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Gap suppression and development of antiferromagnetic order in CeRh.,Pd, Sb:
Heat-capacity studies
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Tata Institute of Fundamental Research, Homi Bhabha Road, Colaba, Mumbai 400 005, India

F. E. Kayzel and A. de Visser
Van der Waals-Zeeman Laboratory, University of Amsterdam, Amsterdam, The Netherlands

S. K. Malik
Tata Institute of Fundamental Research, Homi Bhabha Road, Colaba, Mumbai 400 005, India
(Received 27 February 1998

CeRhSb is a mixed-valent compound in which a gap opens up in the electronic density of states below a
temperature of about 10 K. Earlier studies on Pd substitution at the Rh site in this compound showed that the
gap is suppressed for around 10% Pd and an antiferromagnetic ground state emerges with higher Pd substitu-
tion. Here, we report heat-capacity results on some of these samples, namely, J@BRBb and
CeRh Pdy ;Sb. We observe a sharp rise @y /T of CeRh Pdy3Sb starting at arouh5 K with a peak at
about 2.5 K, which confirms the antiferromagnetic ordering in this compound. An entropy change of 2.5 J/mol
K is obtained for the ordering. Above the dlaemperature, the value of the electronic specific heat coefficient
vis found to be about 40 mJ/moPKin CeRk Pd, ,;Sh, C 4 /T is found to rise below 10 K down to the lowest
temperature of measurement, namely, 1.5 K with walue of about 40 mJ/mol¥ The rise may be due to
non-Fermi-liquid behavior or could be due to impending magnetic order in the compound below 1.5 K.
[S0163-18298)02726-X

Intermetallic compounds containing Ce are known toconfirming the antiferromagnetic ordering noted from resis-
show interesting physical properties, such as mixed-valenceivity and magnetic studies. No such peak is seen for non-
Kondo lattice, heavy fermion behavior, ét€.A variety of magnetic CeRhgPd,,Sb, whereC,; /T continues to rise
ground states are exhibited by them, namely, magnetic, norfown to 1.5 K. This may be due to non-Fermi-liquid behav-
magnetic, superconducting, etc. These phenomena are bigr or due to impending magnetic order below 1.5 K.
lieved to arise due to hybridization between the (eelec- The samples of CeRh,Pd.Sb were prepared by the
trons and the conduction electrons. One such interestingsya| arc-melting technique, as discussed in Ref. 9 and are
compound is CeRhSKRef. 3 in which Ce ions are in @ e same on which magnetic and resistivity measurements
mixed-valence state as evidenced by a broad maximum iRere reported earlier. At the Rh-rich end<(®<0.4), the

tme ivusceﬁt'rb'“g at TIO%C(: 1rr(1)0 Elfllts :eS|sEI|_\r/1|ity iIS fcigr?t? :O d tsamples are orthorhombic, isostructural to CeRhSb, crystal-
show a sharp rise at low lemperatures. S IS atlribute zing in the e-TiNiSi-type crystal structurgspace group

opening of a gap in the electronic density of states o . !

CeRhSb, leading to the resistivity rise and an insulatinglike:: nma ""hl"e at th? Pdt “CT e”td (Oixg dls) the samples are

ground state. A similar behavior is observed in CeNiBgf. sza;?nor?%’ Ir:s?r?erurcegirgn 021:x<8 7 tgzngranpésm;[r)e
3 . . LI |

4) and CgBi,Pt,° etc® !
We have been carrying out systematic investigations ofound to be multiphase. For the hexagonal phase samples,

the gap formation in CeRhSb, by means of substitutionafe”oma_g”Etic order_ing is observed with Cu_rie temperature
studies at the Ce and Rh sites, as revealed in electronidc ranging fran 8 K in CeRhy JPd, ;Sb to 17 K in CePdsh?
transport, and magnetic measureméntale have observed For the orthorhombic phase samples<{(0<0.4), with in-

that substitution at the Ce site by La leads to gap suppressidﬁ’easing Pd substitution, there is a small increase in unit-cell
with about 10% Ld. Similarly, substitution at the Rh site by volume which may lead to corresponding decrease in hybrid-
Ni also leads to gap suppression with around 10%zation strength between the conduction electrons and the 4
substitutiorf Pd substitution at the Rh site leads to very in- electrons.

teresting results, namely, the development of antiferromag- For the orthorhombic phase in the CeRRPd,Sb series,
netic ordering following gap-suppressfoas inferred from for x=0.05 and 0.1, a rise in resistivity is observed similar to
magnetic susceptibility and electrical resistivity measurethat seen in the CeRhSb, though the rise is slower compared
ments. These results are consistent with some of the theordt that in CeRhSb. Fox>0.2, no rise in resistivity is ob-
ical model$®~*?for doping effects in such gap-forming sys- served. In fact, for samples witk=0.3 and 0.4, a drop in
tems. In this paper, we report the heat-capacity results on twresistivity is seen at around 5 K. Moreover, the susceptibility
representative samples of the CeR{Pd,Sb series, namely, of these two samples, shows a peak at around 3 K, attributed
CeRhPd,Sb and CeR§Pd;Sb. In the case of to antiferromagnetic ordering of the Ce moment. In light of
CeRhy Py sSb, a peak irC,; /T is also seen at 2.5 K, thus this behavior seen for the orthorhombic samples, heat-
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FIG. 3. C4; /T vs T plot for the compound CeRhPd, ;Sbh. The
inset shows the plot of 4 /T vs T? for the same.
40 .
4f-related contribution to the heat capagityses with de-
30 , . crease in temperature down to 10 K, below which there is a
0 5 10 15 20 - drop down to 2 K(see Fig. 1 The increase down to 10 K
T (X) suggests a tendency towards heavy-fermion-like behavior,

but due to the development of the gap and a corresponding
FIG. 1. C4; /T (whereC,; is the 4f-related electron contribution decr_ease in the density of stat€s, /T drops below 10 K.
to the heat capaciiyT for CeRhSh(taken from Ref. 1% Figure 2 shows a plot of heat capacity vs temperature for
the two Pd-doped samples wikt+ 0.2 andx=0.3. The heat
capacity measurements for some representative samples ¢apacity of LaRhSkof the typeC=yT+ BT* with a y value
the orthorhombic phase are carried out. Two samples havef about 7 mJ/mol K is also shown for comparison. We
been chosen, one with the antiferromagnetic ground statdiyst discuss the heat-capacity results on CgRIay ;Sb. Its
that is, the sample witkk=0.3, and the other nonmagnetic heat capacity drops gradually on lowering the temperature
(down to 1.5 K sample withx=0.2, where the gap is just and shows a peak at about 2.5 K. The temperature of the
suppressed. The heat-capacity measurements have been darat-capacity peak is the same as the temperature of the sus-
ried out in the temperature range 1.5-40 K, using the semiaseptibility peak and the drop in the resistivityThe bulk
diabatic heat pulse technique. antiferromagnetic ordering reported earlier is confirmed by
Before discussing the heat-capacity behavior of the Pdthe present measurements taking into account the entropy
substituted CeRhSh, we will first recapitulate the heat-associated with the pegkee below. This ordering is indeed
capacity behavior of CeRhSb as discussed in Ref. 14. Thistrinsic, as microprobe studisdo not indicate the pres-
heat capacity of CeRhSb gradually decreases with decreas@ece of any noticeable second phase. The ploCgf/T
in temperature down to 1.8 KC,;/T (where C,; is the (whereCy; is the 4f-related contribution to the heat capac-
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FIG. 4. C4; /T vs T plot for the compound CeR@Pd,,Sb. The
solid line shows the I fit at low temperatures. The inset shows
the plot of C4¢ /T vs T? for the same.

FIG. 2. Heat capacitlC vs temperaturdl for the samples of
CeRhy /Py sSh, CeRpgPdy,Sh, and LaRhSb.
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oshb. 77777 as has been observed earlier in systems such as
59 1 CeCu AU, 1.1 The non-Fermi-liquid behavior generally
§ ] manifests in a I behavior of C4:/T in contrast to the
® ] C4:~yT kind of behavior expected for Fermi-liquid sys-

"\ CeRh, ;Pd, ,Sb _ tems. In a system such as CeCuAu,, going from the

o
-]
T

long-range ordered state far>0.1 as one reduces the Au
« experimental ] concentration, the Ne temperature scales to zero signalling
°  extrapolated 1 a zero temperature quantum phase transition. It is believed
\ ] that at this point deviations from Fermi-liquid behavior are
] expected. In the present CeRhPd,Sb system, since anti-
°°°°¥..,0.5,“ ] ferromagnetic ordering is observed foe 0.3, with decreas-
- S e e ing Pd concentration, one expects théeNeemperature to
ool v ] scale to zero, with non-Fermi-liquid behavior for a critical
0 5 10 15 range of Pd concentration. For CeRRd, ,Sb, one may try
T (K) and fitC,; /T, at low temperatures, to a Thkind of behav-
ior. In Fig. 3, the InT fit is shown by the solid line. A rea-
FIG. 5. C4; /T vs T plot for the compound CeRRPd,,Sb ex-  sonably good fit is obtained below 5 K. However, it is very
trapolated below 1.5 K. possible that there may be a magnetic transition below 1.5 K
of which the rise bele 5 K may be the high-temperature
ity) for CeRhy PdysSb is shown in Fig. 3. A sharp peak is part. In order to check for a possible transition below 1.5 K,
observed at around 3 K. The area under the peak, in thene may try and extrapolate the data for Cgfftt, ,Sb,
temperature range 0-6 K, gives the entropy change for thbelow 1.5 K by normalizingC,; /T data forx=0.3 with
transition to be about 2.5 J/mol K. Assuming that the Ce iongespect tox=0.2. Figure 5 shows a plot &, /T vs T for
in CeRh -Pd, ;Sb are in a doublet ground state, possibly duex=0.2 extrapolated belowr=1.5K. A peak inCy /T is
to crystal field effects, one expects a valueRoin 2, that is  seen at about 0.75 K, which may suggest a possible antifer-
about 5.75 J/mol K for the entropy change due to the magromagnetic ordering in this compound. Hence, it is expected
netic ordering. The obtained value of 2.5 J/mol K for thethat with a slightly lower concentration of Pd~Q0%), the
entropy change suggests that the full moment of the crystabrdering temperature should be reduced below 0.75 K and
field-split ground state doublet of Ce does not take part in thdor a critical concentration of Pd, non-Fermi-liquid behavior
ordering. This is most probably due to the partial quenchings expected. Considering that the drop in theeNempera-
of moments on the Ce ions due to hybridization effects menture as one goes from=0.3 tox=0.2 is rapid, from 2.5 to
tioned above. In order to get an estimate of electronic sped.75 K, it may seem that the critical concentration of Pd is
cific heat coefficienty we may plotC,; /T vs T? (see inset of almost close tox=0.2. The inset of Fig. 5 shows a plot of
Fig. 3. Above 10 K,C,;/T is almost constant, which when C,;/T vs T? for CeRly gPd,Sb. Above 10 K,Cy/T is
extrapolated toT—0, gives a value ofy of about almost constant and gives a valueypébout 40 mJ/mol K,
40 mJ/mol ¥, which is the same as that obtained for which is the same as that obtained for CeRhSb and
CeRhSB* CeRh Pd, ;Sh. Thus, above 10 K, the heat-capacity behav-
The heat capacity of CeREPd, ,Sb, drops gradually with ior seems to be almost unaffected by Pd substitution.
decrease in temperatu(Big. 2). At a temperature of 6 K, a As seen above, the system CgR{Pd,Sb presents inter-
small hump is seen which is most probably due to the presesting results. While in CeRhSb there is a drofCin /T at
ence of some magnetic impurity phases. In fact, for thisaround 10 K believed to be due to the gap formation in the
sample, microprobe studies indicate the presence of aboetectronic density of states, there is no such drop at around
2% of extra phas& The extra phase may be CeSb which 10 K for CeRh Pd, ;Sb and CeR§Pd, ,Sb. Instead, there
orders magnetically at around 6 K. Figure 4 shows a plot ofs a rise below 10 K in both these samples. In the case of
C4:/T vs T for this sample. A rise inC4;/T is observed CeRh Pd, ;Sb, the rise is followed by a peak at around 2.5
below 10 K. The rise is similar to that seen for K, consistent with the antiferromagnetic ordering. In the case
CeRh Pd, ;Sb. However, unlike CeRhlPd, 5Sb, thereisno of CeRh dPd, ,Sb there does not seem to be any ordering
signature of magnetic ordering down to 1.5 K, from resistiv-down to 1.5 K. The rise irC,: /T is most probably due to
ity and magnetization studies on this sample consistent witimpending magnetic order at around 0.75 K. A non-Fermi-
the present measurements. One possible reason for the rikguid behavior is expected for Pd substitution smaller than
may be the non-Fermi-liquid behavior at low temperaturesput close to 20%.
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