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J. Phys.: Condens. Matter 4 (1992) 7441-7450. Printed in the UK 

Annealing samples of the superconducting compound Nb,Au 
with thermally induced disorder 

D M R Lo Cascio, P I heff and H Bakker 
Van der Waals-Zeeman Lilnratorium der Llnivenitrit van Amsterdam. Valckenientraal 
65, NL1018 XE Anisterdam. The Netherlands 

Received 18 May 1992 

AbstmcL Tb investigate the kinetics of recovery of anti-site disorder in the AIS compound 
mAu, isochronal and isothermal annealing procedures at intermediate temperatures 
@tween 833 and 1043 K) were performed on grains quenched from 1355(1) K. From 
these experiments, the vacancy migration enthalpy and iU pre-exponential tactor were 
determined as 0.39 eV and 2.7 x ill2 s, respectively. rile atomic-migmtion enthalpy and 
its preexponential hctor were found to lx 1.43 eV and i.1 x I 0-2 s, respectively. Thae 
values will k compared with data for the AIS compound VsGa, and for Ca3RhnSnls 
whicli is a superconductor with an A15 substructure, and with data on ballmilled Nh3Au. 

1. Introduction 

Nb,Au is a superconducting compound with an A15 structure. The Au atoms are 
situated on the corners and in the centre of the unit cell, and the Nb atoms form 
linear chains. In a previous paper [ l ]  the strong dependence of the superconducting 
transition temperature, Tc, on the degree of atomic order has been described for 
Nb,Au. We assumed that the atomic disorder consists mainly of anti-site defects, i.e. 
Nb atoms are substituted from the chains on the Au sublattice and Au atoms on the 
Nb sublattice. The degradation of Tc, due to quenching from high temperatures, was 
demonstrated to be caused by the atomic disorder that exists at high temperature and 
which is frozen in by rapid quenching W mom temperature. The degree of atomic 
disorder increases with increasing quenching temperature, which will result in a lower 
superconducting transition temperature. An Arrhenius type of relation between the 
superconducting transition temperature and the quenching temperature was derived 
[l-31. From this relation the values for the disordering energy of 1.72(6) eV was 
obtained for the anti-site disorder [l] .  

In this article the kinetics of the anti-site defects in Nh,Au during annealing 
at intermediate temperature are investigated. The analyses of the isotherms are 
performed with the aid of the equation derived in [4, 51. The kinetics of the'reordering 
process in quenched material is compared to that in hall-milled material. 

2. Theory 

The derivation of the equation to analyse the isothermal annealing experiments by 
( 4 , q  was based on the assumption that only the anti-site defects have influence on .T, 
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and that jumping from one sublattice to the other takes place by the usual 'vacancy 
mechanism'. The dependence of T, on the vacancy concentration has been neglected 
sincc the concentration of vacancies is approximatcly two magnitudes smaller than 
the concentration of anti-site defects. 

During the quench the equilibrium concentration of anti-site defects at the 
quenching temperature as well as the equilibrium concentration of thermal vacancies 
at the quenching temperature are frozcn in. Suhsequently the samples are annealed. 
The quenched-in concentrations are higher than the equilibrium concentrations at 
the lower annealing temperature. This leads to two stagcs in the recovely process. 
In the first stage, during which the excess of thermal vacancies are annealed out, the 
restoration is very fast due to the relatively large m o u n t  ofvawncies, which enhances 
the atomic jump rate. The second stage, whcre there is only an excess of anti-site 
defects, starts when the excess of vacancies has disappeared. The annihilation rate of 
the anti-site defects is now equal to the equilibrium rate. 

The temperature dependence of the diffusion rate of thcrmal vacancies will de- 
termine the rate at which the excess vacancies will disappear during the anneal at 
low temperatures. With U; the pre-exponential factor containing the entropy for 
vacancy migration, /I?", the corresponding enthalpy, k thc Boltzmann factor and T, 
the annealing temperature, thc tcmpcraturc dependence of the difusivity is given by 

The excess of thermal vacancies in the first stage of the anneal will annihilate at grain 
boundaries and defects. The decrease to zero of these extra thermal vacancies during 
the anneal will be exponential following 

A c ' ( f )  = c"( t ) - -C"( t  =CO)  = Ac"(t =O)c .xp( - - t / r" )  (2) 

with c v ( t  = CO) the equilibrium thermal-vacancy concentration at the annealing 
temperature, Ac'( f  = 0)  the initial excess of vacancies. 1 the annealing time and Y" 

the relawation time for the excess vacancy. 
The decrease of excess anti-site defects, A<:; = &;( 1 = 00) - cg( t ) ,  due to 

annealing was assumed to be a first-order process following 

Here P ( f )  is the characteristic relaxation time of the anti-site dcfects. This will 
result in an exponential decrease of the excess anti-site defect% For atomic jumping, 
vacancies are needed and due to the decreasing vacancy concentration, ra(d) is a 
function of time by itself. Since the atomic diffusion coefficient is proportional to the 
vacancy content, ra will he proportional to the receiprocal concentration. This leads 
to 

r " ( t = m ) / r " ( t )  =c'(t)/c'(t = m )  (4) 

with fa(f  = CO) the equilibrium relaxation time for anti-site defects which will be 
obtained when the excess of thermal vacancies has been annealed out. Further c ' ( f )  
is the concentration of vacancies after a time 1 of annealing and c"(t = 00) the 
equilibrium vacancy concenlration attained after an infinitely long annealing. Alter 
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substituting equation (4) into equation (2)  and further equation (2) into equation (3) 
we get after some algebra the solution of equation (3): 

In [SI the concentration of anti-site defects was taken to he proportional to the 
degradation of T, for small concentrations of anri-site defects. This resulted in the 
equation 

with T,(t = 00) the equilibrium transition temperature alter annealing for an in- 
finitely long time at the annealing temperature and T,(t = 0 )  the transition tempera- 
ture before annealing, thus immediately after quenching. 

Fahnle [6] found, on the basis of theoretical and empirical considerations, the 
relation between the long-range order parameter and the superconducting transition 
temperature. The relation appeared to he universal Cor all A15 Nb compounds. 

This equation derived by Fahnle was 

Tc(s)/TCmax = 0.17 4- 0.8:3ex])[-7.78(  1 - s) ]  <!; = ( I  - s) /4  (7) 

where s is the long-range order parameter, and T,,,,,, = T,(s = '1) the transition 
temperature for the completely ordered compound. In fact the former assumption 
(equation (6)) AT, o( (1 - s)  corresponds to the first term of the Thylor expansion 
of equation (7). We derived with the aid of equation (7) a more general form than 
equation (6). 

From equation (7) we get for the following relation between c$ and T,: 

Using this relation we get for the left-hand side of equation (5): 

(9) 

In figure 1 equation (8) is given as a function of T,. The approximation used in 
equation (6) is a fit to a straight line of AT, = T,(t = m) - T,(t = 0) around 
T,(t = 0)  -t 0.5 AT,. 

To analyse the experimental results and to Rt the data, the right-hand sides of 
equations (5) and (9) will he used. In figure 2 an isothermal annealing plot is 
presented. The slope of the tail of the recovery curve gives I /T ' .  The time after 
which the recovery process passes from stage 1 to stage 2 is r". The intersection of 
the extrapolation of the tail of the curve with the vertical axis is given by 

- r a A c ' ( t  = O)/ r"c" ( t  = CO) .  (10) 
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Figure 1. n e  relation between T, and rg :IS dercrihed in equation (8) 

Figure 2. An isoihemal annealing plor for M~JAu. 

From the temperature dependence of rn and T" we get the activation enthalpies 
for the anti-site defect annihilation process and the vacamy migration, respectively, 
together with their pre-exponential factors. 

In principle, the formation enthalpy for vacancies can be calculated from the 
values for ( T ' A c " ( ~  = O ) ) / ( T " r " ( I  = cc)). During the time it takes to bring 
the sample to the annealing temperature, already some of the excess vacancies are 
annealed out. The annihilation and migration rates are temperature-dependent quan- 
tities and will thus vary during this heating time. The heating time is different for 
each annealing temperature, which results in different starting points. This has a 
large influence on the value for the intersection with the vertical axis as a function of 
annealing temperature. The part of the Curve  which givcs  ra js almost unaffected by 
this problem. For T" this could implement an extra error. 

3. Ekperimental procedure 

The Nb,Au compound was prepared by arcmelting Nb and Au (both with a purity 
better than 99.5%) together in the 3 to 1 composition. X-ray diffraction showed a 
pure A15 diffraction pattern with a lattice parameter of 5.2037(2) 8, After annealing 
the sample for 20 hours at 1043(1) K, the superconducting transition temperature 
became 11.39 K A special quenching device, called HIPOQ [7], was used to quench 
the sample from high temperature into water. The quenching rate is estimated 
to he 5 x 10" K s-'. ?b ensure fast quenching, a powdcred sample with powder 
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diameters between 0.21 mm and 0.48 mm was used. After annealing at 1355(1) K 
in the HIPOQ, long enough to obtain thermodynamic equilibrium, the sample was 
quenched into water. The onset T, of the samples after quenching is 9.588(5) K 

After the quench isochronal and isothermal anneals were performed, all on grains 
from one single batch quenched from I355(l) K. To prevent compositional wria- 
tions and a difference in heat treatment between various grains, the grains were all 
quenched together. After quenching, the powder was divided into several portions, 
wrapped in tantalum foil and encapsulated in quartz tuhes, which were evacuated 
and subsequently filled with 0.1 atm pure argon before sealing. The annealing took 
place in 'Empress diffusion furnaces, in which the temperature could he controlled 
to within 1 K and kept constant to within 0.1 K over a distance of about 50 cm. 

The superconducting transition temperature was determined by AC susceptibility 
measurements. The superconducting transition temperature T, was taken as the 
temperature where the susceptibility becomes 'zero', the so-calIed onset T,. It was 
checked for different measuring fields that there was negligible dependence of T, on 
the value of the small measuring field. 

4. Experimental results 

In figure 3 we present the AC susceptibility versus temperature for the Nb,Au 
quenched from 1355 K (curve a) for the material annealed at 966 K, after quenching 
for 3 days (curve b) and annealed for 21 days at the same temperature (curve c). 

~~~~~~~ D L 0 . 4  

Y m 
x 0.2 

0.0 
4 5 6 7 E 9 1 0 ' 1 1  12 

7 I K I  
Figure 3. AC susceptibility C U N ~ S  for (8) quenched NhAu, (b) N h A u  annealed a l  966 K 
for 3 days and (c) annealed for 21 day% at 966 K. 

From the isochronal plot shown in figure 4 we see that after 20 hours of annealing 
at 1040 K the recovely of T, (11.39 K) is almost complete. From previously performed 
quenching experiments on samples from the Sitme batch, the maximum value for the 
superconducting transition temperature T,,,,,, was found to be 11.75(2) K 111. 

In figure 5 the isothermal annealing plot is given for the three lower annealing 
temperatures (874, 903 and 931 K), and in figure 6 the plot for the other three, 
higher, annealing temperatures (946, 956 and 1006 K). The lines in these plots are 
the fits of the experimental data to equation (5). From these fits we get the values for 
the parameters T", T" and ( T ~ A C " ( ~  = O ) ) / ( ~ " c " ( t  = CO)) versus the annealing 
temperature T,. These values are shown in tahle 1 for various values of 7',. 
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Figure 4. T i e  isochrunal annealing plol for NbrAu simples quenched from 1355(l) K 
and annealed tor 20 l m ~ r s  a1 diRmnt trmprraturrs. 
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Flgurc 5. Tic isolhemiiil annealing plot lor Nb3Au snmplcs quencbcd from 13S5(1) K 
and annealed a1 814. 903 and 931 K 
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Figure 6. llle isolliermai annealing plot for NhlAu mnples quenclied from l3SS(I) K 
and annealed at 946. 966 and IO06 K. 

The relationship between the relaxation time and temperatiire is given by equation 
(l), with D' the relaxation time and /I .;:  the enthalpy belonging to the process. If 
we plot the logarithm of ra or T "  vcrsus thc rcciprocd annealing temperature we 
should get a straight line. The slope of these lines givcs the enthalpy for the anti-site 
defect annihilation and the enthalpy for vacancy migration respectively. 
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Table 1. Tie mlues for T * ,  T" and ( T ~  Ac"(l = u) ) / ( r"c"( t  = m)) versus annealing 
temperature for NbsAu. 

874 12.22 x 106 12.07 x 104 0.248 

mi 3 . ~ 0 2  x 106 10 .78  x 104 n . ~ 9  

sa 1.925 x 106 8 . 2 6 ~  x 104  1.m 

903 4.640 x 10' 0.418 x IO' 0.324 

946 2.878 x 10' 8.383 x IO4 0.527 

1036 1 . 1 1 4 x  10' 5 .244  x I O 4  IS41 

The logarithm of the values for T~ versus the reciprocal annealing temperature is 
given in figure 7. From the slope, an anti-site annihilation enthalpy ha of 1.31(6) eV 
is found. The pre-exponential factor is 0.3(4) S. In figure 7 this fit is represented by 
the straight line. 

Figure I .  n e  Arrlicnius plot for llir lognril lm of r' versus reciproml anneal temperature 
T, lor NbJAu. From llir slope, I,' is oblilined. 

Figure 8 gives the Arrhenius curve for 7". From this plot we get Cor the vacancy 
migration enthalpy Ayv a value of 0.54(6) eV together with a pre-exponential factor of 
1.8(4) x loz s. The straight line in figure S is again the fit to the measured data. We 
now will compare the results on Nb,Au with previous measurements on Ca,Rh,Sn,, 
performed by Westerveld er a! [3] and measurements ,on the AIS compound V3Ga 
performed by Van Winkel el a1 141. Ca,Rh,Sn,, is a ternary superconductor with an 
A15 substructure. To compare the results with the annealing measuremen6 on V3Ga, 
the results on V,Ga must be reanalysed. 

Van Winkel et ai only calculated the anti-site defect annihilation enthalpy ha from 
the obtained data. From the data for T" (see table 2) as a function of temperature, a 
vacancy migration energy of 1.42(7) eV can be found together with a pre-exponential 
factor of 5.0(46) x s. The Arrhenius plot for T" versus Ta is shown in figure 9. 

lb calculate ( r a A c v ( t  = O))/(r"c'(t = m))  iiom the data found for V3Ga we 
use the equation 

T ' [ C ' ( t  = 0) - c"(t = co)]/r"c'(t  =eo) = [acV(t = 0) - I / T " ] T "  

a = ( ~ ~ / c " ) e ~ l ) ( - / ~ ~ " / ~ ~ ~ )  = P / c "  

(11) 

(12) 

with a given by 
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FLgure 8 The Arrlienius plot lor the logarithm of 7" VCISUS reciprocal anneal temperature 
T, for NbaAu. From the slope. / r ; l  is obtained. 

>- ~ ~ : ~ _ _  9.5 

c 

5 9.0 

8.5  
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1.08 1.13 1.18 1 . 2 3  

Figure 9. nie Arrlienius plot for the lng.iritlim ot 7" velsus recipmcal anneal temperature 
T, [or V3Ga. From the slope, /I:: is ohlnined. 

a b l e  2 rile M I U ~  for rli, T " ,  w , ( i  = 0) atid ( +  A r " ( t  = o ) ) / ( + " c " ( t  = CO)) 
M~SUS annealing temperature tor VsGa from 141. 

. .  . 
833 3 .70  x 10' 2111) x 10% 10.2 x IO' 0.15 
853 18.5 X 10' 11.0(4) X I O 3  3 .32  x IO' 0.28 

894 6.67 x 10' l i ( 2 )  x 10% 1.74 x lo' 0.15 
9o8 3.04 x IO' 1 x 103 5.54 x I U S  0.62 

873 10.8 x 10' i x 1u3 1.50 x 10' 0.40 

with D" the temperature dependence of the vacancy diffusivity as given by equation 
(1). The values for l / ( a c " ( t  = 0)) found by Van Winkel [J] are shown in column 4 
of table 2 In column 5 of table 2 the values for ( r R A c Y ( t  = O ) ) / ( r v c " ( l  = CO)), 

calculated with the aid of equation (11) using data from [4] are shown. 
In table 3 the values for the disordering enthalpy and the ordering activation 

enthalpy are given for Nb,Au, V,Ga and Ca,Rh,Sn,,. The values of 2 W  were dis- 
cussed in a previous article [3]. The value of h" turns out to be lower for Nb,Au than 
for the other compounds. This B a somewhat unexpected result, because diffusion 
activation enthalpies usually s a l e  roughly with melting temperatures. There is, how- 
ever, a difference between Nb,Au and V,Ga. The components of Nb,Au are both 
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transition metals, whereas V,Ga consists of a transition metal and a non-transition 
metal. The atomic size difference between Nb and Au is also considerably smaller 
than between V and Ga. But what the consequences of these facts are on the kinetics 
in these compounds is not n priori clear. 

Table 3. n e  values for the anli-site defect creation entlialpy (ZW), anti-site defecl 
annihilation enthalpy (h"). pre-exponential factor (T; ) ,  vacawy migntion enthalpy (h;",) 
and pre-exponential factor (Di) for three different compounds. 

2 W (ev) 1.72(5) I.23(6) 1.17(4) 

1.31(6) ZlS(7) 2. Id( 10) 
8.O(4U) x l o - '  3.6(3:3) x IO@ 9.8(17) x 

h* (ev)  
To" (s) 

"?" (e") 0.50 1.42 0.89 
DO' (4 1.8 x 102 5 .0  x 10-5 1 . 3  x 10-3 

From the scatter of the measuring points in figures 8 and 9 it is clear that not 
too much meaning can be attached to the wliies of 11;: obtained. The value of hFv 
Seems to be lower for Nb,Au than for V,Ga. 

i 
3000 

t ($03 SI 

Flgurc 10. m e  isolliermal nnnealing plol for lull-millet! Nlia Au ,%mples annealed at 
898, 923, 948 and 573 K. Data Iy Lorff 181. 

Table 4 'The values for r' Venus annealing lumpemlure for annealing of ball-milled 
Nb3Au oblained from data Iy Lorff [SI, 

898 6.14 x 106 
923 8.26 x 106 

973 1.45 x IOG 
948 1.45 x IO6 

An important motivation for the present investigation was a comparison of the 
reordering kinetics of quenched and ball-milled materials. We h o w  now that both 



7450 D M R Lo Cnscio cl nl 

Figure 11. nre Arrhenius plor for the logarithm of T* versus reciprocal anneal tempera- 
ture T, Cor NbaAu, obrained from data Iy Loen [SI. 

techniques lead to atomic disordering of the compound. However, the T, degra- 
dation due to ball-milling is more Severe than alter quenching. Loeff [SI used a 
measurement of the decrease of the superconducting transition temperature due to 
anti-site disorder to monitor the disordering process induced by mechanical attrition. 
After ball-milling Nb,Au for approximately 12 hours, thc superconducting transition 
temperature decreased to values of 5.5 or 5.6 K for two different hatches. Also 
the recovery of these samplcs was studied by Leo# [SI at four different annealing 
temperatures: 898, 923, 948 and 973 K. Since the amount of disorder introduced by 
ball-milling is large, for an analysis we had to use equation (9). Using this equation 
it was possible to make reasonable fits to the data of Loeff [SI (sec figure 10). Again, 
we do not attach too much meaning to the results ohtaincd from the first part of the 
curves. The values (table 4), obtained from the second part of the curves, are 
plotted in figure 11 as a function of reciprocal temperature. Although the number of 
measuring points is small and the scatter is onsidcrable, we made a straight-line fit 
as given in figure 11. In this way we obtained a value for the activation enthalpy for 
the reordering process of 1.61 eV, which is in reasonahlc agrecment with the value 
of 1.31 eV, measured on quenched samples. This indicates once more that for longer 
times, when the first annealing process is complete, we have to deal with the same 
process of reordering hy an equilibrium concentration of vacancies. 
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