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Abstract 

We investigated the annealing tcm~rature, the carbon non-stoichiometry and the Fe doping effects on the physical 
pro~rties of the su~rconductor HoNi~B~C, (1 ~.r ~ 1.35), using X-ray diffraction, magnetisation or electrical resistance 
measurements and ~'Fc M6ssbauer spc¢'tro~opy. We show that the spontaneous re-entrant behaviour of HoNi~B:C which 
has ~en attributed to the occurrence of incommensurate magnetic states destructive to superconductivity, is strongly 
enhanced ~ quenching or ~ decreasing the annealing temperature. 'l~e re-entrant behaviour alg~ increases with the carbon 
content and the ~F¢ (0.5 at.%) doping. We conclude that the chemical defects introduced by quenching, deviation from 
~to~¢hiometry or Fe doping, depress su~rcondu~aivit? and hvour the appearance of the re-entrant bchaviour. Our "~Fe 
M6~aue~ investigation ~hows that the pre~nce of the incommensurate magnetic orders in the reoentrant region does not 
lead to the introduction of a hypcrfine field at the F¢ probe. @ 1~7 El~vier ~ienc¢ S.A. 

h~+words: !loNi~ B:C; Superconductivity; Magnetism 

|. I~t~,oCla¢t|o~ 

The dectea~ of °i~ in RNi:B~C [1=3] (16.6 K, 11 
g, 10.5 K and 8 K for R -  Lu, Tin. Er and Ho. 
respectively [4]) can ~ interpreted as due to the pair 
breaking effect of the magnetic momems carried by 
the rareocarth ions D], according to the ~ Gennes' 
factor (gj = I):J(J + I1, and to changes in the dec- 
troai¢ states due to volume effects. In the~ com- 
~unds,  the magnetic aM the superconducting (SUP) 
transition temperatures are clo~ and this results in 
art interesting competition ~twcen magnetism and 
SUP. In particular. HoNi~B:C shows a spontaneous 
re-entrant bch~iour which has ~ e n  attributed to the 
¢ ttcc of i~ommensurat¢ m~ulated magnetic or= 
dots, d~struc,tive to superco,nductivity [6~8]. 

author, 

The aim of this work is to study the SUP and 
magnetic properties of HoNi~ B~C, ( I :g x :g 1.35) with 
X-ray powder diffraction (XRD), magnetic or electri- 
cal resistance measurements and "~Fe M/Assbauer 
spectroscopy. We investigated the effects of the an* 
nealing temperature on the impurity phases stability 
and on the ph~ical properties of HoNi:B:C. We also 
studied the dependence oa carbon stoichiometry of 
the SUP properties in HoNI~B:C, (! s x  ~ 1.15). Fi- 
nally, we tried to detect the presence of a transferred 
hyperfine field on the M6~sbauer probe ~Fe diluted 
(0,5 aL~;-)in a re-entrant HoNi:B:C~,~ sample. 

2. Exl~rt~ntal 

Buttons of 2 g were prepared by the arc-melting 
method. Appropriate amot:ats of Ho (99.9%L Ni 
¢~.9%), B (99.7%) and C (99.7%) were arc-melted on 
a waterqr~led copper hearth, under an argon arran- 
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sphere. The total weight loss was less than 1%. Pieces 
of button were wrapped in Ta foils, sealed in evacu- 
ated quartz tubes and annealed at temperatures 
between 700 and 900°C for 2 weeks or at 1100°C for 6 
days. Some buttons, annealed at l l00°C, were 
quenched in water. Samples were characterised by 
XRD using a diffractometer with Cu Ko~ radiation. 
The magnetisation measurements were investigated 
with a commercial SQUID magnetometer in zero 
field cooled (ZFC) conditions (measuring field of 10 
G). Four-lead electrical resistance measurements were 
performed with typical current densities of 10 A/cm 2. 

3. Results and discussion 

3.1. Samples homogeneity 

XRD results show that HoNi 2 B2C is in equilibrium 
with the ternary compounds HoB2C 2, Ho2Ni3B¢, and 
two unidentified phases. HoB2C 2 is generally the 
main impurity phase. Impurities may influence the 
physical properties of the matrix. In particular, 
HoB2C 2 which undergoes a ferromagnetic transition 
at 7 K [9], could be detrimental to the SUP of 
HoNi2B2C. Consequently, we studied the impurities 
stability depending on the annealing temperature, the 
carbon content or the Fe doping (for the M~Sssbauer 
study sample). Both as-cast and annealed HoNi2B2C 
samples contain a very small amount of impurities 
(le~, than 5%)which is minimum when the annealing 
temperature is 800°C. The non-stoichiometric 
HoNi~B~C+, (I :~x ~ 1.35) samples, annealed at 800°C, 
show a volume fraction o[ HoB~C~ which clearly 
increases with increasing carbon content, and reaches 
15% ibr .v +0.35. When doping HoNi~B2Ciu~ with 
s+Fe (0.5 at.%) and for an annealing temperature of 
8~°C, we observe a change in the impurities nature. 
HoB~C~ disappears whereas the amounts of 
Ho~Ni3B~, and of another unidentified phase increase 
up to 5%. The lattice parameters of HoNi2B2C (a 
3.517(I)/~; c + 10.525(4)A) are consistent with the re- 
sult~ of Schmidt and Braun [10] and of Godart et al. 
[I 1] and do not show any significant change with the 
~nneaF, ng treatment, carbon content or Fe substitu- 
tiers. 

3.2. Amwaling temperature effects on HuNt, B,C 

Fig. 1 shows ZFC magnetisation curves of 
HoNi~B2C samples for various annealing tempera- 
lures. Two different types of behaviour are observed: 
SUP for the as-cast sample with a low T~ (approx. 5 
K) and re-entrant behaviour for the annealed sam* 
pies. Re.entrant behaviour is characterised by a first 
SUP transition at 8.2 K, followed by a plateau and a 
second transition around 5 K. The occurrence of the 
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Fig. I. ZFC magnetisalion of HoNi2B2C for the as*cast sample 
(full squares) and the annealed samples (empty symbols) at various 
temperatures: 700°C (down triangles), 8(I0°C (circles), ~)0°C 
(squares), ] 100°C (up triangles) and ! 100~C + quenching (cros~s). 
L i n e s  a r e  g u i d e s  f o r  t h e  e y e .  

plateau indicates that the compound partially recov- 
ers the normal (non-SUP) state, and then returns to 
the SUP state at lower temperatures. Neutron 
diffraction studies [6-8] showed that in the re-entrant 
region, one or several incommensurate spiral mag- 
netic states are formed. These modulated states are 
destructive to SUP through the increase in the pair 
breaking properties of the He 3+ moments [6-8]+ A*~ 
the N~el temperature ('I'N ~ 5 K [5+12]), they collaps~ 
in favour of the simple antiferromagnetic state which 
coexists with superconductivity. 

According to our magnetisation data, the second 
transition occu~ at TN which implies that the plateau 
is the materialisation of the incommensurate mago 
netic orders, The magnitude of the signal for the first 
SUP transition clearly increases with the annealing 
temperature. We observe a zero magnitude value for 
the as-cast sample and magnitudes of 10, 30+ 50 and 
75% of the complete diamagnetic signal for annealing 
temperatures of 700, 800, 900 and 1 I~°C, respec- 
tively. We conclude that high annealing temperatures 
reinforce SUP against the spiral magnetic states, irrelo 
evant of the amount of impurity phases observed by 
XRD. These results are also confirmed by our lower 
critical field H,I study. The values of H~t, that we 
measured at 2 K, increase from less than 20 G for the 
as-cast and for the samples annealed below 800~'C, to 
80 G for annealing temperatures above 900°C. On the 
sample annealed at 1100°C and quenched, the magni- 
tude of the transition (25%) and H+s (60 G) are 
smaller than in the non.quenched sample. We assume 
that quenching is detrimental to SUP as it may favour 
a higher level of chemical defects. The evolution of 
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H¢= vs+ tem~rature for the best SUP sample (T.,,n ~ 
1 ltRFC) is shown in Fig, 2. In the pure SUP region 
(T~; 5 K), H~t clearly decreases with increasing tem- 
~rature. This behaviour agrees with the empirical 
law Hot(T) = H~t(0)[1 - (T/T~):] with Hc~(0) -'- 90 G 
and T~ = 5.2 K, showing that the temperature depen- 
dence of the critical field is strongly influenced by the 
re.entrant beha~our. 

From our XRD results, we observe that 800°C is 
the opt~um annealing temperature as concerns the 
impurities content. However, the best SUP properties 
are ~tained with a higher annealing temperature of 
1 I00°C. We also show that quenching has important 
effects on SUP properties+ These results indicate that 
the effect of the chemical defects is more important 
than the pre~nee of a low content of the HoB2C: 
impurity. Next, we investigated the physical properties 
of several non.stoichiometric samples. 

3.3. Non.stoichiomet~ effects 

Fig+. 3 sh~s  the electrical resistance vs. tempera- 
ture curves of annealed HoNi=~B+C~ (1 ~x ~; 1.15). 
Surprisingly, the HoNi~B~C sample shows zero resis- 
tance at approximately 8 K, whereas it exhibits a 
re+entrant behaviour on the ZFC magneti~tion data, 
From that, we conclude that electrical resistance is 
!e~,~ ~nsitive to the re+entrance behaviour than mag- 
neti:~tion measurement+. A similar effect has been 
t~p,o~led by Schmidt ¢t al. [! 3] when comp~ring dec° 
trical resistance and AC su~eptibility measurements, 
A~ ~en in Fig+ 3, the on~t of T+ rapidly d¢crea~e~ 
f~om 8,7 K (,~+ ! ) t o  7 K fop x+ I,I£ Moreover, 
compounds with x + l,lt+ show zt+ro resistance below 
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Fig. ~. Electrical resistance vs. temperature curves of HoNi2B2C ~ 
(1 ~x s; 1.15) ,~rnples annealed at 700°C for HoNi,B,C (empty 
squares) and 800°C for x = 1.05 (full circles), 1.10 (empty triangles) 
and 1.1.3 (full .squares). 

To, whereas for greater carbon amounts, the samples 
exhibit a re+entrant behaviour and the resistance does 
not go down to zero above 4.5 K. HoNi2B2Cta ~ 
clearly displays a re-entrant maximum at 5.1 K which 
corresponds with the end of the plateau in the mag- 
netisation curves. A weak anomaly is a l~ noticed at 
approximmely 5.8 K. This anomaly has been ob~rved 
in Sl~Cific heat and magneti.~tion measurements on a 
SUP single crystal [! 2] and in AC su~eptibility mea- 
~urcment~ on ~lycrystallin¢ samples [13]. It has been 
a~' ~:~sumed that the anomaly is strongly connected with 
the development of the reoentrant behaviour, imply+ 
ing the existence of two inde~ndent incommensurate 
magnetic states, rather than one. 

Our partial study shows that in HoNi~B=~C+, the 
re~ntrant behaviour essentially appears when x > 
1.05. The deviation from stoichiometry may introduce 
chemical site substitutions or vacancies on certain 
sites of the matrLv, which in turn can depress the SUP 
properties+ Surprisingly, Schmidt et al. [13] have re- 
ported that pure SUP behaviour was obtained for 
x ~ 1.3. Further investigations are in progre~ in order 
to clarify the non+stoiehiometry effects. 

3+ 4+ '+'~Fe M~ss~uer study 

We have ~rformed ~Fe Mb'ssbauer absorption 
measurements in HoNi=~B~C+~ deiced with 0+5 at.% 
S+Fe and annealed at ~ C, in order to examine if 
the presence of the incommensurate magnetic orders 
in lhe re-entrant region leads to the introduction of a 
hyperfine field at the Fe probe. As seen in Fig. 4, our 
sample shows a re-entrant region between 4.8 and 5+6 
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Fig. 4. Electrical resistance vs. temperature curves of the ST Fe 
doped (open squares) and the undoped HoNi2B2Cios (closed 
circles) annealed at 800°C. 

K with an electrical resistance maximum at 5.2 K. By 
comparison with the undoped sample, we observe that 
the Fe substitution, assumed to take place at the Ni 
sites, creates an important depression of T c (8.4-7.2 
K) and the occurrence of a strong re-entrant be- 
haviour. A slightly smaller effect on T,, has been 
reported by Sanchez et al. [14] on I at.% Fe doped 
HoNi,B,C. 

The "~Fe M6ssbauer absorption spectra recorded 
in the temperature range 1.5~77 K show little, if any, 
thermal variation. They consist of two components, a 
dominant single line (7S%) and a weaker spectral 
doublet (25%), arisingofrom the quadrupolar hyper~ 
line interaction of ~TFe at a nonocubic site. Fig. S 
pre~nts spectra at selected temperatures above, 
within and below the re-entrant region, and the two. 
components fits (dashed mine for the doublet, thin 
solid line for the single line). Within experimental 
uncertainty, all the low temperature spectra are iden- 
tical. The fits yield the following parameters (the 
isomer shift ,S is given with respect to ~-Fe, the 
quadrupolar splitting of the doublet is A and V is the 
HWHM of the lines): for the single line, 8~0.15(1) 
mm/s and I" ~0,20(I) ram/s, and for the doublet, 
/$~0.175(10) ram/s, A~0.56(I) mm/s and F ~  
0.12(1) mm/s. The rather large width of the single 
line allows an alternative fit in terms of an unresolved 
quadrupolar doublet: with a fixed value i '~0.12 
ram/s, one gets a quadrupolar splitting A approxi- 
mately equal to 0.12 mm/s. 

We attribute the dominant component (single line) 
to Fe substituted for Ni in the HoNi2B2Cj~0s phase. 
As to the 25% weight quadrupolar doublet, it could 
be associated either with the 5% impurity phase evi- 
denced in the XRD spectra (then Fe doping would 
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Fig. 5, S?F¢ M6sshauer absorption spectra in HoNi~B~CI ~).~ (g)pcd 
with 0.5 at.% ~Fc for three temperatures; above (~ K). in,~+ldc (~+2 
K) and below (,1.2 K) the re°entrant region, 

occur preferentially into this phase), or with Fc at an 
intc,stmal site in the main phase. 

The main result of this study is that there is no 
significant difference for the dominant spectra com~ 
ponent when the temperature is de¢~¢ased from 6 K 
(in the He ~* paramagnetic phase) to S.2 K (in the 
center of the re-entrant region) and to 4.2 K tin th¢ 
antiferromagnetic phase). In particular, there is do 
evidence in our spectra of any magnetic field at the 
ST Fe nucleus in the reoentrant phase. This result is at 
odds with that obtained in [14], where it is claimed 
that a pair breaking field of 0.3 T is observed at the 
Fe substitutional site around S K in a HoNi~B~C 
sample doped with ! at.% Fe. 

4. Conclusion 

From our partial results, we can conclude that the 
chemical del~ets introduced by the sample preparao 
lion, deviation from stoichiometry or Fe doping, dee 
press the superconductivity of HoNi2B~C and tense° 
quently reinforce the apparent weight of the re°on° 
trant behaviour. Further investigations are in progress 
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in order to complete our study of the non-stoichiome- 
t~  effects, The spontaneous re-entrant behaviour of 
HoNi: B:C has been attributed to the occurrence of 
incommensurate spiral magnetic states destructive to 
superconductivity. We show that the presence of these 
modulated magnetic orders in the re-entrant region 
does not lead to the introduction of a hyperfine field 
at the Ire probe. 
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