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Abstract 

The influence of thermal treatment on the superconducting properties of the quaternary compound HoNi~B2C and its 
correlation to the volume of the unit cell is investigated by X-ray diffractometry and ac-susceptibility measurements. Our 
results reveal that the annealing process carried out on arc-melted intermetallic samples of HoNi:B2C strongly influences the 
interplay between superconductivity and magnetism in this compound. The re-entrant behaviour, observed for polycrystalline 
HoNi:B~C samples annealed at 1100°C for 4 days, can be transformed into pure-superconducting behaviour by subsequent 
annealing at 800°C for 10 days and vice versa. The results can be explained by mutual substitution of atoms on lattice sites 
which varies Ihe degree of the long-range crystallographic order. Partially irreversible behaviour can be attributed to the 
formation of vacancies on lattice sites. © 1997 Elsevier Science S.A. 
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I. Introduction 

The quaternary intermetalUc compounds RNi~B~C 
{R ~ Tin, Er, Ho and Dy) show interplay between 
superconductivity and magnetism. While to.existence 
between superconductivity and anti-ferromagnetic 
order is observed for the compounds with R ,~ Tin, Er 
and Dy [I-5], re-entrant behaviour occurs for 
HoNi,B~C [2,6]. After a transition into the supercon- 
ducting state at around 7~8 K, the HoNi,~B~C system 
undergoes a partially re-entrant transition to the nor- 
real state at approximately 6 K due to a pairbreaking 
modulated magnetic structure [7,8]. At 5 K supercon- 
ductivity is regained and co-exists with commensurate 
anti4erromagnetic order at lower temperatures. 

A further peculiarity of this compound is the fact 
that the superconductin~ behaviour of HoNi~B2C is 
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strongly sample dependent. For flux-grown single 
crystals only an ordinary superconducting transition 
has been observed in zero magnetic field [10=o12] 
while tor polycrystailine samples the described re- 
entrant behaviour occurs [2,6,0]. This can be under° 
stood from the existence of a homogeneity range of 
HoNi:BaC, where the physical properties vary as a 
function of phase composition meaning the chemical 
composition of the HoNi:B:C phase. In a detailed 
study of this homogeneity range, we were able to 
show that different low temperature behaviour occurs 
in dependence on phase composition: re.entrant be° 
haviour, co-existence between superconductivity and 
magnetism, and non-superconducting, magnetic be- 
haviour [13,14]. These three 'HoNi2B~C states' are 
transformed into each other mainly by substitution 
effects dt a to changing phase composition. In order 
to shed more light on the occurrence of the different 
kinds of low.temperature behaviour, we carried out a 
study of the influence of the thermal treatment on the 
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suI~rconducting behaviour of the phase HoNi2B2C 
~'or ~mples with equal phase composition. 

2. ~perimental 

The .samples were prepared from the elements in 
an arc-melting furnace under argon atmosphere. For 
thermal treatment, the samples were ~aled in quartz 
capsules under 30 kPa Argon and annealed at differ- 
ent temperatures in a muffel furnace. Details of the 
annealing proce~ will be di~ussed in the next sec- 
tion. All ~mp!es were characterized by X-ray powder 
diffraction patterns taken on a Seifert XRD 3000 P 
~ ¢ ~ r  diffractometer equip~d with secondary 
monochromator (CuKa radiation). The lattice 
parameters were refined with the method of least 
~uares using Si as internal standard. The supercon- 
du~ing ~haviour was determined by ac-su~eptibility 
measurements at 18 Hz with an at-amplitude of 1 Oe. 

3. Kesults and discussion 

The rea~n for carrying out thermal treatment on a 
~mp!e prepared by arc.melting, is to establish a 
therm~namic equilibrium state to get single phase 
~mples at the annealing temperature and to tune the 
degree of long range ¢ryst;dlographic order (LRO). 
The degree of LRO is defined by the occupation of 
atomic positions, In a sample with a high degree of 
LEO, mo~t atomic po~ition~ are occupied according 
to the chemical structure formula, In contra:~t, a sam° 
pie with a I ~  degree of LRO ~how~ rather t~ st~ti~lio 
¢~1 distribution of the atom~ on the respective sites. 
An arc=melted sample prior to annealing exhibits a 
high ~mount of disorder, so that thermal treatment is 
necessa~ to establish an ordered state. 

First, we determined the annealing teml~rature 
which is nece~ary to get single=phase samples in a 

t . : • 

~ 04"  • ~ ~ ' 

oOoO 

"08 ,% ® 

=~0 ~ ~ ~ ~ , ~  

...... • ~10~  ~ =1~10~0 -r 

4 5 6 7 fl 9 to 

r (K) 

F~, I, D~[~n~n,cc o~f the real part of the ac~u~eptibility on the 
~n~alim,g t, em~ta tu~  for different pieces of a sample with n omi, 

,~ 130.30 
t • 0 

• ~ 3 0  . -  ...................... ~ 130.26 

25 ......... ' 130.26 
t't:l ....... e '  
t,.- .--,,.=, 
cx. 20 , 130.24 

E 15 ' ~ o 130.22 .-.< 

E " ......... = 130.20 ~ 

o \ \ -  130.18 
'~ 5 T _.._---- 0 e \  

i ............................ ! 13016 0 

,a: 0 130.14 
_ ~ t  , t . | , i , I = 

0 200 400 600 800 1000 
T o 

a n n e a l i n g  ( C )  

Fig. 2. Annealing temperature dependence of the amount of impu- 
rity pha~ (@) and of 'he volume V of the unit cell (O) for 
different pieces of a san)pie will) nominal composition 
l |oNil ~ Bz,u~C. 

reasonable period of time. The real part of the ac-sus- 
ceptibility for different pieces of a sample with nomi- 
nal composition HoNi,,jsB2.,sC, which were either in 
an as-cast state or annealed at 650°C, 95&C or 1100°C 
for 10 days, is shown in Fig. I. For the as-cast piece of 
the sample and the pieces annealed at 650°C and 
950°C no superconductivity is observed, while re-en- 
trant behaviour occurs for the piece annealed at 
1 I{R)°C. 

The amount of impurity phase (HoB~C~) present ill 
the as~cast piece of the sample likely due to a thermo- 
dynamic nomequilibrium is approximately 30 vol% as 
estimated from integrated X°ray intensities. The 
volume fraction of the impurity phase decreases with 
growing annealil~g temperature, as can be seen in Fig, 
2. The piece of the sample which shows superconduc° 
tivily after annealing is essentially single-pha~, indi- 
cating the pre~nce of a thermodynamic equilibrium 
state. The volume of the unit cell, which is al~.~ shown 
in Fig. 2, increases in a non-linear fashion as a func- 
tion of the annealing tem~rature. 

Although the pha~ fraction of HoNi,B:C is larger 
than 70 vol% in all investigated ~mples, which were 
annealed at temperatures lower than I I00°C, no 
su~rconductivity is observed. Fk~r all these non-su- 
perconducting piece,s of the ~mple, the volume V of 
the unit cell is smaller than 130.21 A~. This is in very 
good agreement with our previous measurements on 
HoNi:B:C samples with varying phase composition, 
all annealed at I!~)"C where the Iow-temt~rature 
I~haviour coaid be correlated to the volume of the 
unit cell [13]. Non.sui~tconducting behaviour w~.:~ 
ob~rved for V < i30,2 ~A 3, pure°su~rconducting be= 
haviour for V> i~,3 A :a, and re-entrain behaviour 
for 130.2 A :~ < V < 130.3 ~ .  in the following, only 
results on single phase samples are considered. 

Since any heat treatmem for 10 days at tempera° 
lures below 1100~C is not sufficient to establish a 
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thermodvnamic equilibrium state in the sample, the 
following, modified annealing procedure was carried 
out. In the first step, a single-phase HoNi2B2C sam- 
ple, showing re-entrant behaviour at low tempera- 
tures, was produced by arc-melting and annealing at 
11O0°C for 10 days (see ac-susceptibility data in Fig. 
3). After determining its superconducting properties 
the same sample was annealed again at 800°C and the 
superconducting properties were re-determined. This 
process was repeated at temperatures of 950°C and 
1100°C. As can be seen in Fig. 3, re-entrant behaviour 
has vanished after post-annealing at 800°C and the 
sample is purely superconducting, while the transition 
temperature T~. is shifted about 1 K to higher temper- 
atures. With further thermal treatment at 950°C, 7 .̀ 
decreases again, but the sample remains supercon- 
ducting. A fourth annealing process at 1100°C causes 
a re-entrant maximum to form again at approximately 
5 K. The re-entrant maximum after post-annealing 
the sample at 1100°C for 20 days has only about 50% 
of the starting value, showing that the described 
procedure is not totally reversible. T,. is higher than 
the initial value. The investigated sample was single- 
phase at all steps of the annealing procedure and only 
a ver~ small change of the volume of the unit cell of 
0.02 A "~ is observed. This is indicative of the effects of 
LRO, which have been shown by FILikiger and Jorda 
to be of crucial importance in AI5 compounds [15]. 
Unfi~rtunately, the occupation of the B and C sites is 
difficult to establish from X-ray patterns. The obser- 
vation that the re=entrant maximum increases with 
decreasing transition temperature conlirms thai the 
interplay he~ween superconductivity and magnetism 
hi the RNi2B~C series and especially in HoNi~B2C is 
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Fig° 3° Low tcm~ratur¢ bchaviour of the real part of the ac=sus= 
ccptibility G~r a san)pie with nominal composition HoNi=~B~CI i 
after several annealing steps at difl~rent temperatures. 

strongly influenced by the value of the ratio of the 
magnetic to the superconducting transition tempera- 
ture T ~ / T  c, which was determined by the investiga- 
tion of Co-doped borocarbide compounds [16]. 

In summary, we have demonstrated that it is possi- 
ble to transform re-entrant behaviour into pure- 
superconducting behaviour and vice versa by variation 
of the thermal treatment. This can be explained un- 
der the assumption that the shape of the boundary of 
the homogeneity range of HoNi2B2C is temperature 
dependent. Therefore, it might be possible that the 
variation of the annealing temperature causes a mu- 
tual substitution of atoms on lattice sites (e.g. boron 
and carbon) and consequently a change of the LRO 
without changing the phase composition. The de- 
crease of 7,. with increasing annealing temperature 
indicates increased disorder on lattice sites and a 
lower degree of LRO. The partially irreversible i~- 
haviour might be interpreted with an evaporation of 
small amounts of atoms, due to the long duration of 
the thermal treatment of 50 days altogether and the 
associated occurrence of lattice defects. 
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