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M agnet ic suscepti bi l it y, elect rical resisti vity , and t her mopow er of the

series of the R3 Cu3 Sb 4 comp ounds ( R = La À Sm) w ere measured over the
temp erature ranges 1.9{ 300 K (susceptibi li ty and resistivi ty) and 80{3 70 K
(thermop ower). Below 25 K , resistivity of these comp ounds grow s exp onen-

tially w ith decreasing temp erature. For some comp ounds, R = Ce, Sm, a
maximum on temp erature dep endence of resistivi ty is observed. C e3 Cu3 Sb 4

comp ound undergo es a magnetic transition at 12 K .

PACS numb ers: 72.15. {v, 72.20. {i, 72.15.J f , 75.30.C r

1. I n t rod uct io n

R are-earth meta ls may form wi th copper and anti mony a series of R 3Cu 3Sb4

typ e com pounds, where R = Y, La{ Sm, Gd{ Er [1]. The crysta l structure of these
compounds is of the Y3 Au 3Sb4 typ e ( I 4 3 d space group, a = 0 : 9 8 1 8 nm ). Thi s typ e
of structure may be derived from Pu 2C3 typ e, where Sb ato m s are arranged in the
Pu ato m s' positi ons (16(c)) and in the pl ace of carb on ato ms (24(d)), wherea s Y
and Au ato ms are located in the positi ons 12(a) and 12(b), respectivel y [2]. In [3]
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the magneti c and tra nsport properti es of R 3Cu 3 Sb4 ( R = La, Ce, Gd, and Er) were
reported. There was evaluated the therm oelectri c potenti al of these terna ri es.

In thi s paper, we present the resul ts of resisti vi ty m easurements over the
tem perature range 1.9{ 300 K and therm opower measurements over the tem per-
ature range 80{ 370 K for som e compounds of the R 3Cu 3Sb4 series wi th l ight
rare-earth elements (R = La, Ce, Pr, Nd, and Sm ), whi ch are interesti ng p - typ e
therm oelectri cs. W e also present the results of m agneti c properti es inv estigati on
for Ce, Pr, and Nd com pounds.

2. E x per i m en t a l

The sampl es of R3 Cu 3Sb4 com pounds were obta ined by m elti ng the rare-
-earths (99.9% R ), electro lyti c copper (99.99% Cu) and anti m ony (99.999% Sb)
in an electri c arc furna ce. Then, the ingots were annealed at 870 K for 700 hours
in vacuum -sealed vi treo us sil ica am poul es. The phase analysis of the sampl es was
done on X- ray powder di ˜ra ctom eter D R ON- 2.0 wi th Fe K ˜ radiati on.

Mea surements of the resistivi ty , £ , were carri ed out by a four probe metho d
usi ng an ac Resistance Bri dge (A VS-46). The di ˜erenti a l therm opower, S , was
m easured wi th respect to copp er by a potenti om etri c techni que. The sampl esused
for tra nsport m easurements were cut in the f orm of bars wi th dim ensions of about
1 È 1 È 4 m m3 . The dc m agneti c susceptibi l i ty was measured usi ng a SQUID
m agneto meter (Qua ntum Design MPMS- 5) over the temperature range from 4.5
to 300 K and in the m agneti c Ùeld of 3 or 5 kOe.

3. R esul t s an d d iscu ssio n

From the X- ray phase analysis we f ound tha t the prepa red compounds had
the Y 3Au 3 Sb4 typ e structure and no tra cesof any impuri t y phases were observed.
The latti ce param eter, a , di mini shesconti nuously from 0.9817 nm for the La com -
pound to 0.9600 nm for the Sm com pound.

The resisti vi ty of the sam ples is by 1 or 2 orders hi gher tha n typi cal £ values
for m etals and al loys (Fi g. 1). Ab ove 100 K, the £ (T ) pl ots are nearl y l inear for
al l sam ples, whereas at low tem peratures the character of £ ( T ) strongly depends
on the com pound com positi on. At low tem perature, for La3Cu 3Sb4 ; Pr 3Cu 3Sb4 ,
and Nd 3 Cu3 Sb4, the £ value increases wi th the decrease in T , reachi ng i ts m axi -
m um value at 1.9 K. Am ong these three com pounds, m ost signi Ùcant changes in
£ ( T ) are observed for the Nd com pound. It is worth m enti oning tha t over the
tem perature range ¤ 7 8 À 300 K, where temperature ranges of the present studi es
of the Nd com pound and the m easurements reported in [1] overl ap, a good agree-
m ent between the resul ts of both studi es is observed. For Sm3 Cu 3Sb4 the £ value
increases at low tem perature down to 4.3 K and then, i t is nearly steady down
to 1.9 K wi th a smal l anom aly at 3 K (i nset in Fi g. 1). In the £ ( T ) dependence
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Fig. 1. Temp erature dep endences of resistivi ty for R 3 C u3 Sb4 comp ounds.

for Ce3 Cu3 Sb4 , one can observe a bro ad minimum in the vi cini ty of 50 K and
then, at lower tem peratures, a relati vel y broad m aximum between 5 and 10 K.
The present results obta ined for La, Pr, and Ce com pounds di ˜er from results of
previ ous studi es [3{ 7]. For exam ple, in [5], a maximum on the tem perature de-
pendence of £ was found at ¤ 2 0 0 K for the La 3Cu 3Sb4 sam ple and at 140 K for
the Pr 3Cu 3Sb4 sampl e. The £ values reported in [5] for the La sam ple are f rom
3 to 4 ti mes larger, whereas the values for the Pr sampl e are appro xi m atel y 2 or
3 ti m essmal ler tha n these m easured for our sam ples.For Ce3 Cu 3Sb4 , whi ch is the
best-studi ed representa ti ve of the consi dered group of compounds, a m aximum on
£ ( T ) dependence and exponenti a l decrease in resisti vi ty wi th ri sing tem perature
wa s observed in all previ ous studi es [3{ 7]. The maximum was observed at 3.3 K
[3], at 12 K [5], and at 17 K [6]. T aking into account tha t sam ples prepa red using
the arc-m elti ng techni que show small devi ati ons of thei r real com positi on f rom
the theoreti cal sto ichi om etry , and tha t these devi ati ons, even i f not detecta ble by
powder X- ray analysis, inÛuence signi Ùcantl y tra nsport properti es of the m ateri a l,
al l the discrepanci es enum erated above can be attri buted to inhom ogeneiti es and
nonsto ichi ometry of the sampl es obta ined in di ˜erent techno logical processes.For
exam ple, sam ples inv estigated in [4] and [5] showed slight tetra gonal distorti on
of the crysta l latti ce, caused by Sb vacancies, whereas neutro n studi es [8] of the
sam ples inv estigated in [6] revealed tra ces of the CeSb phase.
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Fig. 2. Temp erature dependences of di˜erential thermop ower for R 3 C u3 Sb4 com-

p ounds.

The tem perature dependences of the di ˜erenti al therm opower, S , of the stud-
ied sam ples are given in Fi g. 2. For com pounds wi th hi gher S values (La 3Cu 3Sb4 ,
Nd 3 Cu 3Sb4 , and Sm3Cu 3Sb4 ) the tem perature dependence of therm opower con-
sists of two nearl y l inear parts, wherea s for Pr 3 Cu 3Sb4 and Ce3 Cu3 Sb4, the who le
S ( T ) dependence may be trea ted as l inear. The evaluati on of the therm oelec-
tri c power factor S 2 / £ for these com pounds gives the fol lowing values at 300 K :
La 3Cu 3Sb4 | 7.9; Ce3 Cu3 Sb4 | 0.8; Pr 3Cu 3Sb4 | 1.1; Nd 3Cu 3Sb4 | 4.8; and
Sm3 Cu 3Sb4 | 3:9 ñ W K À 2 cm À 1. T echnological di ˜erences, mentio ned above,
have a signi Ùcant im pact not onl y on resisti vi ty but also on therm opower. In
compari son wi th the present m easurem ents, about 2 ti m es smal ler S values were
m easured f or La3Cu 3Sb4 in [3], whereas for Ce3 Cu 3Sb4 com pound, greater values
were found in [3] and smaller values were found in [7].

Ab ove 50 K, the magneti c susceptibi l i ty of R3 Cu 3Sb4 ( R = Ce, Pr, and Nd)
compounds fo llows the Curi e law (f or R = Ce) or the Curi e{W eiss law wi th È p

equal to { 8.3 K for R = Pr and { 21.5 K for R = Nd (Fi g. 3). In accordance wi th
al l previ ous studi es [3{ 9], the e˜ecti ve m agneti c mom ents determ ined from the
â À 1 ( T ) pl ots are close to the theo reti cal g J

p
J ( J + 1 ) values for free R3 + ions,

thus, no interm ediate valence e˜ects are present in thi s group of compounds and
al l R ions are in the stable 3+ state. The negati ve param agneti c Curi e tem perature
È p indi cates possible anti f erromagneti c intera cti ons between rare-earth ions for Pr
and Nd com pounds. For Ce3Cu 3Sb4 , below 50 K, the â ( T ) dependence devi ates
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Fig. 3. T emp erature dependences of magnetic susceptib il ity for C e3 C u3 Sb4 ,

Pr 3 C u3 Sb4 , and N d3 Cu3 Sb4 comp ounds.

di stinctl y f rom l ineari ty to lower values and, at about 12 K, a tra nsiti on to ferro-
or ferri m agneti c orderi ng is observed. The speciÙc heat studi es [9] conÙrmed the
presence of such tra nsiti on and the neutro n di ˜ra cti on m easurements [8] clearl y
showed tha t Ce3 Cu 3Sb4 i s a canted anti ferromagnet below 12 K. The m agneti c
susceptibi l i ty of La3Cu 3 Sb4 at 300 K in magneti c Ùelds up to 10 kOe is smal l and
negati ve (â = À 5 : 1 È 1 0 À 8 emu=g).

At low tem perature, £ (T ) of Nd 3 Cu 3Sb4 and Sm 3Cu 3Sb4 decreasesexp onen-
ti al ly wi th increa sing temperature in 1.9{ 10 K and 4{ 20 K temperature ranges, re-
spectivel y. Thi s can be interpreted either as resisti vi ty of heavy doped narro w-gap
semiconducto rs, in whi ch the energy gap is nearl y Ùlled by impuri t y states [1], or
as a m obi l it y e˜ect connected wi th the exi stence of tra pp ed magneti c polarons.
The latter interpreta ti on was pro posed for Ce com pound in R ef. [6]. The high
positi ve therm opower, characteri zing these m ateri als, supp orts the idea tha t they
show im puri ty- related p - typ econducti vi ty . In the case of intri nsic semiconducto rs,
the two opp osite currents of n - and p -typ e carri ers woul d lead to smal l S values.

The semiconducti ng properti es were observed in both M 0M 00 X (where M 0 ,
M 0 0 are tra nsiti on m etals, and X = Sn, Sb) [10, 11] and RNi Sb (R = Y, Gd{ Lu)
[12] terna ry com pounds. They have a crysta l structure of the Mg AgAs typ e(F 4 3 m

space group) and the chemical com positi on cl ose to the com positi on of the inv es-
ti gated m ateri als. Qual i ta ti vely, one can interpret the appearance of the semicon-
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ducti ng properti es of the M 0 M 00 X com pounds as the result of peculiari ti es in thei r
crysta l structure and the appropri ate concentra ti on of valence electrons tha t is
equal to 8 electrons/ f orm ula uni t (f .u. ), i .e. 32 electrons/ cryst al uni t cell . Usu-
al ly, one assumes tha t the ni ckel 3 d - level is Ùlled and ato ms of thi s element do
not suppl y any band electrons, whereas other m etals whi ch have addi ti onal outer
electrons on hi gher levels, give these electro ns to the conducti on band and in-
crease the free-carri ers concentra ti on. On the other hand, ato ms tha t have less
tha n 10 electrons on the 3 d -shell Ùll thi s level wi th free electro ns and thus, de-
crease the free-carri ers concentra ti on. For exampl e, in Ti Ni Sn com pound we have
4 + 0 + 4 = 8 f ree electro ns/ f.u., and in RNi Sb we have 3 + 0 + 5 = 8 free elec-
tro ns/ f .u. as wel l . It seems tha t the concentra ti on of 8 electrons/ f.u. is parti cul arl y
conveni ent energeti cal ly because any devi ati on of the electron concentra ti on f rom
thi s value causes insta bi l i ty in the crysta l structure and in the chemical com -
positi on. For thi s reason, the RCuSb com pounds are not f orm ed because thei r
electron concentra ti on wo uld be equal to 3 + 1 + 5 = 9 electro ns/ f.u. If we re-
m ove one R ato m and one Cu ato m from a hyp otheti cal R4 Cu 4Sb4 compositi on
(4 Mg Ag As uni t cells), the energeti cal ly conveni ent R3 Cu3 Sb4 compositi on wi th
32 electrons/ f.u. wi l l be form ed. Sim ul ta neously, the crysta l structure wi l l change
to a more cl osely packed structure of the Y3 Au 3Sb4 typ e. One uni t cell o f thi s
Ùnal structure conta ins four form ula uni ts of the R 3Cu 3Sb4 com positi on.

The contri buti on of Cu to the m agneti c susceptibi li ty seems to be negl i-
gibl e in the R 3Cu 3Sb4 com pounds, because the values of the e˜ecti ve m agneti c
m oment per Ce, Pr, or Nd ion, determ ined in the present wo rk, are close to the
theo reti cal values for free R 3 + ions. The paramagneti c Curi e tem peratures È p

of the investigated compounds seem to be proporti onal to the de Gennes factor,
G = ( gJ À 1 ) 2 J ( J + 1 ) , thus, one can assume tha t the exchange intera cti ons in
these com pounds are of the Ruderm an{ Ki ttel { Ka suya{Y oshida (R KKY) typ e, l ike
in R Ni 5 À x Sn1 + x compounds [13].

T aki ng into account tha t above ¤ 5 0 K the resistivi ty of all studi ed com -
pounds grows l inearl y wi th increasing tem perature, l ike in m etal l ic m ateri als,
one can conclude tha t no m etal { semiconducto r tra nsiti on app ears in al l stud-
ied R3 Cu3 Sb4 compounds. The m ost probable ori gin of the exp onenti al increase
in resistivi ty at low tem perature, observed in al l studi ed R 3Cu 3Sb4 sam ples, is
the decrease in mobi li t y of carri ers caused by form ati on of small bound polarons,
i .e. the m echanism pro posed in Ref. [6], on the basis of wi de neutro n, magneti -
zati on, Hal l e˜ect, resisti vi ty , and opti cal absorpti on investigati on, to account for
the temperature dependence of resistivi ty of the Ce3 Cu3 Sb4 system.
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