in intermetallic compounds with rare-earth
elements.'® For LaRu,As,,, we find that for 10<7<39 K,
n=3, as shown in the left inset of Fig. 4. The p(T) data in
Fig. 4 are described well for 10<7T<150 K by the expres-
sion,

(1) = A(T> f R (3)
+ —’

PP g ) o (- D(1=e™

where n=3, py=1.04 uQcm, 6;=272 K, and A

=207.3 p€) cm. From this value of p,, we estimate RRR
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FIG. 5. Closed circles: electrical resistivity p vs temperature 7'
for PrRuyAs;,. Open circles: p(T) for LaRuyAs;, multiplied by the
constant 0.3/0.54. Closed squares: p(7T) for LaRuyAs;, multiplied
by the constant 0.3/0.54 with T scaled by the ratio 6p/6g
=344/272. Open squares: the CEF contribution to PrRuyAs;, as
obtained by the procedure described in the text.

=198, which is a factor of two larger than found for
PrRu,As,. Finally, we find that the data can be fitted over
the entire temperature range 10<<7<300 K (solid line Fig.
4) by including a term BT®, where B=-1.66
X 107% wQ cm/K>. This term is ascribed to s-d-type scatter-
ing, originally proposed by Mott, where s electrons are scat-
tered by phonons into overlapping and incompletely filled
bands. In this scenario, there is high probability that the s
electrons will scatter into the dense empty states near the
Fermi level associated with the d bands rather than back into
the s band.?

Based on this treatment of p(7) for LaRu,As,,, we are
able to deduce the contribution to p(7) for PrRu,As;, with-
out f electrons in the following way. We first normalize p(7)
for LaRuyAs;, such that it has the same slope at high 7T as
p(T) for LaRuyAs;,. This is done by multiplying p(T) for
LaRuyAs, by 0.3/0.54 (open circles Fig. 5). Subsequently,
we account for the difference between the Debye tempera-
tures for LaRuyAs;, and PrRuyAs;, by multiplying the tem-
perature scale by the ratio 6,/ 6r=344/272, where 6 is
taken from the fit to the specific heat for PrRu,As;, (closed
squares Fig. 5). If this modified curve is then subtracted from
p(T) for PrRuyAs, and py=1.04 w) cm (for LaRuyAs;,) is
replaced by py=1.44 wQ cm (for PrRuyAs,,), we then ob-
tain the approximate CEF contribution to p(7T) for PrRuAs;,
(open squares in Fig. 5).

D. Thermoelectric power

Thermoelectric power S(7) data for PrRu,As;, along the
[100] crystallographic axis are shown as open circles in Fig.
6. The S(T) data for PrRu,As;, deviate from a straight line
S(T)=aT (a=0.12 uV/K?) above ~80 K, as expected for
diffusive thermoelectric power in a single band metal. How-
ever, the negative curvature at higher temperatures may in-
dicate that PrRu,As;, is a two-band metallic conductor,?' as
S(300 K) only reaches 18.0 wV/K, while the resistivity is
moderately low p(300 K)=135 w{) cm. Additionally, a

T(K)

FIG. 6. Thermoelectric power S vs temperature 7" for PrRusAs;,
(open circles) and PrOs,As;, (dashed line) with a linear fit over the
region 30-75 K for the PrRu,As;, data. A clear difference is seen in
the curvature of the data for the two compounds with convex and
concave T dependence for PrOs,As, and PrRuyAs,, respectively.
For PrRuyAs |, S(T) indicates possible two-band character. Left in-
set: the transition to the superconducting state at 7.~ 2.5 K and the
superconducting region where S=0 wV/K. Right inset: S/T vs T
showing a linear extrapolation to 7=0.

weak maximum is seen at 7~ 26 K followed by a minimum
at T~ 11 K. We note that a simple change in transition metal
ion—Os for Ru—drastically changes S(7) above =100 K.

Figure 7 shows the temperature derivative of the thermo-
electric power dS/dT vs log T for PrRu,As;, and PrOs,As,.
This result emphasizes the sharpness of the change in curva-
ture and accentuates the local maxima and minima of the
curves. The abrupt slope changes are defined as 7| and T
and mark characteristic temperatures for electron scattering.
From the plot, a great deal of similarity between the dS/dT
vs log T behavior for PrRuyAs;, and PrOs,As;, is evident,
although the features of PrOs,As;, are shifted to higher 7.
This similarity suggests comparable mechanisms for the
thermoelectric power in the two compounds.

Behnia et al. argue that, in the zero-T limit, the thermo-
electric power should obey the relation

0.5 1 1.5 2 2.5
log T

FIG. 7. Temperature derivative of the thermoelectric power
dS/dT vs log T of PrRuyAs;, along the [100] direction, compared
to that of PrOs As,.
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q=(SIT)(Naely), (4)

where vy is the electronic specific-heat coefficient, N, is
Avogadro’s number, e is the electron charge, and the product
Nae=9.65X10* C/mol is the Faraday number.”? The di-
mensionless quantity g corresponds to the density of carriers
per formula unit for the case of a free-electron gas with an
energy-independent relaxation time. [Equation (4) was more
rigorously derived by Zlati¢ et al.>*] Shown in inset (b) of
Fig. 6 is S(T)/T for PrRu,As;, along with a linear fit of the
data over the temperature range 3.6=7=10 K. As can be
seen, the data are nearly linear in this region, with a mini-
mum in (S/7),,,=0.32 wV/K? before the onset of super-
conductivity. If the fit in the linear region is extrapolated to
T=0 K, then (S/7),,~0.39 wV/K2 Using these values
[(S/T),pm and (S/T),,,] as well as y=70 mJ/mol K2, the di-
mensionless quantity ¢ is calculated to be ¢=0.43 and ¢
=~().53, respectively; both of which are consistent with the
metallic conductivity of PrRu,As,.

E. Crystalline electric field

In order to analyze the influence of the CEF on the Pr*
ion energy levels in PrRu,As,, the x(T), p(T), and C(T) data
were compared to various CEF level models. In the Steven’s
operator formalism, the CEF Hamiltonians for cubic O,, (Ref.
24) and tetrahedral T, symmetry? are

Ho, = B4(04 +50}) + B(0g - 2105) (5)
and
Hy =Ho, +Bi(0g— 07), (6)

respectively. Both groups have the same level degeneracies,
although different labels and selection rules apply. While the
extra term used for 7, symmetry has little effect on the actual
CEF energies, it does mix the I'y and I'5 wave functions from
the O, symmetry.%® The difference this causes for the type of
analysis to follow is small. Thus, although the true symmetry
of the Pr** ion in PrRuyAs,, is T}, the CEF analysis em-
ployed here will use the O, symmetry and notation.

For cubic O, symmetry, the ninefold /=4 Hund’s rule
multiplet of Pr3* is split into a I'; singlet, a I'; nonmagnetic
doublet, and I'y and I's triplets. Using the Lea, Leask, and
Wolf (LLW) formalism,?* x and W, where x is the ratio of the
fourth- and sixth-order terms of the CEF Hamiltonian, and W
sets the appropriate energy scale, serve as parameters to de-
scribe the energy levels.

Figure 8 shows the CEF fits to x(7) and x~'(7) for T
=2-300 K in the LLW formalism where x=0.95, W=
-10.4 K, and the Landé g-factor g=0.8 with energy levels
I, (0K), I'y (95 K), I'; (162 K), and I'5 (502 K). Although
the low-temperature behavior is not perfectly reproduced by
the CEF fit (possibly because of a small concentration of
paramagnetic impurities), these parameters were found to
give the best representation of the data. For this reason, we
conclude that this is the most likely energy-level arrange-
ment.

A fit to the CEF contribution to the electrical resistivity
pcer(T), where pcpp(T) was acquired using the method de-
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FIG. 8. Open circles: magnetic susceptibility y and inverse mag-
netic susceptibility ! vs temperature T for PrRu,As;, measured in
a 50 mT field. Solid lines: CEF fits to the data. The LLW parameters
(x and W) and the energy-level splittings are displayed in the plot.

scribed in Sec. III C, is shown in Fig. 9. The fit was per-
formed using only a magnetic exchange term for Pr’* ions in
a cubic environment?’ and by assuming that the CEF split-
ting scheme found from the fit to (7) accurately described
the data, i.e., x=0.95, W=-10.4 K, and the Landé g-factor
g=0.8 with energy levels I'; (0 K), I'; (95 K), I'; (162 K),
and I's (502 K). Since the addition of an aspherical Coulomb
scattering term did not improve the quality of the fits to the
pcer(T) data for PrRuyAs;,, this contribution was not in-
cluded in the analysis.

In order to describe the total specific heat C,(7), we found
that, in addition to the electronic C,=vT, Debye Cp, and
CEF Ccgr components, it is necessary to include an Einstein
mode lattice contribution which may arise as the result of the
“rattling” motion of the Pr filler ions, as was found to be the
case for several other filled skutterudites [e.g., Tlj2,C04Sb;»
(Ref. 28) and NdOs,Sb,, (Ref. 29)]. To obtain an estimate of
the Einstein temperature, we first considered the expression

2
U= ﬁ—coth& , (7)

where U=0.013 A2 is the room-temperature thermal dis-
placement parameter determined from single-crystal x-ray
diffraction measurements,® mp, is the atomic mass of Pr, and

50

Pegr (LQCM)

x=0.95W=-10.4,g=0.8
ol :

0 100 200 300
T(K)

FIG. 9. Open circles: CEF contribution to the electrical resistiv-
ity pcgp Vs temperature 7 for PrRuyAs;,, obtained as described in
the text. Solid line: CEF fit to pcgp(7). The LLW parameters (x and
W) and the energy-level splittings are displayed in the plot.
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FIG. 10. Open circles: specific-heat C vs temperature 7" for
PrRuyAs;, on a semilogarithmic plot. Solid line: fit to C(T) includ-
ing the electronic C, and CEF Ccgp terms in addition to the lattice
terms arising from a typical phonon spectrum Cp and an Einstein
rattler Cg. Inset: solid circles: 6C=C(T)-C,(T)-Cp(T). Dotted
line: fit to 6C using the CEF contribution Ccgr and the Einstein
contribution Cg.

0 is the Einstein temperature. From this analysis, we find
that 8;=89 K. Therefore, we assume that the Pr atoms par-
tially act like Einstein oscillators with a mixing ratio r, and
the lattice contribution to the specific heat can be expressed
as C,,=Cp+Cp given by

T\3 [T 4
Cp=(17-1)9R| — — 8
p=(17-1) (0,;)]0 (e - 12" ®)

and

2,05/ T
[M] o)

(%7 - 1)

where R is the universal gas constant, 6, is the Debye tem-
perature, and 6y is the Einstein temperature. If we assume
that 6,=344 K, y=70 mJ/mol K2, and the CEF contribu-
tion to C(T) can be calculated from the parameters described
above for x(T) and p(T), then it is possible to adjust r and 65
in order to optimize the fit to the data Cp=C,+Cp+Cp
+ Ccgr (Fig. 10). From this analysis, we find that r=0.45 and
0p~=55 K, in reasonably good agreement with the room-
temperature value from single-crystal x-ray diffraction.

IV. DISCUSSION

From these measurements, we conclude that PrRu,As;, is
a typical paramagnetic metal for which CEF effects play an
important role. We find a high-T' Pr moment w,;,=3.52 ug
from y(T) measurements, which is close to the Pr’* free ion
value of 3.58 ug. The electrical resistivity p(T) decreases
monotonically with decreasing 7, consistent with a simple
model that includes impurity/defect, lattice, and s-d scatter-
ing processes. Below 7., we find an excellent example of a
BCS superconductor. For comparison purposes, we point out
that recent measurements on polycrystalline PrRuyAs,
yielded similar superconducting transition temperature val-
ues, 7,=2.33 K and 7.=2.4 K.'30 Perhaps not surpris-
ingly, we do not see several features that Namiki et al. find
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including, (1) the strong upturn in C(T)/T at low tempera-
tures T=2 K and (2) the feature at 6 K. As Namiki et al.
explain, they find an impurity phase in x-ray diffraction data
and speculate that the 6 K feature is due to this phase. The
low-temperature upturn and the large differences found for
AC(T,)/yT. may also be due to an impurity phase.

In order to put PrRuyAs;, in context, it is informative to
reflect on the richness of the behavior found in the Pr-based
filled skutterudite compounds, as is most apparent in the first
Pr-based heavy-fermion superconductor, PrOs,Sb,,.3!=3
This compound enters an unconventional superconducting
state at 7,=1.85 K where heavy quasiparticles participate in
the formation of Cooper pairs.?*3436-4! Upon suppression of
the superconductivity with applied magnetic field, an antifer-
roquadrupolar (AFQ) state is observed for 45<H=<16 T
and for T=1 K, suggesting that the superconductivity may
be mediated by AFQ fluctuations.*>* In contrast to
PrOs,Sb,, the remaining Pr-based filled skutterudites exhibit
a variety of ground states including magnetic ordering
(PrFe,4As;, and PrOs,As;,), AFQ ordering (PrFe,P;,), con-
ventional superconductivity (PrRuyAs;, and PrRu,Sb,,),
heavy-fermion behavior (PrFesP;,, PrOs;As;,, and
PrOs,Sb,), metal-insulator transition (PrRuyP;,), etc.’

Commensurate with the variety of phenomena in these
compounds are a large number of CEF level arrangements,
which vary unexpectedly from one compound to the next.
While PrRuyAs;, has a I'; singlet ground state with a I', first
excited state, the other two members of the arsenide series
appear to be the reverse of this and have a I's triplet ground
state with a I'; singlet first excited state. This I's—T"; to
I')—T4 to I's—T evolution of the CEF ground states as
Fe—Ru— Os, is not universal in the Pr-based filled skut-
terudites. For the case of the antimonides, the I's—1I"; of
Pr,_.Fe,Sb, becomes I'y—TI5 for both PrRu,Sb;, and
PrOs,Sb;,. On the other hand, the lattice parameter behaves
as expected; PrOs,Sby, has the largest value of a of
9.3050 A and a decreases as the pnictogen or transition-
metal ion decreases in size. It is also interesting to note that
while PrOs,Sb;, has a small CEF splitting ~7 K between
the ground state and first excited state, both PrRu,As;, and
PrRu,Sb;, have much larger splittings, ~95 K and ~53 K,
respectively. This result may support the notion that the un-
conventional superconductivity observed in PrOs,Sby, is re-
lated to the small splitting between the ground state and the
first excited state. More generally, it seems likely that the
ground state for each Pr-based filled skutterudites arises as
the result of a delicate balance between several competing
factors, among which CEF splitting plays a pivotal role.

V. CONCLUSION

From measurements of magnetization, specific heat, elec-
trical resistivity, and thermopower, PrRu,As;, is found to be
a conventional superconductor with a superconducting tran-
sition temperature 7.~2.5 K. Magnetization measurements
indicate that the 4f electrons of the Pr ion are localized with
Merr=3.52 pp at high temperatures. From electrical-
resistivity measurements, we find conventional metallic be-
havior above T,. Specific-heat measurements reveal a mod-
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erately large electronic specific-heat coefficient vy
~70 mJ/mol K? and that the Pr** ninefold Hund’s rule mul-
tiplet is split by the CEF (with a I'; ground state and a I'y
first excited state at ~95 K), and that an Einstein mode with
a characteristic temperature 6;=~55 K apparently arises
from the rattling of the Pr ions in the As atomic cages.
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