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Abstrad. The first theoretical attempt to explain the role of interstitials in the supexconducting 
behaviour of intermetallic compounds is repomd here Further. the oftenquoted comhtion 
between stability and superconductivity in intermetallic compounds is also confirmed. Band- 
stluchue results obtained from our calculations on La3X and La3XC are compared with the 
available experimental results. The possible reasons for the experimentally observed suppression 
of the superconducting transition t e m p "  T, by carbon addition Lo La3X compounds are also 
analysed. 

1. Introduction 

Carbon plays an important role in deciding the physical properties of rare-earth non- 
transition-metal compounds. For example, Pr3Al is a ferromagnetic material with a 
Curie temperature of 11.3 K and the carbon-containing Pr3M (i.e. Pr3AlC) becomes an 
antiferromagnetic material with a Nkel temperature of 5.1 K [I]. Recently, the carbides 
of rare-earth transition-metal borides with a high Tc have been reported [ 2 4  and the 
compounds in this series without carbon have been found to be non-superconductors or to 
have a low T, [2,5]. Studies on the Y-Pd-B system have shown that the addition of carbon 
drastically increases the Tc to a value of 23 K, higher than the T,-values reported earlier 
for bulk intermetallic compounds [3]. Mazumdar et a1 [6] reported that about 2% of the 
Y-Ni-B system is superconducting with Tc = 12 K, and their later studies [7] show that 
the superconductivity in this system may be due to the small amount of carbon present in 
their samples. Hence, they intentionally added carbon to the above system and enhanced 
its Tc [2]. Some of the very recent studies on the Y-Ni-B system show that the carbon, 
which is responsible for the small fraction of superconducting phase, creeps into the system 
via impure boron [5]. 

The T,-values of La3X compounds are in the range 5-1 1 K [8,9]. The addition of carbon 
to these systems drastically reduces their T,-values [1&12] and consequently the La3XC 
compounds are found to be non-superconductors even at 1.02 K [10,11]. Even though 
carbon plays an important role in deciding the T,-values of the intermetallic compounds, 
no theoretical attempt has been made to understand the mechanism by which the carbon 
influences the superconducting behaviour. In view of the interesting influence of carbon 
on superconducting behaviour, we have attempted to explain the various reasons for the 
suppression of Tc in La3X compounds by the addition of carbon. 

The role of impurities in the physical properties of the rare-earth intermetallics has 
been experimentally studied [ 131. In general, magnetic impurity atoms can depress the Tc 
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of a host metal appreciably owing to the spin-exchange interaction, in contrast with non- 
magnetic impurities. On the contrary, the addition of non-magnetic carbon to the La3X 
system decreases its T, drastically [lo, 121. The depairiing effect of magnetic impurities 
in conventional superconductors has been understood through the work of Abrikosov and 
Gor'kov [14]. Further, many experiments on the superconducting behaviour of systems 
with magnetic impurities, such as Gd and Ce in Lash, have been performed to understand 
the magnetic pair-breaking mechanism [151. Perovskite carbides (La3XC) have properties 
which are drastically different from those of the corresponding La3X systems. In particular, 
they are found to be more stable and non-superconducting up to 1.02 K compared with 
La3X systems [IO]. This has led us to correlate the superconductivities of these systems 
with their structural stabilities. A considerable amount of theoretical studies has been made 
on A15, C15 and BI superconductors [16]. Even though more than 45 Llz superconductors 
have been reported earlier [PI, only limited theoretical studies have been made on Llz 
superconductors [17]. Also, no attempt has been made so far to explain the variation in 
TE by the influence of non-magnetic impurities in superconductors using band-structure 
results. In view of the potentially interesting behaviour of carbon on the superconductivity 
of intermetallics, we have undertaken investigations on the role of ternary alloying of carbon 
on the superconducting properties of La3X compounds. 
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2. Details of calculations 

The details of our calculations are similar to those in our previous studies [IS]. The crystal 
structure of La3X compounds is of the Cu3Au type which is designated as LIZ and that 
of La3XC is of Ca'IiO3 type which is designated as E2,. We have used the LMTO ASA 
method [19] for the electronic structure, and Tc calculations and the TB L m  method for 
the cohesive energy and heat-of-formation calculations [ZOl. In OUT calculations of the 
La3X compounds, we have chosen the same radii for both the La and the X atomic spheres. 
Because the LIZ-type AB3 compounds are more stable in the vicinity of R A / R B  N 1 [PI. 
For La3XC compounds, we have chosen the sphere radii in such a way that the carbon atom 
should accept electrons (because of its higher electronegativity). The exchange potential 
is calculated using the exchange and correlation formalism of von Barth and Hedin. All 
angular momentum components up to 1 = 2 have been retained. The calculations are self- 
consistent with an eigenvalue accuracy of Ryd 
in the TB LMTO method. The eigenvalues are calculated in a uniform mesh of 84 k-points 
in the irreducible wedge of the first Brillouin zone (IBZ) of the simple-cubic lattice for all 
the above compounds. For La3Al, we have also considered the hexagonal DO19 structure 
with 64 k-points in the 1BZ of the hexagonal lattice in order to view its relative stability 
between Llz and DO19 structures. The heats of formation of La3X and La3XC are obtained 
from the difference between the total energies of the compounds and their corresponding 
weighted sums of their constituents. 

The superconducting transition temperature is calculated using McMillan's formula 
which is 

Ryd in the L m O  ASA method and 

OD ( -1.04(1+A) ) Tc = - exp 
1.45 A - / A  * (1 + 0.62h) 

where A is the electron-phonon coupling constant, 00 is the Debye temperature and /A* is 
the electron-electron interaction constant, which is taken to be 0.13 in the present work. 
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Various relations are used to calculate the average phonon frequency of the compounds 
[16,17]. In general, if the constituents have a large mass difference, then the lighter atom 
will give rise to the optical phonon branches. Because of the above, we treat the constituents 
as independent oscillators and they vibrate with their characteristic frequencies. In this case, 
A can be expressed as 

where Mr is the atomic mass, (03) is the average squared phonon frequency of the particular 
type and (I2) is the square of the electron-phonon matrix element averaged over the Fermi 
surface. The parameters that enter into the calculation of ( I z )  are taken from the band- 
structure results. The details of our T, calculations are similar to our previous studies 
[181. 

In the La3X and La3XC systems, the Debye temperatures are available only for La& 
La3TI and La3InC. Hence we have assumed that the values of 00 appearing in McMillan's 
formula for La3AI and L@a to be that of La31n and for La3AIC, La3GaC and La3TIC to 
be that of La3InC. Because the substitution of 30 at.% Ga in place of In in La3In results in 
a negligible variation in 00, hence we expect not much variation in 00 even though the 
whole of In is replaced by other X elements [lo]. 

3. Structural stability and superconductivity 

The stability of an intermetallic has been correlated with its superconducting behaviour; the 
more stable compounds will have a low Tc or non-superconductivity [21-23]. Moreover, 
the structural stability has been related to the electronic shxcture of an intermetallic; the 
materials for which EF falls on the pseudo-gap (deep valley close to EP)  in the density of 
states (DOS) cnrve will have low N(EF)-values and high stabilities [24]. As discussed by 
Butler [25], a high N ( E F )  reduces the stability indirectly since the high DOS at the Fermi 
energy tends to lower M ( 0 2 )  (lattice stiffness parameter or the effective force constant) 
through renormalization of the phonon frequencies ['E]. Further, the superconductivities of 
A15 [26,27] and C15 [28] systems have also been related to their structural phase transition. 
It is noteworthy that a few of the recently discovered high-Tc rare-earth transition-metal 
borocarbides are also found to be metastable [29]. 

Regarding the stability of La3X compounds, Buschow and von Vucht found that many 
of the Cu3Au type phase of R3AI (R rare earth) compounds do not stabilize unless some 
carbon is present [30]. The role of interstitial impurities in the structural stability of binary 
intermetallic compounds was extensively reviewed by Gschneidner [13]. He stated that the 
La3X (X Al. Ga, Pb or Sn) compounds do not exist in the stable phase and the CU~AU- 
type metastable phases are stabilized by interstitial impurities such as C or N [31]. It is 
experimentally observed that the small addition of interstitial elements such as B, Be or C 
to superconducting intermetallics changes their T,-values drastically [2, 211. Even though 
a considerable amount of qualitative analysis on the correlation between structural stability 
and superconductivity exists for intermetallics, there are no quantitative studies available 
so far. In order to understand the correlation between stability and superconductivity, we 
have performed total-energy and Tc calculations for all these compounds. -AH (heat of 
formation) is a quantity which measures the stability of materials. Hence, we have calculated 
the value of -AH for all the La3X and La3XC compounds from our total-energy studies. 
The calculated and experimental T, and the calculated - A H  are given in tables 1 and 2. 
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Tablel. Theequilibriumlaniceparametenaa,ooss N(E~)atlheFermilevel. heatsofformation 
AH, cohesive energies 4 and Debye temperamm OD for La3X and La3XC compounds. 

System 

La; In 

LqAlC 
La3GaC 
La3lnC 
LaqTIC 

b3n 

5.06 
(1 = 7.195. c = 5.503 
5.66 
5.064 
5.07 
5.13 
5.12 
5.17 
5.19 
5.20 

N(EF) (states Ryd-' w-I) 

LMTO T B L h i m  mol-') 

56.76 58.49 -28.18 
61.87 71.12 -19.58 
88.89 95.18 t 174.37 
74.06 91.62 t35.89 
60.05 85.30 -194.M 
64.60 93.M -70.73 
36.99 36.41 -295.45 
34.55 30.12 -321.37 
32.97 30.42 -461.91 
32.84 20.95 -343.63 

AH 
(ld mol-') 

478.77 
476.71 
413.60 
446.73 
469.64 
470.90 
678.52 
668.M) 
669.53 
67 I .99 

OD 
(K) 
1 70 
170 
170 
170 
170 
1 63 

203 
203 
203 

203 

4. Results and discussion 

From figures 1 and 2, it is clear that both La3X and La3XC exhibit metallic behaviour. 
In addition to this, it is found from the figures that the La d electrons mainly contribute 
to the conduction state. Because of the isoelectronic and isostructural nature of the La3X 
compounds, the topologies of the DOS curves resemble each other. The DOS curve of La3X 
compounds shows that EF falls on a peak. This is in agreement with the conclusion drawn 
from the temperaturedependent nature of the Knight shift, susceptibility and specific-heat 
studies on La3111 and La3TI [IO, 1 I]. For the same reason, the OD-values for these systems 
decrease suddenly at low temperatures [lo] as in the case of A15 superconductors [32]. E p  
falls on the valley in the DOS curve of La3XC compounds as shown in figure 2 and this 
is amibuted to the temperatureindependent Knight shift in these systems [IO]. In the DOS 
curve of La3X compounds shown in figure 1, the peak present in the low-energy region, 
which is well separated from the conduction band, mainly arises from the s states of X 
atoms. From our angular momentum and site-split Dos studies, we have found that the Lad 
states and X p states are completely hybridized in the entire energy range of the conduction 
band. This indicates that there is a strong covalent bonding between La and the metal X in 
La3X compounds. 

Experimental observations of high-T, A15 superconductors 122,331 showed that the 
resistivity reaches saturation in the high-temperature region. This can be attributed to the 
fall of EF on the peak of the DOS curve 1341. Likewise, in our La3X systems, EF also falls 
on the peak in the DOS curve as shown in figure 1. So, it is expected that the resistivity 
reaches saturation at high temperatures, but there is no experimental temperature-dependent 
resistivity studies on these compounds to confirm our expectation. 

The total bare DOS at the Fermi energy obtained from our band-structure calculation 
for La,In and La3TI are 60.05 states Ryd-' FU-' and 64.6 states Ryd-' Fr', 
respectively. These values are comparable with the corresponding experimental values 
of 81.6 states Ryd-' w-' and 72.8 states Ryd-' rm-' obtained from the specific- 
heat measurements after carrying out the proper correction to the electron-phonon mass 
enhancement [ 111. 

From the magnetic susceptibility measurements and NMR studies of LasX!-,X; (X = TI 
or In; X' = AI, Ga, Sn or Pb) it has been suggested that the role of the d electrons from 
La is more significant than the electrons of the other constituents for the magnetic and 
superconducting properties of the La3X compounds [lo]; the above observation is consistent 
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ENERGY ( R y l  
Figure 1. DOS of La3X (X = Al. Ca. In or TI). 

with our detailed band structure and T, calculations in the sense that the DOS at EF is mainly 
contributed by the Lad  electrons and also the Lad electrons are mainly responsible for the 
electronic contribution to Tc. 

It has been predicted from the measurements of the temperature-dependent NMR. 
susceptibility and specific heat that the EF of La3h and La,TI compounds should fall 
on the peak of their DOS curves [IO, J 11 and this is consistent with our theoretical findings 
(figure 1). However, there is a contradiction between the theoretical studies of recently 
found superconducting rare-earth transitionmetal borocarbides that EF should fall on the 
peak of the DOS curves [35] and the experimental findings according to which EF does not 
fall on the peak of the DOS curve [36]. Hence, the present result is particularly important. 

The overall topology of the DOS curve obtained from our calculations on Ladn is 
similar to that obtained from the earlier studies [17]. The heat of formation for La& is 
-0,14747 Ryd FI-' and this is in good agreement with the value obtained by Hackenbracht 
and Kubler [ 171. Even though Hackenbracht and Kubler successfully explained the cohesive 
properties of this compound, they were unable to explain its superconducting behaviour. One 
of the possible reasons for this is that their calculated value of the electronic contribution 
to i", arising from the In atom is very small (0.024 eV A') compared with our value 
(0.748 336 eV A'). 
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ENERGY [ R y  1 
Figure 2. DOS of La3XC (X AI, Ga, In or TI) 

Our more recent studies on transition-metal aluminides show that EF will fall on the 
peak in the DOS curve. if the material undergoes metastability or martensitic transformation 
[ 181. It has been experimentally observed that the glass-forming ability of La-AI alloys is 
good and this is one of the reasons for the low heat of formation in these alloys compared 
with h3XC systems [37]. The experimental AH-value for La3Al (Liz) is -25f6 kJ mol-' 
and is in good agreement with our theoretical value of -28.18 kJ mol-'. 

It is clear from figure 1 that, as EF falls on the peak in the DOS curve of the La3TI 
system, it should be expected that the system should have metastability which is the reason 
for the non-identification of the Llz phase [38]. However, Iandelli [39] found that the crystal 
structure of LaSA1 is of the cubic CusAu type (Liz), whereas Bnschow and van Vucht [30] 
from their x-ray studies showed that La& possesses the hexagonal structure of MBCd 
(DOIg) type. The heats of formation of La3AI for both L11 and DO19 structures given in 
table 1 show that the cubic L1z phase is more favourable than the hexagonal DO19 phase. 
Regarding the experimentally observed discrepancies in the crystal structure of La3Al, it 
should be understandable from our total-energy study that the total energies of the Llz and 
DO19 structures are not very different (0.0065 Ryd Pu-') and in this case it is possible for 
the system to stabilize in either phase. 

From table 2, it can be seen that there is a considerable difference between the N(EF)-  
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values obtained by the LMTO and the TB LMTO methods for La3X compounds. One of the 
reasons for the deviation is the fall of Ep on the peak of the DOS curve for these compounds 
(figure 1). Hence, a small disturbance in EF will cause a large deviation in the N(Ep)-value. 
In contrast, the difference between the N(EF)-values for La3XC compounds obtained by 
the LMTO and TB LMTO methods is not large. Because EF falls on the flat valley of the 
DOS curve for these compounds, a small perturbation in EF will not affect the N(Ep)-value 
much. Further, on account of the slow convergence of the LMTO method, the eigenvalues 
are calculated with an accuracy of low3 Ryd between two consecutive iterations to achieve 
self-consistency. Our previous studies show that this accuracy is sufficient to explain the 
superconductivity of intermetallics [18]. Owing to the fast convergence in the TB LMTO 
scheme, we are able to calculate the eigenvalues with an accuracy of Ryd within 
a shorter computational time. Apart from the above fact, the basis orbitals and structure 
constants used in the TB LMTo method are the screened versions of those used in the LMTO 
method. Hence the above two reasons may be responsible for the difference between the 
N(EF)-values calculated by these two methods. 

In general, in the calculation of T, for the transition metals, the value of p* is taken 
as 0.13 [40]. The electronic contribution to T, (i.e. q )  arising from various sites of La3X 
and La3XC compounds given in table 2 clearly shows that the electronic contribution to 
T, arises mainly from the La site (qh) which is responsible for superconductivity in these 
compounds. As La is a transition metal, the value of p* used in the calculation of T, 
for these compounds is quite justified. Although the p*-value used in our calculation is 
justified, this may lead to some systematic error in the T,-values for both the La3X and 
the La3XC systems, but this error is a minimum in the relative results in which we are 
interested. 

The insertion of C into the La3X compounds expands the lattice; this negative pressure 
on the La atoms shifts the bottom of the s band to lower energies more rapidly than the 
bottom of the d band. However, our angular-momentum-decomposed DOS study on La3XC 
compounds shows that a strong covalent bonding exists between La d and C p states. 
Moreover, the more electronegative nature of C attracts electrons from La and hence the 
number of electrons in the La bands decreases on C addition. As suggested by Postural et 
af [41], because of the strong covalent hybridization and ionicity, Ep falls on the valley 
in the DOS curve of La3XC compounds in figure 2. Since EF falls on the pseudo-gap in 
the DOS curve, the heats of formation of La3XC compounds obtained from our total-energy 
studies are larger (table 1) than those of La3X compounds. 

Al, Ga, In or TI) 
compounds, the atomic number is found to increase from A1 to TI, and hence one can expect 
the lattice parameter also to have a systematic increasing trend. Hence, we anticipate a lower 
40 (equilibrium lattice constant) for La3Ga than for Lash. However, the experimentally 
observed lattice parameter of La3Ga deviates greatly h m  the linear trend expected for 
La3X compounds (see table 1). Moreover, only one report is available regarding the lattice 
parameter of La&a [42]. Hence, similar to our previous studies on &A1 [181, we have 
estimated the equilibrium lattice parameter of La3Ga. This theoretically obtained lattice 
parameter was found to be in agreement with the expected linear trend. Also, the ?',-value 
calculated for La3Ga with the experimental lattice parameter is negligible and that with the 
theoretical lattice parameter is found to be in good agreement with the experimental value, 
indicating that the experimental lattice parameter is somewhat erroneous. Further, the value 
for the heat of formation of La3Ga estimated from our total-energy studies (table 1) is 
found to be positive among the compounds considered here. This indicates that La3Ga is 
more metastable than other La3X compounds. In addition to this, a strong correlation has 
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Because of the isostructural and isoelectronic nature of La3X (X 
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been observed between the La-La distance and the superconducting transition temperature 
of La-based superconductors 19,431. According to this correlation, if the La-La distance 
is larger, then the system will have a low Tc. For the experimental latticc constant of 
LasGa, the La-La distance is larger than for the other La3X compounds. Because of this, 
the theoretically calculated ?',-value is zero. However, for the theoretically estimated lattice 
parameter of La,Ga, the La-La distance is comparable with those for other La3X compounds 
and consequently the calculated ?',-value of the theoretically obtained lattice parameter is 
comparable with the experimental 

Previous calculations have shown that the superconducting behaviour of solids is very 
sensitive to their crystal structure [18,44]. As mentioned earlier, La3AI possesses both 
Llz and DO19 structures. In order to understand the effect of the structures on the 
superconducting behaviour, we have performed band-structure and T, calculations for both 
structures with their experimentally observed equilibrium lattice parameters (table 1). From 
our results, we have found that T, is not sensitive to the various structures of La3AI. Apart 
from this, there is not much variation between the value of N ( & )  for both phases of La& 
One of the possible reasons for the larger Tc for La3In than for the other La3X compounds 
is the larger pd scattering in In compared with other X atoms and also both La and In atoms 
contribute equally to h. 

The -AH-values of La3X and La,XC compounds are given in table 1, which clearly 
shows that the -AH-values of the carbide systems are larger than those of non-carbide 
systems. It is well known that materials having a large -AH-value will be more stable. 
Hence, the La3XC systems are more stable than the La3X compounds. Our heat-of-formation 
values agree with the experimental results in the sense that the La3XC systems are more 
stable than the La3X systems [lo]. The experimental and the theoretical T,-values given 
in table 2 clearly show that the stable compounds (i.e. La3XC) invariably have a low Tc. 
Hence, the general belief that a high stability and a low Tc should go hand in hand in 
intermetallic compounds is quantitatively established through our total-energy calculations. 

(table 2). 

5. Conclusions 

In intermetallic compounds, the carbon behaves as a stabilizer as well as an electronic 
properties tuner. We have f o y d  several interesting and important results and, in particular, 
the following. 

(i) The NMR, magnetic susceptibility and specific-heat measurements show that the Fermi 
level should fall on the peak of the DOS curve of La3In and La3TI and this is confirmed by 
our theoretical studies as shown in figure 1. 

(ii) The electron-phonon coupling constant calculated from the band-structure results 
shows that La3X systems belong to the class of strong-coupling superconductors and it is 
consistent with experimental observations. 

(iii) The superconducting behaviour of La3X compounds is sensitive to volume of the 
unit cell. For the experimental lattice parameter, the theoretically calculated T,-value of 
La3Ga is very small whereas, for the theoretically obtained equilibrium lattice constant, the 
calculated T,-value is found to be comparable with the experimental value. 

(iv) Our previous calculations on Zr3Al in the Llz  and DO19 structures show that the 
T,-value is sensitive to the structures. However, for LaaAI, the T and N(EF)-values are 
not much affected by the variation in crystal structure. 

(v) The insertion of C into La3X systems results in the following effects which suppress 
the ?', in La3X systems. 
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(a) Expansion of the lattice by carbon addition is one of the causes of the suppression 
of the Tc of La3XC compounds. 

@) Because of the more electronegative nahwe of carbon, finite La d electrons are 
transferred to C and further there is a strong covalent hybridization between C and La in 
La3XC, which causes EF to fall on the pseudo-gap. Hence, the La qpd contribution decreases 
and correspondingly Tc for La3X compounds decreases owing to the carbon addition. 

(c) The La3XC systems are more stable than La3X compounds are (table 1). The 
metastability present in La,X systems is the main cause of the higher Tc in these compounds. 

(d) Because of the strong covalency existing in the La3XC compounds, the cohesive 
energy, bond strength and hence OD of these compounds are higher. The phonon stiffening 
due to the above facts weakens A and hence 'Ic. 

Further, OUT more recent studies on La3Y and La3YC (Y = Sn or Pb) systems show 
that the carbon suppresses the superconductivity and this is consistent with the available 
experimental results [IO, 111. 
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