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Abstract. The L m O  AsAcah!ations have been performed for ordered Ti-Rh alloys: TiRhl, 
Cu,Au-type structure; TiRh, CsCI- and CuAul-type structure. Using the electronic band- 
structure calculations the electron-phonon coupling parameter 2 and the superconducting 
temperature T, were calculated. 

1. Introduction 

The experimental information on the electronic properties of ordered Ti-Rh alloys has 
been obtained through the low-temperature specific heat and magnetic susceptibility 
measurements by Kuentzler and Waterstrat [ I ,  21. These workers considered three 
crystallographic structures: Cu,Au-, CuAuI- and MoSiz-type structures. The con- 
clusions from these studies are the following. 

(i) No magnetic order and no superconductivity are observed in these systems above 
a temperature of 1.4 K. 

(U) The high-temperature CsC1-type structure transfonns via a martensitic trans- 
formation to the CuAuI-type structure. 

Other structural studies [3,4] showed that TiRh alloy above 845°C had a cubic 
CsCI-type structure. In the range from 845 to 83°C this cubic structure transformed 
continuously to the tetragonal structure (c/a = 1.00-1.121). At a temperature of 83 "C 
the tetragonal CuAuI-type structure (C/U = 0.79271178) was found. At lower tem- 
peraturesadistortion was observed and transition to the monoclinic symmetry (at 25 "C, 
a = 4.178 8,, b = 4.185 A, c = 3.371 8, and y = 90.89"). 

In this paper we would like to consider three crystallographic systems of Ti-Rh 
alloys: Cu,Au-, CsCI- and CuAuI-type structures. Some theoretical calculations were 
performed for similar systems earlier. Our previous calculations were devoted to the 
related Zr-Rh alloys [5 ] .  Using the self-consistent linear muffin-tin orbitals (LWO) 
method in the atomic sphere approximation (ASA) we have calculated the electronic 
structures for the three ahove-mentioned crystallographic structures. The electron- 
phonon coupling parameters A were estimated by comparing the theoretical coefficients 
yo, and experimental coefficients y of the electronic specific heat. Watson et a1 [6,7] 
using self-consistent scalar-relativistic linear-augmented Slater-type orbitals (LASTOS) 
calculated the heats of formation for ordered compounds of Ti, Zr and Hi alloyed with 
Tc, Re, Ru, Os, Rh, Ir, Pd and Pt. The calculations have been done for sets of special 
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k-points in reciprocal space. The number of k-points was more than enough to establish 
the total energy and sufficient to define the general features of the density of states but 
the number of k-points was not, in general, sufficient for an accurate determination of 
the density of states at the Fermi level. Folkerts and Haas [SI have studied the relation 
between the electronic structure of TiRh and the transition from the high-temperature 
cubic CsCl structure to the tetragonal structure at 845 "C. The calculations were per- 
formed using the augmented spherical wave (ASW) method. The tetragonal structure 
had a lower total energy than the cubic structure. The calculations were performed for 
the cubic and tetragonal CsCI-type structures although these structures are not exactly 
the structures existing at the low temperatures. In fact, the CsCI-type structure trans- 
forms into the tetragonal structure owing to martensitic transformation [2, 31, which 
distorts continuously into a monoclinic structure below 83 "C. The organization of this 
paper is as follows. In section 2 we briefly present some details of electronic structure 
calculations. Section 3 includes the results of band calculations: energy bands and 
densities of states. In section 4 we calculate the electron-phonon coupling parameter A 
and the transition temperatures to the superconducting phase for the two low-tem- 
perature structures CuAul and Cu,Au. Finally we summarize the results. 

2. Method of band calculations 

We have performed self-consistent electronic structure calculations for Ti-Rh ordered 
systems. Using the LMTO ASA method [9-111 the vonBarth-Hedin [12] exchange- 
correlation potential was used. The following initial configurations for the calculations 
of the atomic charge densities were used core + 3d34s' for titanium and core + 4d85s1 
for rhodium. The iterations were performed to self-consistency for the valence electrons 
only, and the core electrons were treated as frozen. Eigenvalues for all of the structures 
were calculated at 84 k-points in the irreducible wedge of the Brillouin zone and a step 
sizeof 1 mRydwasused tointegrate thedensityofstates(D0s). The tetrahedronmethod 
was used to evaluate the DOS [13,14]. The position of the Fermi level is calculated with 
respect to the muffin-tin zero potential Vm. In the LMTO ASA kinetic energy K* = 
E - V,, in the interstitial region is chosen to be equal to zero [9-11]. The Wigner- 
Seitz cell is replaced by a sphere with radius S. The radius of the sphere is determined 
by the condition 4nS3n/3 = V ,  where Vis  the volume of the Wigner-Seitz cell and n is 
the number of atoms in a primitive cell. The average sphere radii (the same for different 
types of atoms) for the systems have been obtained by minimizing the total energy in 
the paramagnetic phase. 

3. Results of band-structure calculations 

In this paper we shall consider cubic-type systems. The experimental data [3,4] show 
the existence of the cubic structure Cu3Au and tetragonal phases CsCl (./a > 1) and 
CuAuI (c/u < 1). Recently Folkerts and Haas [SI showed on the basis of the ASW method 
that the tetragonal CsCI-type structure had a lower energy, by about 0.04 eV/unit cell 
than thecubicstructure. Watsonetal[6] usingthe~nsTomethod havecalculated,among 
other things, the heats of formation for Ti-Rh systems.~ The calculations have shown 
that the heats of formation for the tetragonal CuAuI- and cubic CsCI-type structures are 
approximately equal. The CubicCuAuIstructure hada higher energy than the tetragonal 
structure. Our calculations have shown that the cubic CuAuI structure has a higher 
energy, by 0.4814 Ryd/formula unit, than the cubic CsCl structure. Of the three con- 
sidered systems the Cu,Au-type structure has the largest total energy per atom. The 
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Figure 1. The total and partial DOS and NOS for TiRh, alloy. The vertical line describes the 
Fermi level. 

Table 1. DOSS and NOSS at the Fermi level in TiRh, alloy and the bottom of bands for the 
particular angular momentum quantum numbers I (TiRh,, AuCu,-type structure; S = 
2.885 au: EF = -0.1040 Ryd). 

DOS (states Ryd-‘ /cell) NOS (electrons/cell) 

s P d Total s P d Total 

TiRh, 1.727 7.985 39.686 49.398 2.578 2.971 73.445 31.000 
Ti 0.904 0.8W 7.366 9.070 0.548 0.686 2.446 3.680 
3Rh 0.823 7.185 32.320 40.328 2.030 2.291 22.999 27.320 

Bottom of bands (Ryd) 

T i s  Tip T id  Rhs R h p  Rhd 

-0.649 -0.648 -0.640 -0.649 -0.649 -0.649 

charge transfer from rhodium to titanium and the DOS at Fermi level have the smallest 
values for the Cu3Au structure. The DOS for TiRh, is very similar to that obtained in our 
previous calculations for ZrRh, [5] (figure 1). The main contribution to the DOS at the 
Fermi level is from the d electrons of rhodium and this is presented in table 1, together 
with the number of states (NOS). The Fermi level is located on the slope of peak near a 
DOS valley for EF = -0.1040 Ryd. The band structure is presented in figure 2. The 
minimum of the total energy is obtained for S = 2.885 au which corresponds to a lattice 
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Figure 2. Dispersion curves along the high-symmetry directions for TiRh,. The broken line 
represents the Fermi level. 
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Figure3.The tolal and partial Dosand NOS forTiRhallopolCsCI-type struclure. The vertical 
line describes the Fermi level. 

constant equal to 3.9066 A. The experimental value is less than the theoretical value by 
about 2% 141. 

The shape of our DOS for the CsC1-type structure is very similar to that obtained by 
Folkerts and Haas [SI. The Fermi level is located at the same position on the left-hand 
slope of the part of DOS lying at higher energies. In this case the Fermi level is equal to 
-0.0524 Ryd (the DOS is given in figure 3 and the band structure in figure 4). The value 
of the radius S is 2.92au and is larger by about 0.4% than the experimental high- 
temperature value [3]. The radii obtained by Folkerts and Haas [SI are also close to our 
values and the difference is about 0.7 and 1% for the cubic and tetragonal structures, 
respectively. The value of the DOS at Fermi level is much smaller (table 2) in our case. 
The value obtained by Folkerts and Haas [8] is equal to 62.56 states Ryd-I/cell and our 
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Figure4. Dispersion curves along the high-symmetry directions for TiRh of cubic CsCI-type 
structure. The broken line represents the Fermi level. 

Table 2. DOSS and NOSS at the Fermi level in TiRh alloy for CsCI-type structure alloy and the 
bottom of bands for the particular angular momentum quantum numbenl(TiRh, CsCI-type 
structure; S = 2.920 au; EF = -0.0524 Ryd). 

DOS (states Ryd-l /cell) NOS (electrons/ceU) 

S P d Total s P d Total 

TiRh 1.724 3.928 34.253 39.905 1.310 1.494 10.196 13.000 
Ti 0.327 1.245 17.823 19.395 0 3 7  0.748 2.425 3.750 
Rh 1.397 2.683 16.430 20.510 0.733 0.746 7.771 9.250 

Bottom of bands (Ryd) 

Tis  Tip T id  Rhs Rhp Rhd 

-0.616 -0.615 -0.609 -0.616 -0.615 -0.611 

value of 39.905 states Ryd-'/cell is rather closer to the value of 43.52 states Ryd-'/cell 
that they obtained for the tetragonal CsCI-type structure [8].  It is not easy to explain the 
reason for the difference between the value obtained by Folkerts and Haas and our value 
for the DOS at the Fermi level. The paper by Folkerts and Haas does not include 
information on the number of k-points used in integration over the Brillouin zone. 
Looking at their DOS it seems that too small a number of k-points could be responsible 
for this difference. There are many small sharp peaks in the DOS and the Fermi level is 
located close to such a small peak. To support our results (for 84 k-points) we have 
examined the convergence problem in our calcu1ations.t The calculations for TiRh 
(CsCI structure) using 286 k-points in one forty-eighth of Brillouin zone gave similar 
results and finally AN(&) = 0.5 states Ryd-t/cell. 

In the case of the CuAuI-type structure the DOS is narrower and the peaks are much 
higher. The distance from the bottom of band to the Fermi level is smaller than for the 
CsCI-type structure. The DOS at the Feimi level is larger, N(EF) = 42.533 states Ryd-'/ 
formula unit, although it lies at the deepest point, EF = -0.1517 Ryd (a comparison of 
the Fermi energy position with the bottom of the bands is given in table 3, where other 
numerical values for this system are also included, the DOS shape is shown in figure 5 and 
the band structure is presented in figure 6). The radius of the Wigner-Seitz sphere in 
this structure is equal to 3.16 au. Usually the CuAuI-type structure is characterized by 
t The author is grateful to the referee for the suggestion that we should check the convergence problem. 
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Table 3. DOSS and NOSS at the Fermi level in TiRh alloy for CuAu-type structure alloy and 
the bottom of bands for the particular angular momentum quantum numbers 1 (TiRh, 
CuAul-typestructure;S= 3.16Oau; E p =  -0.1517Ryd). 

DOS (states Ryd-'/formula unit) NOS (electrons/formula unit) 
.. .~~ .~ .. 

S P d Total s P d Total 
._ - .  -. 

TiRh 5.237 3.578 33.718 42.533 1.867 0.6.85 10.448 13.000 
Ti 3.819 0.944 27.269 32.032 0.834 0.374 2.321 3.529 
Rh 1.418 2,634- 6.449 10.501 1.033 --OS3l1 8.127 9.471 

Bottom of bands (Ryd) 
.- . ,, 

"I, , .. ., , . . , , ,, 

Tis T i p  T id  Rhs R h p  Rhd  

-0.618 -0.617 -0.607 -0.618 -0.617 -0.607 

Flgure 5. The total and partial DOS and NOS for TiRh alloy of CuAuI-type structure. The 
vertical line describes the Fermi level. 

relatively high values of the DOS. For the related Zr-Rh alloys the DOS at the Fermi level 
in the CuAuI-type structure is about 23% larger than for the CsCl structure [SI. For 
Ti-Rh the difference is about 7% only. It could mean that the CuAuI-type structure for 
TiRh is more stable than the CuAuI-type structure for ZrRh compared with the CsCI- 
type structures. The probable change in symmetry from cubic to tetragonal, which is 
more stable at low temperatures, could reduce the total energy and the DOS at the 
Femii level of the system. In both cases (CsCl- and CuAuI-type structures), the main 

I 
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Figure 6. Dispersion curves along the high-symmetry directions for TiRh of cubic CuAuI- 
type structure. The broken line represents the Fermi level, 

contribution to the DOS at the Fermi level is from the d electrons. The DOSS are divided 
by the Fermi level into two regions. The titanium contribution lies above EF and the 
rhodium contribution below EF. 

The results of the band-structure calculations presented in this section will be the 
starting point for considering the superconducting properties of Ti-Rh alloys. 

4. Superconductivity 

Kuentzler and Waterstrat [2]  did not find superconductivity in the low-temperature 
Cu,Au- and CuAuI-type structures above 1.4 K. To calculate the superconducting 
transition temperature T,, first we shall consider the electron-phonon interaction. 
We base our discussion on the McMillan [15] formula in the generalized form for 
multicomponent compounds: 

N, 
1 Ni(Ef ) ( l z ) i  A=-Z 

Na i=l Mi(w2) 

where N, is the number of atoms in the unit cell; 
element calculated within the rigid muffin-tin approximation (FMTA) [16]: 

is mean square electron-ion matrix 

Mi is the ionic mass; (U') is the mean square phonon frequency defined by the electron- 
phonon cuZF(w) spectral function [15] 

( w z )  = I,'dw wc~'F(w)/jb? dw w-'(u2F(w). 

Ni(EF) is the total DOS on the ith ion at the Fermi level EF; N J " ( E F )  is the partial DOS on 
the ith ion for E = EF;  Mjf),, is partial electron-phonon matrix element [17] given by 
Mjf)+l = {[u")(Si) - EF]$ 

- (OF) - l ) (Df j l  + 1+2)}/~i[(JDl"/JE)(aDf~,/JE)]'/' (3) 
where V(n(S,) is the value of the potential at the Wigner-Seitz sphere radius Si and 
Of) is the logarithmic derivative of the wavefunction for the angular momentum quan- 
tum number 1 for E = EF. 

Equation (1) has a very convenient factorized form wiih electrons and phonons 
having independent contributions. The numerator, the electronic contribution, can be 
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Table 4. Mean square total and partial eledron-ion matrix elements and the McMiUan- 
Hopfield paramelen for the low-temperature ShUctureS CuAuI and C u d u  of TiRh and 
TiRh3, respectively. 

TiRh (CuAuI structure) TiRh, (Cu,Au structure) 

Ti Rh Ti Rh 
. .. . . . .. . . 

(12h ( 4  0.785 X 2.101 X 2.4W X lo-' 2.074 X lo-* 
(au) 1.699 x 10,599 X lo-$ 4.m X lo-' 2.823 X lo-' 

U2)mtdau) 2.484 x 12.700 X 2.881 X 10" 3.031 X lo-' 
q (Ryd au-') 3.978 x IO-' 6.668 X IO-' 2.553 X IO-, 1.223 X IO-' 
7 ( e v  A"?) 1,926 x IO-* 3.27.9 X 1.7.36 X lo-' 5.920 X IO-' 

TableS. Thephononcharacteristicse,. w,.,and(m')'"and theelectron-electron interaction 
constant p * .  

TiRh TiRh, 
(CuAuI structure) (AuCu,suucture) 

OD (K) 383.0 526.0 
( w z ) i L  = 0.5600 (K) 218.3 299.8 

0% = 0.87(m2)% (K) 189.9 260.8 
7.36.6 324.9 

v' ( a 4  0.073 0.081 

( w ? ) : : ~  = 0.710D (K) 271.9 373.5 

"1 - - 0.87(mZ)$, (K) 

expressedsimply by parametersfrom t h e ~ ~ ~ o ~ s ~ f o r m a l i s m  [9,10,17]. The electronic 
contributions of Ti and Rh, the McMillan-Hopfield parameter v i  = Ni(EF)(r?)i as well 
as the partial contributions (12){:]+t - (Mf)+I)2 (see expression under summation in 
equation (2)) are collected together in table 4. 

In the case of the phonon contribution (the denominatorof equation (1)) thesituation 
is more complicated. We have no information from experiment or theory on the phonon 
spectra. One can try to estimate (wz) from the Debye temperature measurements [a]. 
The problem is that OD, even if obtained accurately, is not a good measure of typical 
phonon frequencies, but only of the very lowest ones. Pa aconstantopoulos et ai [U] 

scattering with OD, we find that the ratio vanes 1191 from 0.57 to 0.71 for pure metals. 
That is why our calculated values of A are given as values in the range (Amin, Amax). The 
mean phonon frequencies were estimated from the Debye temperatures obtained by 
Kuentzler and Waterstrat [2] (table 5). The values of A are as follows: Amin = 0.108 and 
A,, = 0.168 for TiRh and, for TiRh3, Amin = 0.168 and Amax = 0.260. 

Using the value of the parameter A ,  one can calculate the temperature of transition 
to the superconductivity based on the well known McMillan formula 

(4) 
where the electron-electron interaction constant p *  can be calculated using the 
formula of Bennemann and Garland [20] (table S), and C, is the multiplication factor: 
Ct = OD/1.45 [14], C2 = (wZ)1n/1.2 [20], C3 = w,,$1.2 [21] and 

assumed that (w2)  = to',. Thus, when we compare (w P )'Iz obtained from neutron 

T,  = C, exp{ - 1.04(1+ A)/[A - p*(1+ 0.62n)J) (i = 1 , 2 , 3 )  

calculated from wlop = 0 . 8 1 ( ~ ~ ) " ~  as suggested by Buttler [19]. The values of wlog are 
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Table 6. The superconducting transition temperatures T, for different factors used in 
equation (4) and for the extremal values Ambo and h,,, of electron-phonon coupling 
parameters, as well as for the experimental Aus, calculated for the TiRh, system. 

TiRh, (AuCu, structure) 

hm," = 0.168 Am- = 0.260 A,,, = 0.329 

(uJ*)!?~ ( K )  48.16 x 0.0929 0.528 
(w2)bk (K) 59.14 x 0.1158 0.658 
OS: (K) 41.90 X o.oaoa 0.460 

(K) 52.19 x 0.1007 0.573 
(K) 68.92 x 0.1349 0.926 

given in table 5. The three above-mentioned factors have very similar values if we 
know the phonon spectrum from experiment or theory. Unfortunately we can use the 
approximate values only; so the results are different for distinct factors. Table 6contains 
the values of T, based on equation (4) for different factors Cj and the extremal electron- 
phonon coupling parameters Amln and Amax and also for &estimated from experimental 
data. 

In the case of TiRh, T, is very small, even for A,, where T, = 0.5 x 10'6K. The 
small value of T, may change when we consider the tetragonal CuAuI-type structure. 
For TiRh, T, = 0.5 X K for Amin and T, = 0.1 K for A-, The exact values are 
presented in table 6. We see that the highest T, are much smaller than 1 K, which is 
consistent with experiment [2] because the superconducting phase was not observed 
above 1.4 K. The electron-phonon coupling is very weak in these systems. The values 
of A and T, should be treated as approximate, especially because of the uncertainty of 
the phonon data. It is interesting to compare the values of A calculated directly from 
the band structure and estimated from experiment. The experimental specific heat 
coefficient y for TiRh, is equal to 11.4m.l mol-' K-' [2]. Our calculated value 
yo = SnZk~N(E,)isequalto8.576m3mol-'K-'.Usingtheexpressiony = yo(l +A,,), 
one can obtain Lex,, = 0.329. Then Tc(AFx,) = 0.46-0.926K, depending on the factor 
used in equation (4) (see table 6). Aerp IS larger than Am= by about 25%. We should 
not forget that her, does not include the electron-phonon interaction only. The main 
contribution to Acxp is from electron-phonon coupling but the above expression for y is 
more general. In the experiment, Lex, is an effective value which includes the influence 
of other phenomena which are able to enlarge the effective electronic mass such as spin 
Euctuations. The superconducting transition temperature is a rapidly varying function 
of the parameter A ,  especially in the range of small values of A, That is why the A,,,-value 
obtained from specific heat measurement gives a T, about six to seven times larger than 
for Amax = 0.260 but even the highest T,-value of 0.926 K is still below the limit of 1.4 K 
from the experiment of Kuentzler and Waterstrat [2]. 

5. Conclusions 

In this paper the electronic and superconducting properties of ordered Ti-Rh alloys 
were considered. For simplicity we have performed calculations for the three cubic 
structures: Cu3Au, CsCl and CuAuI. The LMTO ASA method was used for band calcu- 
lations. We have obtained band structures along high-symmetry directions and the DOS. 
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The DOS for our systems have similar shapes to those for the related Zr-Rh alloys [5]. 
Using the RMTA we have calculated the electron-phonon coupling parameters for the 
two low-temperature structures: Cu,Au and CuAuI. The maximal values for I were 
0.168and0.260forTiRh(CuAuIstructure)andTiRh3(AuCu,structure), respectively. 
The low values of A gave low values of the superconducting transition temperatures T,. 
For T i m 3  the prediction was T, = 1 K, which was not inconsistent with experiment [2]. 
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