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The temperature dependent magnetic susceptibility, specific heat, and electrical resistivity were
measured on PrinAg 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. PslnAg
is a Pr-based heavy-fermion compound and has one of the largest known Sommerfeld coefficients of
~6.5 J/molK2. A new type of nonmagnetic interaction between the conduction electrons and the non-
Kramers doublet ground state of the*Prion 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

The conventional Kondo effect in Ce-, U-, and Yb- doping in order to exhibit non-Fermi-liquid behavior, rais-
based intermetallic systems involves the formation of ang the question of chemical inhomogeneity of the sample.
coherent spin-singlet ground state from an antiferromag- In order to study the possible interaction between
netic coupling between thg moments and the conduc- conduction electrons and a degenerate, nonmagnetic CEF
tion electrons [1]. A new type of interaction that leadslevel, we have chosen Pr intermetallic compounds as
to correlated behavior at low temperatures has recentliikely candidates for three reasons. First, in the Russel-
been proposed to explain the weak magnetic-field deperSaunders coupling schemePrhas the same series
dence of the thermodynamic properties and the anomalows CEF levels as &' [10]. Second, there is little
quasielastic neutron scattering in some U-based systensebate regarding the existence of CEF levels in the more
[2]. If the crystal-electric-field (CEF) ground state of localized4f systems. Finally, the possibility existed for
the localizedf electron is a nonmagnetic, non-Kramersfinding a line compound that does not require doping.
doublet(I'5), the fluctuating quadrupolar moment of this In this Letter, we report the discovery of a heavy
ground state could interact with the conduction electrongnd apparently Fermi-liquid-like ground state at low
to produce strongly correlated properties. Like the contemperatures in PrinAgwith a Sommerfeld coefficient
ventional Kondo effect, a new small energy scdle  of ~6.5 J/mol K2, making this the first Pr-based heavy-
emerges, and this characterizes the renormalized profermion compound [11]. The most intriguing aspect
erties that develop at low temperatures. Because theegarding this discovery is the likelihood that the CEF
quadrupolar interaction involves more than one electroground state of PrinAgis I's. This result follows
channel, the localized electron is overcompensated by tHeom previous neutron-scattering experiments [12]. In
surrounding conduction electron cloud bel@w [2]. The addition to the elastic peak, two inelastic peaks exist
resulting ground state is described as a non-Fermi ligat 5.9 and 8.3 meV. From their intensities, the peaks
uid where the quadrupolar susceptibility and specific heatire identified as transitions from B; ground state to
have logarithmic temperature dependencies [3], and thE, and I's magnetic triplets, respectively. Based on
resistivity varies ag''/2 [4]. The magnetic susceptibility this interpretation, PrinAgis not only heavy, but may
arises from virtual excitations between the nonmagneti@also be a clear example of gfielectron system where
ground state and the excited CEF levels (i.e., Van Vleck)a nonmagnetic interaction is responsible for correlated-
and it has a&'/2 dependence [5]. electron behavior.

Numerous U- and Ce-based systems have now been PrinAg, was synthesized by placing stoichiometric
found that display non-Fermi-liquid properties [2,6]. Un- amounts of Pr, In, and Ag in a Ta crucible, sealed in an
fortunately, there is no experimental verification that theevacuated quartz tube, and slowly cooled from 1W50
ground state id’; in these systems [7], and alternative to 800°C over 100 hours and then held at 8@ for
models for non-Fermi-liquid behavior such as fluctuations50 hours. After the sample was quenched, a dense,
from a quantum critical point associated with an unknownlarge-grain ingot was removed from the crucible. Powder
order parameter [8] or a distribution of Kondo temperaturex-ray diffraction spectra confirmed that the structure was
[9] have been proposed. Many of these systems requitace-centered cubic with a lattice parameter of 7.075 A,
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consistent with the Heusler crystal structure (B&ruc- high temperatures. As can be seen in Fig. 1(b), the sus-
ture) reported by Galeret al. [12]. ceptibility starts to level off below~20 K before turn-

A Quantum Design magnetometer was used to measuiag up at the lowest temperatures. Whether or not the
the static magnetization from 1.8 to 350 K in an appliedlow-temperature upturn is intrinsic is not known, but at
field of 1 kOe. From 50 to 2 K the specific heat was2 K magnetization isotherms are approximately linear to
obtained using a thermal relaxation technique [13], where &0 kOe. If one neglects this upturn, the susceptibility ap-
sample weighing-15 mg was attached to a thermometer/pears to saturate at0.04 emymol. This is consistent
heater sapphire platform with a small amount of Apiezonwith a Van Vleck contribution for excited CEF levels
grease. Below 2 K, the specific heat of-aB0 mg sample above a nonmagnetic ground state. Assuminglthand
was determined with a quasiadiabatic technique [14]. Thé's CEF levels are at the energies seen by inelastic neutron
absolute uncertainty in the specific heat is approximatelgcattering [12], the calculated Van Vleck susceptibility is
+2%, and in the temperature range where the calorimeters-0.043 emy/mol [15]. No anomalies associated with su-
overlap, the data agree within the absolute uncertaintyperconducting or magnetic order were observed through-
For resistivity, the sample was polished into a wedge-out the measured temperature range.
shaped rod, and leads were attached to it in a four- To determine the importance of electron correlations in
probe configurations using silver paint. A Linear Researchhis material, the specific heat was measured from 50 K
LR400 four-wire ac resistance bridge was used to measute 50 mK. The phonon contribution was ascertained from
the resistivity from 50 mK to 300 K. a measurement of the isostructural compound LalnAg

The reciprocal magnetic susceptibility is plotted versusThe high-temperature specific heat for both compounds
temperature in Fig. 1(a). Abov& ~ 50 K, a Curie- is shown in Fig. 2(a). It is apparent from a comparison
Weiss temperature dependence is observed. From tlé the data that the specific heat of PrinAm this
high-temperature slope, the effective momer.& g, temperature range is dominated by phonon excitations.
a value that is slightly larger thaB.58 up calculated A deviation from the7? approximation of the Debye
for the Hund's-rule ground state of Pr  Since an model for acoustic phonons is observed in the specific
ordered ground state does not occur in this compound, theeat of LalnAg at our lowest measurement temperature
Weiss temperature of-22 K indicates that short-range of 5 K, indicating very low frequency phonon excitations
antiferromagnetic correlations are present at temperaturesay exist in these compounds. After subtracting off the
above the first excited CEF level. data for LalnAg, the excess specific heat associated with

At lower temperatures the magnetic susceptibility dethe 4f electronsCy4, of PrinAg, is plotted as a function
viates below the Curie-Weiss behavior extrapolated fronof temperature in Fig. 2(b). This contribution is well
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FIG. 1. (a) Inverse magnetic susceptibiliiy!, normalized the specific heaC,; for PrinAg, as a function of temperature.
per mole Pr, versus temperature for PrinAd he measurement The solid line in (b) is a calculation based on a doubly degen-
was performed with a field of 1 kOe. (b) Magnetic suscepti-erate ground state with two triply degenerate and one singly
bility y at lower temperatures. degenerate CEF levels at 5.7, 9.8, and 19.2 meV, respectively.
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described [solid line in Fig. 2(b)] by a model that is basedprediction of the quadrupolar Kondo model [3], however,
on two triply degenerate and one singly degenerate CEfhe specific heat of PrinAgappears to be a Fermi
levels at 5.7, 9.8, and 19.2 meV, respectively. The firstiquid (lim7—o C(T)/T = cons}). Furthermore, when the
two of these levels are reasonably close to the two CEEntropy is calculated by integrating/T, it tends to
excitations observed by neutron scattering [12]. saturate around 3—6 K before increasing again because of
The low-temperature specific heat is plotted inthermal and CEF excitations. At ~ 4.4 K, the entropy
Fig. 3(a). A pronounced peak dt ~ 0.4 K is visible, is R In2, implying the full degeneracy of the ground state
evolving into a linear temperature dependence at loweis lifted by the interaction. This is not consistent with
temperatures. A fit to the data below200 mK yields the presence of a fractional residual entropy%aﬁlnz
a Sommerfeld coefficieny of ~6.5 J/molK?, and the predicted for the quadrupolar Kondo model.
dramatic increase and eventual saturationyot= C/T A periodic lattice containing P¥ ions with a non-
is evident when the data are plotted @g7 versusT  Kramers doublet ground state should be unstable to some
as in Fig. 3(b). This specific heat anomaly is similartype of cooperative Jahn-Teller effect. In practice, these
to the prediction of the Cogblin-Schrieffer model for effects manifest themselves as either first- or second-order
a single-channel Kondo impurity [16]; the maximum phase transitions [18]. For PrinAdhere is no evidence
value of the peak is slightly larger than the calculationof a phase transition in the specific heat or resistivity
for J = % with a Tx = 0.8 K [solid line in Fig. 3(a)]. down to 50 mK. It is possible that a competition exists
Using the single impurity relatiorfyx = 1.297R/6y, between a broken symmetry and an enhanced Fermi-
where R is the gas constant, the Kondo temperature idiquid ground state which depends on the strength of the
estimated to be 0.86 K [16]. Not only is this a Pr-basedexchange parameter, similar to the magnetic analog [19].
heavy-fermion compound, but its Sommerfeld coefficientin this case the system quadrupolarly orders as in PrPb
is close to the largest ever observed8(J/molK? for  atT, = 0.35 K [20] when the exchange is weak, while a
YbBIiPt over a similar temperature range [17]). Fermi-liquid ground state prevails in PrinAgecause the
Even more fascinating is the possible source of thiexchange is larger. Also, the quadrupolar susceptibility
correlated-electron behavior. While the projection offor a single impurity diverges at low temperatures if
the magnetic momenf, onto theI's ground state in a two-channel interaction is important [2]. The Fermi-
PrinAg, is zero, the electric-quadrupolar momeat —  liquid-like behavior in PrinAg may indicate that the two-
J(J + 1) does not vanish. The conduction electronschannel symmetry of the quadrupolar interaction is lifted.
can in principle interact with the internal degrees of Even though the specific heat is fairly typical of a heavy
freedom associated with the quadrupolar moment of th&ermi liquid, the electrical resistivity is more uncharac-
Pr ion, and this interaction, which has a characteristideristic. In Fig. 4(a) the electrical resistivity is displayed
temperature, can lift the ground state degeneracy as thas function of temperature. Similar to that reported by
system is cooled through this temperature. Unlike theGaleraet al. [12], the resistivity monotonically decreases
with decreasing temperature with no indication of a coher-

25 ‘ ' ence peak. The residual resistivity ratio calculated with
20 PrinAg, the resistivities at 300 and 4 K is-6.5, implying the
< sample has relatively few defects. Abowvel50 K, the
g 15 resistivity is linear in temperature. The resistivity drops
3 10 below the high-temperature linear extrapolation as the tem-
o perature is lowered through a range where the CEF levels
0.5 exist and then levels off below10 K. Above ~10 K
the resistivity is dominated by inelastic scattering from
0.0 - oo
sk _ phonons and CEF excitations. The resistivity at low tem-
— " PrinAg perature is plotted in Fig. 4(b). Below1.6 K, the resis-
o 2 . . .
¥ 6| \,. - tivity starts to decrease again and continues to do so down
g to our lowest measurement temperature of 50 mK where
3 4r . its value is only~5 ) cm. The maximum change oc-
e \ ®) curs at~0.3 K, which is just below the temperature of the
© 2 .. i specific heat peak in Fig. 3(a). This low-temperature be-
0 , . e havior is highly unusual and probably originates from the
0.0 0.5 1.0 15 same source as the heat capacity anomaly. It is difficult to
Temperature (K) characterize the exact low-temperature dependence of the

FIG. 3. (a) The specific hear, normalized per mole P, at resistivity because the coherent regime is very narrow as
low .ter.nperatures for PrinAg The solid line is a calculation e.XpeCteS' from th? small. If t.h? dqta below 0.4 K are

for the Cogblin-Schrieffer model with/ = % and Ty — fit to aT= expression, the coefficient is more than an order
1.29T, = 0.8 K [16]. (b) C/T versus temperature for the data Of magnitude smaller than expected from the size of the

in (a). Sommerfeld coefficient [21].
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