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Possible Correlated-Electron Behavior from Quadrupolar Fluctuations in PrInAg2
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The temperature dependent magnetic susceptibility, specific heat, and electrical resistivity wer
measured on PrInAg2. A broad peak, which is identified as a Kondo anomaly, is observed in the
specific heat at,0.4 K with a strongly enhanced linear contribution at lower temperatures. PrInAg2

is a Pr-based heavy-fermion compound and has one of the largest known Sommerfeld coefficients
,6.5 Jymol K2. A new type of nonmagnetic interaction between the conduction electrons and the non
Kramers doublet ground state of the Pr31 ion may be responsible for this behavior. Related features
are also observed in the susceptibility and resistivity. [S0031-9007(96)01532-3]

PACS numbers: 75.30.Mb, 65.40.+g, 71.27.+a, 75.40.Cx
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The conventional Kondo effect in Ce-, U-, and Yb
based intermetallic systems involves the formation of
coherent spin-singlet ground state from an antiferroma
netic coupling between thef moments and the conduc-
tion electrons [1]. A new type of interaction that lead
to correlated behavior at low temperatures has recen
been proposed to explain the weak magnetic-field dep
dence of the thermodynamic properties and the anomal
quasielastic neutron scattering in some U-based syste
[2]. If the crystal-electric-field (CEF) ground state o
the localizedf electron is a nonmagnetic, non-Kramer
doubletsG3d, the fluctuating quadrupolar moment of thi
ground state could interact with the conduction electro
to produce strongly correlated properties. Like the co
ventional Kondo effect, a new small energy scaleTK
emerges, and this characterizes the renormalized pr
erties that develop at low temperatures. Because
quadrupolar interaction involves more than one electr
channel, the localized electron is overcompensated by
surrounding conduction electron cloud belowTK [2]. The
resulting ground state is described as a non-Fermi l
uid where the quadrupolar susceptibility and specific he
have logarithmic temperature dependencies [3], and
resistivity varies asT1y2 [4]. The magnetic susceptibility
arises from virtual excitations between the nonmagne
ground state and the excited CEF levels (i.e., Van Vlec
and it has aT 1y2 dependence [5].

Numerous U- and Ce-based systems have now be
found that display non-Fermi-liquid properties [2,6]. Un
fortunately, there is no experimental verification that th
ground state isG3 in these systems [7], and alternativ
models for non-Fermi-liquid behavior such as fluctuation
from a quantum critical point associated with an unknow
order parameter [8] or a distribution of Kondo temperatur
[9] have been proposed. Many of these systems requ
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doping in order to exhibit non-Fermi-liquid behavior, rais
ing the question of chemical inhomogeneity of the samp

In order to study the possible interaction betwe
conduction electrons and a degenerate, nonmagnetic C
level, we have chosen Pr intermetallic compounds
likely candidates for three reasons. First, in the Russ
Saunders coupling scheme Pr31 has the same serie
of CEF levels as U41 [10]. Second, there is little
debate regarding the existence of CEF levels in the m
localized4f systems. Finally, the possibility existed fo
finding a line compound that does not require doping.

In this Letter, we report the discovery of a heav
and apparently Fermi-liquid-like ground state at lo
temperatures in PrInAg2 with a Sommerfeld coefficient
of ,6.5 Jymol K2, making this the first Pr-based heavy
fermion compound [11]. The most intriguing aspe
regarding this discovery is the likelihood that the CE
ground state of PrInAg2 is G3. This result follows
from previous neutron-scattering experiments [12].
addition to the elastic peak, two inelastic peaks ex
at 5.9 and 8.3 meV. From their intensities, the pea
are identified as transitions from aG3 ground state to
G4 and G5 magnetic triplets, respectively. Based o
this interpretation, PrInAg2 is not only heavy, but may
also be a clear example of anf-electron system where
a nonmagnetic interaction is responsible for correlate
electron behavior.

PrInAg2 was synthesized by placing stoichiometr
amounts of Pr, In, and Ag in a Ta crucible, sealed in
evacuated quartz tube, and slowly cooled from 1050±C
to 800±C over 100 hours and then held at 800±C for
50 hours. After the sample was quenched, a den
large-grain ingot was removed from the crucible. Powd
x-ray diffraction spectra confirmed that the structure w
face-centered cubic with a lattice parameter of 7.075
© 1996 The American Physical Society 3637
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consistent with the Heusler crystal structure (BiF3 struc-
ture) reported by Galeraet al. [12].

A Quantum Design magnetometer was used to meas
the static magnetization from 1.8 to 350 K in an applie
field of 1 kOe. From 50 to 2 K the specific heat wa
obtained using a thermal relaxation technique [13], wher
sample weighing,15 mg was attached to a thermomete
heater sapphire platform with a small amount of Apiezo
grease. Below 2 K, the specific heat of an,30 mg sample
was determined with a quasiadiabatic technique [14]. T
absolute uncertainty in the specific heat is approximate
62%, and in the temperature range where the calorimet
overlap, the data agree within the absolute uncertain
For resistivity, the sample was polished into a wedg
shaped rod, and leads were attached to it in a fo
probe configurations using silver paint. A Linear Resear
LR400 four-wire ac resistance bridge was used to meas
the resistivity from 50 mK to 300 K.

The reciprocal magnetic susceptibility is plotted versu
temperature in Fig. 1(a). AboveT , 50 K, a Curie-
Weiss temperature dependence is observed. From
high-temperature slope, the effective moment is3.65 mB,
a value that is slightly larger than3.58 mB calculated
for the Hund’s-rule ground state of Pr31. Since an
ordered ground state does not occur in this compound,
Weiss temperature of222 K indicates that short-range
antiferromagnetic correlations are present at temperatu
above the first excited CEF level.

At lower temperatures the magnetic susceptibility d
viates below the Curie-Weiss behavior extrapolated fro

FIG. 1. (a) Inverse magnetic susceptibilityx21, normalized
per mole Pr, versus temperature for PrInAg2. The measurement
was performed with a field of 1 kOe. (b) Magnetic suscep
bility x at lower temperatures.
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high temperatures. As can be seen in Fig. 1(b), the s
ceptibility starts to level off below,20 K before turn-
ing up at the lowest temperatures. Whether or not t
low-temperature upturn is intrinsic is not known, but a
2 K magnetization isotherms are approximately linear
50 kOe. If one neglects this upturn, the susceptibility a
pears to saturate at,0.04 emuymol. This is consistent
with a Van Vleck contribution for excited CEF levels
above a nonmagnetic ground state. Assuming theG4 and
G5 CEF levels are at the energies seen by inelastic neut
scattering [12], the calculated Van Vleck susceptibility
,0.043 emuymol [15]. No anomalies associated with su
perconducting or magnetic order were observed throu
out the measured temperature range.

To determine the importance of electron correlations
this material, the specific heat was measured from 50
to 50 mK. The phonon contribution was ascertained fro
a measurement of the isostructural compound LaInA2.
The high-temperature specific heat for both compoun
is shown in Fig. 2(a). It is apparent from a compariso
of the data that the specific heat of PrInAg2 in this
temperature range is dominated by phonon excitatio
A deviation from theT3 approximation of the Debye
model for acoustic phonons is observed in the spec
heat of LaInAg2 at our lowest measurement temperatu
of 5 K, indicating very low frequency phonon excitation
may exist in these compounds. After subtracting off th
data for LaInAg2, the excess specific heat associated w
the 4f electronsC4f of PrInAg2 is plotted as a function
of temperature in Fig. 2(b). This contribution is we

FIG. 2. (a) The high-temperature specificC versus tempera-
ture for PrInAg2 (solid circles) and LaInAg2 (crosses). The data
are normalized per mole rare earth. (b) The4f contribution to
the specific heatC4f for PrInAg2 as a function of temperature
The solid line in (b) is a calculation based on a doubly dege
erate ground state with two triply degenerate and one sin
degenerate CEF levels at 5.7, 9.8, and 19.2 meV, respective
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described [solid line in Fig. 2(b)] by a model that is bas
on two triply degenerate and one singly degenerate C
levels at 5.7, 9.8, and 19.2 meV, respectively. The fi
two of these levels are reasonably close to the two C
excitations observed by neutron scattering [12].

The low-temperature specific heat is plotted
Fig. 3(a). A pronounced peak atT , 0.4 K is visible,
evolving into a linear temperature dependence at low
temperatures. A fit to the data below,200 mK yields
a Sommerfeld coefficientg of ,6.5 Jymol K2, and the
dramatic increase and eventual saturation ofg ­ CyT
is evident when the data are plotted asCyT versusT
as in Fig. 3(b). This specific heat anomaly is simil
to the prediction of the Coqblin-Schrieffer model fo
a single-channel Kondo impurity [16]; the maximum
value of the peak is slightly larger than the calculati
for J ­

1
2 with a TK ­ 0.8 K [solid line in Fig. 3(a)].

Using the single impurity relationTK ­ 1.29pRy6g,
where R is the gas constant, the Kondo temperature
estimated to be 0.86 K [16]. Not only is this a Pr-bas
heavy-fermion compound, but its Sommerfeld coefficie
is close to the largest ever observed (,8 Jymol K2 for
YbBiPt over a similar temperature range [17]).

Even more fascinating is the possible source of t
correlated-electron behavior. While the projection
the magnetic momentJz onto the G3 ground state in
PrInAg2 is zero, the electric-quadrupolar moment3J2

z 2

JsJ 1 1d does not vanish. The conduction electro
can in principle interact with the internal degrees
freedom associated with the quadrupolar moment of
Pr ion, and this interaction, which has a characteris
temperature, can lift the ground state degeneracy as
system is cooled through this temperature. Unlike

FIG. 3. (a) The specific heatC, normalized per mole Pr, a
low temperatures for PrInAg2. The solid line is a calculation
for the Coqblin-Schrieffer model withJ ­ 1

2 and TK ­
1.29T0 ­ 0.8 K [16]. (b) CyT versus temperature for the dat
in (a).
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prediction of the quadrupolar Kondo model [3], howeve
the specific heat of PrInAg2 appears to be a Ferm
liquid slimT!0 CsT dyT ­ constd. Furthermore, when the
entropy is calculated by integratingCyT , it tends to
saturate around 3–6 K before increasing again becaus
thermal and CEF excitations. AtT , 4.4 K, the entropy
is R ln 2, implying the full degeneracy of the ground sta
is lifted by the interaction. This is not consistent wit
the presence of a fractional residual entropy of1

2 R ln 2
predicted for the quadrupolar Kondo model.

A periodic lattice containing Pr31 ions with a non-
Kramers doublet ground state should be unstable to so
type of cooperative Jahn-Teller effect. In practice, the
effects manifest themselves as either first- or second-or
phase transitions [18]. For PrInAg2 there is no evidence
of a phase transition in the specific heat or resistiv
down to 50 mK. It is possible that a competition exis
between a broken symmetry and an enhanced Fer
liquid ground state which depends on the strength of
exchange parameter, similar to the magnetic analog [1
In this case the system quadrupolarly orders as in Pr3

at TQ ­ 0.35 K [20] when the exchange is weak, while
Fermi-liquid ground state prevails in PrInAg2 because the
exchange is larger. Also, the quadrupolar susceptibi
for a single impurity diverges at low temperatures
a two-channel interaction is important [2]. The Ferm
liquid-like behavior in PrInAg2 may indicate that the two-
channel symmetry of the quadrupolar interaction is lifte

Even though the specific heat is fairly typical of a hea
Fermi liquid, the electrical resistivity is more unchara
teristic. In Fig. 4(a) the electrical resistivity is displaye
as function of temperature. Similar to that reported
Galeraet al. [12], the resistivity monotonically decrease
with decreasing temperature with no indication of a coh
ence peak. The residual resistivity ratio calculated w
the resistivities at 300 and 4 K is,6.5, implying the
sample has relatively few defects. Above,150 K, the
resistivity is linear in temperature. The resistivity drop
below the high-temperature linear extrapolation as the te
perature is lowered through a range where the CEF lev
exist and then levels off below,10 K. Above ,10 K
the resistivity is dominated by inelastic scattering fro
phonons and CEF excitations. The resistivity at low te
perature is plotted in Fig. 4(b). Below,1.6 K, the resis-
tivity starts to decrease again and continues to do so do
to our lowest measurement temperature of 50 mK wh
its value is only,5 mV cm. The maximum change oc
curs at,0.3 K, which is just below the temperature of th
specific heat peak in Fig. 3(a). This low-temperature b
havior is highly unusual and probably originates from t
same source as the heat capacity anomaly. It is difficul
characterize the exact low-temperature dependence of
resistivity because the coherent regime is very narrow
expected from the smallTK. If the data below 0.4 K are
fit to a T 2 expression, the coefficient is more than an ord
of magnitude smaller than expected from the size of
Sommerfeld coefficient [21].
3639
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FIG. 4. (a) The temperature dependent resistivity for PrInA2.
To illustrate a small downturn in the resistivity at lo
temperatures, the data belowT ­ 2 K are plotted in (b). Note
that the resistivity axis is greatly expanded and offset from ze

In summary, we report the discovery of the first P
based heavy-fermion compound with a very large So
merfeld coefficient of,6.5 Jymol K2. This heavy Fermi
liquid seems to result from a new type of nonmagnetic
teraction between the conduction electrons and the n
KramersG3 doublet ground state of the Pr31 ion. From
the specific heat data we estimateTK , 1 K. The mag-
netic susceptibility exhibits Curie-Weiss behavior at hi
temperatures, while the low-temperature behavior is c
sistent with a Van Vleck contribution from a nonma
netic ground state and a small Curie tail, which could
extrinsic. The temperature-dependent electrical resis
ity monotonically decreases with temperature in a fash
atypical for a correlated-electron material, but manifest
loss of scattering when cooled throughTK. Finally, there
is no evidence of a phase transition in the measured p
erties above 50 mK.

Further experiments are needed to fully characterize
unusual properties thought to arise from quadrupolar in
actions in PrInAg2. Since the ground state is nonmagnet
the thermodynamic properties should be insensitive to
plied magnetic fields, and measurements of the field dep
dence are now in progress. We are also investigating o
Pr intermetallic compounds for evidence of correlated
havior. In some cases preliminary results, which will
reported in subsequent publications, indicate that PrIn2

is not unique in its correlated-electron behavior.
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