PHYSICAL REVIEW B VOLUME 57, NUMBER 24 15 JUNE 1998-Il
Specific heat and heavy-fermionic behavior in Cg2d,,M (M =Ga, In, Sn, Sb, Pb, and B)
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Specific-heat measurements have been carried out to further elucidate the electronic and magnetic properties
of CePd,M (M=Ga, In, Sn, Sh, Pb, and BiThe measurements show that a slight change in the chemical
and electronic structure of CefRdy forming the ordered ternary gd,,M-type compounds, induces an
enhanced low-temperature electronic specific hedhis indicates the emergence of heavy-fermionic behavior
with the loss of the intermediate valence nature of GeRd of the CgPd,,M-type compounds studied here
exhibit a sharp peak in the specific heat at low temperature due to antiferromagi®ticansitions. Below
the transition temperature, the specific heat shows the heavy-fermionic behaviof, T.e:0) equal to a finite
value, rather than{ T—0)=0 in the paramagnetic AF ground stat80163-18208)03815-9

I. INTRODUCTION uted to Kondo lattice behavior. In this paper we report the

A variety of physical ground states are found in some C SP)eCIfIC_heat data for GBdy,M (M=Ga, In, Sn, Sb, Pb, and

containing intermetallic compounds due to the strong hybrid-
ization of the 4 electrons with the conduction electroh’.

Of particular importance are the intermediate-valence and
heavy-fermion states with paramagnetic, magnetically or- The samples were prepared by arc melting the elements
dered, and superconducting ground states. Current theoreti>99.9% purity in the desired ratios using small excess
cal models of these materials suggest thatftieéectron hy-  (<2%) of the more volatile elements Pb, Sb, and Bi as de-
bridizes with the conduction electrons. The particular statescribed in detail elsewhefe. Each sample was turned over
that results is determined by the strength of the hybridizatiorseveral times and remelted to help ensure homogeneous in-
and by the energy difference between théevel and the gots. The mass loss after arc melting was always less than
Fermi level. The ground-state properties are believed to be 2% of the desired stoichiometric value. The samples were
delicate function of the chemical and electronic surrounding$hen placed in sections of tantalum tubing, sealed in evacu-
around the 4 element. Thus it is believed that the physical ated quartz tubes, and annealed at 900 °C for two weeks. The
properties of a compound can be changed dramatically b§ingle-phase nature of each sample was confirmed using
only a slight modification of the atomic arrangement, chemi-Powder diffraction on a SCINTAG-26 diffractometer with

cal identity, or electronic structure around the Ce atom. ~ CU Ka; radiation. The specific-heat measurements down to

One of the most interesting Ce intermetallics is CgRd 12 KI were madi on smaltl-mta$&?hmgl) pni'ces of t(:]ach
known intermediate valence materfaRecently, a series of samp'e using a time constant me @relaxation method
technically described in detail elsewhére.
related ordered ternary compounds,g@P®,M type, were
discovered and the temperature-dependent magnetic suscep-
tibility x(T) and electrical resistivity(T) were studied:® IIl. RESULTS AND ANALYSIS
The structure of C#£d,,M is easily derived from that of A. CesPdyyin
CePd. CePdis cubic with Ce at cube corners and Pd on the

cube facedCusAu structgre}. In CQBPdMM, eight unit cells temperature T)in Fig. 1 together with the data for the
of CePd form a cube with ara axis double that of CeRd . . e
isostructural, nonmagnetic compoundgPeb4In. By fitting

One of the eight Pgoctahedra is centered by in an or- .
dered fashion to keep the overall cubic symmetry. Such cent—he data of LgPdyIn to the equation

tering enlarges _th_at Ractahedra and_compresses_ t_he six Pd Co(T)= YT+ 8T8, 1)
octahedra that join the centeredgRanit. The remaining Pd

unit is virtually undistorted. Magnetically, thg(T) data in-  where the linear and the cubic terms correspond to the elec-
dicate that doping th@-block elements into CeRdctauses tronic and lattice contributions to the specific heat, respec-
the loss of the intermediate-valence state and the formatiotively, it is found thaty=2.21(14) mJ/mol K? and 3=5.604)

of trivalent Ce atoms that undergo antiferromagenfi€) mJ/mol K, yielding the Debye temperatugig ~225 K from
ordering at low temperatures. Electronically, th€l)data the relation ofgp > (n/B)Y3 wheren is the number of atoms
show typical metallic behavior fokl =Sn, Sh, Pb, and Bi, in a formula unit. In usual metal, the equati¢h) for the
whereas foM =Ga and In the data reveal an anomaly attrib-specific heat is valid for temperatures beléw/50 (and de-

Il. EXPERIMENT

The specific heat¢,) for CePdyIn is plotted versus
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- versusT?. Inset: expanded plot at low temperature. The line indi-
FIG. 1. Specific heat ¢,) versus temperatureT]. Closed tes they, extrapolated from high temperature.
circles, CgPdyIn; open circles, LgPdyIn. Inset: C,/T of

LagPdy,In versusT?. The data were fitted to the equations @f ] ) ]
=T+ BT (solid ling) andC,=yT+ BT3+ 5T7 (broken ling. which makes no physical sense. This means that the tem-

perature is not low enough to show tfié behavior at the
pending on the material even up @g/10). In order to check low-temperature limit in the AF ground state in the mean-
the validity of Eq.(1) up to T=20 K, higher-order terms field approximation.
including T°> and T’ terms are used for evaluating @,
again. The fitting results are shown in the inset of Fig. 1 for
comparison. This results in the value 6§~232 K, which B. CegPdy,Sb
means that Eq(1) can be used up td~ #5/10 within an
error of a few percent=2%) in LagPd,4In. Clear evidence of
a phase transition in GBdyIn is given by the sharp peak at
T=2.6, but a broad maximum &dt~4 K is also observed.
Magnetic susceptibility measurements show a gradual devi

tion from Curie-Weiss behavior nedr=4 K and a sharp

decrease neaf=2.5 K indicating an AF transitioA.Thus, T=5.1K therﬁ Is a sudgllen dropAgf(T) W?t.h decrzats)ing
the peak in the specific heat @=2.6 K is attributed to an temperature that resembles an transition and between

AF transition and the broad shoulder above this peak correl =6-4 @nd 5.1 K thex(T) shows temperature-independent
sponds to the other change ¥(T). behavior. In addition, a sharp slope changep{T) was

In order to study the electronic specific hea ) of found neafT=6.4 K° Thus the peak in Fig.(8) at T=5.1 K
CesPdy,In, the lattice contribution from LgPdy,In was sub- IS again a transition of AF nature and the shoulder seems to

Figure 3a) shows the as-measured specific heat of
CePdy,Sh versusT. The sharp peak &t=5.1 K indicates a
phase transition and the shoulder above the peak is similar to
the one seen in Fig. 1. Two distinct changes in &) of
aC_eSPdMSb atT=5.1 and 6.4 K are reported elsewhérat

tracted using correspond to the transition of unknown origin seen at
T=6.4 K in bothx(T)and p(T).
Ce/T=[C"(Ce—C"%La)]/T. 2 Subtracting the lattice specific-heat contribution of

Figure 2 shows a plot o€ (T)/T versusT? for CaPd,in. LagPd,In as described above gives the electronic specific

Above the transitionC, clearly varies linearly with tem- heat of CgPd,,Sb, plotteql .as:g(T)/-T versusT in Fig. 3b).
perature and they, parameter, denoting the electronic The v, above the transition is slightly temperature depen-
specific-heat parameter in the paramagnetic region, is largdent: increasing with decreasing temperature, and is also
¥,=1720 mJ/mol R or 215 mJ/mol Ce R This is much large:yp(T=10 K)~1200 mJ/mol K. This value is S|m|lgr
larger than the values for both jRd,n and CePg 1O the CgPd,4In case. They, at T=1.2 K below the transi-
y(CePd)~35 mJ/mol K2 Below the phase transition, the tion is close to~400 mJ/mol K, which is much smaller
vo(T—0) value looks to be below(T=1.2 K)=1000 mJ/ than the extrapolatedy,(T—0)~1600 mJ/mol K. As

mol K2 and is evidently smaller than the, derived as shown in the inset of Fig.(®) the specific-heat data below
above. The inset of Fig. 2 shows the specific heat below th#ée transition approaches zero as temperature goes to zero.
phase transition. In the mean-field approximatior;’abe-  The temperature dependence of specific heat below the tran-
havior of the heat capacity is expected in an AF state. Alsition is quite different from in Cgd,4In above, showing the
though a short region at low temperature of €T vs T2 T2 behavior near below transition temperature, which must
plot has a slope=1.5 J/mol K, the extrapolation tdf=0  not be caused by the pure AF spin wave because the tem-
does not intersect the origin, resulting in the negatje perature is close to the transition temperature.
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at low temperatures, could be developing, it is necessary to
study the properties at the zero-temperature limit.

For M=Pb and Bi, the peaks at 5.8 and 4.6 K, respec-
tively, are again assigned to be AF in nature, consistent with
the y (T) and p(T).> In both cases they, is temperature
independent and is=1100 mJ/mol K for Pb and~1300
mJ/mol K for Bi. The y,(T—0) is a little smaller than the
¥, for Pb and is close to the,, for Bi. The low-temperature
region is similar to the one fovl =Sn.

IV. DISCUSSION

Most of the physical properties discussed above are sum-
marized in Table I, including the magnetic transition tem-
peratures Ty,) determined from the/(T) andp(T) in Refs.

5 and 7. The plot o€/T versusT? of raw measured data of
CegPd,,Ga shows a slightly negative slope, resulting in al-
most zeroB, which is manifested itself in Fig.(4) with the
slope being temperature dependent. These indicate that the
simple application of Eq(1) to the as-measured data of these
heavy-fermion compounds is not appropriate. Forygehat

are temperature dependent, the value$-al0 K are listed

as indicated parentheses in Table |. Shoulders appear in the

specific heat oM =In and Sb and are marked with ann
Table I.

Even though the physical origins of these shoulders are
not yet clear, there is good evidence that they are an intrinsic
property of the samples. First, the values of the specific heat

FIG. 3. (a) Specific heat C,) of Ce;Pch,Sb versusT. (b) Elec- at these sho_qlders are significantly large and comparable to
tronic specific heat of GEd,Sb divided by temperature the AF transition peaks. The shoulders also occur at different
(C/T)versusT2. Inset: expanded plot at low temperature. The line temperatures for the two samples and match features found
in their respectivex(T). This makes it unlikely that the
shoulders are due to a common impurity phase that should
show a feature at a single temperature. In addition, close
examination of the specific heat of each compounds reveals a
slight additional temperature dependence of the AF transition
compounds are shown in Figs(a4 4(b), 4(c), and 4d), peak on the high-temperature side. This may indicate that the
respectively. Again, the lattice contribution of R, n was  shoulder, seen clearly in the In and Sb compounds, is simply
subtracted as described above. Mor=Ga, the peak near Screened by the AF transition in the other compounds.
T=3.1 K is smaller and broader compared to other com- There is a significant increase iny, for the
pounds. However, considering ti¢T) behavior in Ref. 7,it  C&PdM-type compounds compared to that of CePithis
is still considered to result from an AF phase transition. Thendicates that the slight change of structure and electronic
y, is increasing with decreasing temperature vffT=10 state around the C_ef4_S|te from _thep-block elements in-
K)~2720 md/mol R and the extrapolategt,(T—0)~3300 fjuces heavy—fermlonlc behawor at the cost of the
mJ/mol K2. The magnitude and temperature dependence d termediate-valence properties. Thg for M=In, Sn, Pb,

¥, for M=Ga is largest among the series of compoundsand Bi is almost temperature independent above the AF tran-

studied here. Theyo(T—0) seems to be smaller than the sition (for 10 K<T<20 K). Similar fermionic behavior was

. : : found in the NpSg and UZn,;; compounds in terms of an
extrapolatedy, at T=0 K, as shown in the inset of Fig(&. AF o . X
. : e transition, a temperature-independent and higlabove
For M=Sn, the peak aT=5.7 K is again of AF origin " perature-indep hig v

: _ the AF transition, and a reduced but still largg.>*° In
based upon the(T) andp(T).” A temperature-independent h,se compounds, the AF transition is due to the itinerant
¥p~=1030 mJ/mol K is found. One peculiar fact for

' . heavy-fermionic electrons in analogy to a BCS-type transi-
CePdy,,Sh is that they,(T=1.2 K)~1900 mJ/mol K is

_ _ tion. The net entropy change below the AF transition can be
much larger than they,. The y,(T—0) is not likely to be  close to zero, even negative, and the decreasg, & con-

much lower than they,(T=1.2 K) because for temperatures sidered a result of the opening of a gap in the electronic state
below T=2.5 K the C,(T)/T data start to level off rather at the Fermi level.

than continually decreasing as shown in the inset of Fig. For some known heavy-fermion compounds such as
4(b). Thus, forM =Sn the low-temperature region is differ- Ce Ga and U.Zn,, it has been noticed that the crystalline
ent from all the other compounds investigated. This is als@lectric field(CEF) contribution to the heat capacity cannot
unusual among the known heavy-fermion compounds suche ignored and that the high value pfmay not be an indi-

as NpSp and U,Zn,,.>1° However, since another transition, cation of heavy-fermion behavidt. Even though the CEF

4
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indicates they,, extrapolated from high temperature.

C. CgPd,yM (M =Ga, Sn, Pb, and B)
The electronic specific heat for thé=Ga, Sn, Pb, and Bi
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FIG. 4. Electronic specific heat divided by temperatu@,(T) versusT?: (a) CePd,,Ga, (b) CePd,Sn, (¢) CePdy,Pb, and(d)
CesPd,Bi. Inset: expanded plot at low temperature. The lines indicateythextrapolated from high temperature.

excitation levels of CgPd,,M are unknown, we can expect
that the CEF excitations would be similar to those of GePd
because the local environment around the Ce sites are almost
identical for both compounds. The specific-heat data ofvhere CE"is the extrapolation of the higher-temperature
CePd follow the behavior predicted in Eql) and give data above the transition t6—0. When the data above
y~35 mJ/mol K in the temperature range where theval-  T=10 K are extrapolated, th&Svalues calculated from Eq.
ues are extrapolaté‘d‘.l’hus it is likely that the CEF levels (3) range between about 16 and 34 J/mol K, which are listed
will not influence significantly the extrapolatey, . in Table I. These significantly large positive values\o§, in
Although the evaluation of the entropy associated with thecontrast taAS<0 for NpSn, and U,Zn,,,°*indicate that the
transition is obscured due to the broadened transition peaikansition is of localized electronic behavior. However, all of
and especially due to the shoulders ingR&,Jn and theASvalues are clearly smaller thaR812, whereR is gas
CePd,,Sh, it be useful to estimate the net entropy changeconstant. The reduced entropy can be accounted for by the
associated with the transition. This is defined as fact that either the itinerant electrons with heavy effective

AS= f Co/T dT— j CE@T dT, ©)

TABLE |. Physical parameters of CeRPdCePd,,M (M =Ga, In, Sn, Sbh, Pb, and Biand LgPd,4In. Ty,
is the transition temperature from the magnetic susceptibility and electric resistivity data from Refs. 5 and 7.
The data for CdPgare taken from Refs. & denotes shoulder.

Cax TN vo (T=1.2 K) Op AS
Compound (K) (K) ¥p (MI/mol K2) (mJI/mol K3 (K) (J/mol K)
CePd 35 35 299
CegPd,Ga 3.1 3.1 272Q0T=10 K) 3300 16.4
CePdn 2.6s 2.6,4.0 1720 1000 28.2
Ce;Pdh,Sn 5.7 7.5 1030 1900 34.0
CePd,,Sb 5.1s 5.16.4 1200T=10 K) 400 27.6
Ce;PdyPb 5.8 6.0 1160 790 33.4
Ce,Pdy,Bi 4.7 5.0 1360 1400 28.8
LagPd,,In 2.21




57 SPECIFIC HEAT AND HEAVY-FERMIONIC BEHAVICR . .. 15195

Hwor———m—————————7 In this sense, the shoulders in £e,,n and CgPd,,Sb
I ] remind us of the large Kondo-like anomalies seen in both
K2 ] CeCuySi, (Ref. 13 and UBgs!* These compounds have
3 . 1 broad maxima in the specific heat néb+3.5 and 2.5 K,
30 - ] respectively, above their superconducting transitions. Thus
I s0e 0, | the anomaly in C¢Pd,.In and CgPd,,Sb may be attributed
. ] to Kondo lattice behavior, resulting in the rapid increase in
i . 1 Yp at low temperatures. Remember that indications of
2 1 Kondo-like behavior were found in the(T)for CesPdyIn
¢ 4 and CgPd,,Ga® On the other hand, Kim and Stewart found
. 1 that the anomaly in UBg fits very well with a Schottky
w0l ] Ce,Pd,Ga ] temperature dependence if only a small fraction of the U ions
] o ] are involved in the low-lying levels, regardless of what in-
o ] duces the low-lying level$ The low-lying levels involved
1 can be the ground-state doublet of Ce, which is split by the
hybridization of the magnetit electrons and the conduction

Cp (J/imole K)

0 I L L L 1 L ' L 1

0 2 4 6 electrons so that the anomaly is Schottky-like behavior for
Temperature (K) this splitting at high temperature, which changes to AF or-

dering asT is lowered so that cooperative interactions can
FIG. 5. Specific heat,,) versusT for CePd,Ga. dominate. It is also possible that another of the Ce doublets

lies sufficiently near the ground-state doublet that population

mass are partly involved in the transition or the magneticchanges in the two could produce a Schottky specific heat
ordering is due to an induced moment, as iRTRM The  that accounts for the shoulder but gets distorted as AF order-
reducedy, after the AF transition, seen for all samples buting takes place out of the ground-state doublet. In either
CePd,,Sn, is consistent with the former interpretation. scenario, the anomaly in the specific heat is not yet well

The high-temperature tail of the phase transition is beunderstood.
lieved to be due to both a sign of precursor, or short-range
order, and sample inhomogeneity. However, there is an indi-
cation that the tail in C#d,,Ga is induced partly by the
typical heavy-fermionic nature, which manifests itself as the The CgPd,,M (M=Ga, In, Sn, Pb, Sh, and Bicom-
rapid increase of, as in the typical heavy-fermion materials pounds with a modified structure of Cd $dhow enhanced
such as CeG$i,, UBe5 Cd Al;, and CeCy' This is rep-  electronic specific heaty,) above an AF transition, indicat-
resented in the data of gred,,Ga, as shown in Fig. 5. The ing heavy-fermionic behavior rather than the intermediate
Cp(T)curve has a broad peak of AF origin near 3.1 K, and isvalence of CePg This system allows for the study of both
nearly constant betweem=3.7 and 6 K at avalue =26  the evolution of the heavy-fermionic state from the
J/mol K. Within the given temperature range, thgcan be intermediate-valence state and the effects of subtle changes
approximated to be temperature independent because tirethe electronic and structural environment around Ce on the
slope of y, in Fig. 4@) is very small compared to the ex- properties of strongly correlated electrons with high effective
trapolatedy, . If the constanC,(T) betweenT=3.7 and 6 K = mass. The specific-heat data below the AF transition tem-
is attributed to the presence of AF transition, then the AFperature for most compounds studied here show finite
contribution toC, would have to decrease linearly with  y,(T—0) behavior, which often appears in the AF state of
from 3.7 b 6 K sothat the sum of the AF contribution and heavy-fermion compounds, such as NpSRef. 9 and
heavy-fermionic electron contributiop, T is constant in this U,Zn;7,10 rather thanT® behavior of the paramagnetic AF
temperature range. Hence it is likely that the increasg,of ~ ground state in the mean-field approximation. Measurements
shown in Fig. 4a), is in part an indication of heavy- at lower temperature to see whether there are other transi-
fermionic electron behavior. The sharp transitioMmat3.7 K tions will help in the understanding of the magnetic transi-
supports the hypothesis of the heavy-fermionic behaviortions and the electronic properties of the heavy-fermionic
The small, broad peak associated with the AF transition irstate. Since the GPd,,Ga has the largest and most
CePd,,Ga may be a representation of the interplay betweememperature-dependent, among the compounds studied
the localized magnetic electrons and itinerant electrons wittmere, the doping of smallgr-block elementgi.e., M =Ge,
high effective mass. Si, and A) will be very interesting.

V. CONCLUSION
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