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Abstract 

Three CeNi,Sn, compounds of different nominal Ni concentrations (x = 0.65, 0.75, 0.85) were studied by high resolution 
neutron diffraction. The refinement of the nuclear structure shows that these compound.,, are single phase and that the actual 
compositions are close to the nominal ones. Low temperature neutron data of the CeNi,.ssSn: compound [refined to 
x ~ 0.864(2)] confirm the mictomagnetic behaviour already observed in a previous sample (i)  refined to x ~ 0.840(4): 
coexistence of domains of two distinct magnetic phases in equal amounts. The relative amount of the two domains depends on 
x. One of these phases is ferromagnetic, q t '~ 0 with Tt, ~ 3 K. The other phase is a modulated antiferromagnet (antiphase 
domain type with two amplitudes) with TN ~ 4.0 K, Its magnetic ordering can be described by two propagation vectors 
q: ~ (010) (G, magnetic lattice) and q~ ~ l/3b*. The ordered magnetic moment value at 1o5 K in both phases is 2,0 ~ / C e  
atom and the moments point into the same direction, along c, in sample (I) the two phases were present in equal amounts 
while in the present sample the amount of the ferromagnetic phase is strongly roduced to approximately 16%~ °~e magnetic 
properties of these compounds and of compounds with higher and lower nominal Ni concentrations have been studied by us in 
more detail by means of measurements of specitlc heat, the magnetisation, the AC and DC susceptibility, in several ca~e~ two 
magnetic phase transitions were observed, The nature of these transitions is discussed in the light of the Iowotemperature 
neutron diffraction results obtained for the more Ni-rich samples, © 1997 Elsevier 3cience S.A. 

Kt~wonls: Rare-earth; Magnetic structure; Neutron diffraction 

I. Introduction 

CeNiSn 2 crystallizes with the CeNiSi: type of struc- 
ture [1-3] (Cmcm space group a ~0.4485 nm, b ~  
1.774 nm, c ~ 0.4513 nm, Z ~ 4). According to 
Skolozdra et al. [2,3], CeNiSn2 forms a range of solid 
solutions characterized by a different degree of Ni 
deficiency. It is still an open question whether a 
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compound having the stoichiometric composition re~ 
ally exists. Francois et ai. [4] report the upper limit of 
x in CeN!,Sn z as 0.74. 

Magnetic properties have been reported for appar- 
ently stoichiometric CeNiSn 2 which orders antiferroo 
magnetically below T~ ~ 3.9 K and which is further 
characterised by the quantities ~, ~ 5 K and ~¢ft ~ 
2.43 t~n [5], On the basis of specific heat and magnetic 
susceptibility measurements [5] CeNiSn2 undergoes at 
2.6 K a second magnetic phase transition but its N6el 
temperature is supposed to lie at slightly higher temo 
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peratures (T~ ~ ~ 3.2 K) similarly to the i~,aorphie 
CeNiGe~ com~und, From plots of unit cell volumes 
vs. ,,tomic number of the lanthanides for the RNiGe: 
and ~ i S n :  series both Ce compounds show no 
a~mmaly indicating a valence fluctuation, 

In a recent study the magnetic properties of a 
~mple of nominal composition CeNiSnz ~ (referred to 
as sample I in the following) were studied by mag- 
netisation measurements and neutron diffraction [6,7]. 
The refinement of 293 K high resolution neutron data 
shows that this compound is single phase and Ni 
deficient and contains a small amount of Ni~Sn,. The 
correspond ng formula is CeNi~).s~)Sn:. Surprisingly 
a~ 1.5 K ~ o  ~xis t ing magnetic phases were observed 
in equal amounts. One of these is ferromagnetic 
q t ~ 0 with Tc ~ 3 K, The other phase is an antiferro- 
magnetic modulated phase (antiphase domain type 
with two amplitudes) with Ts = 4.0 K. Its magnetic 
ordering can be described by two propagation vectors 
q: ~ (010) (C~, magnetic lattice) and q~ = 1/3b'. The 
ordered magnetic moments are equal to 2.0 IzJCe 
atom at 1.5 K in both pha~s and point into the same 
direction, along e. A ~ e  2 K the wave vector q~ 
becomes incommensurate with the crystal lattice. The 
observation of two magnetic phases is attributed to 
the occurrence of concentration fluctuations associ. 
ated with the Ni deficiency. 

In the present investigation we have addressed the 
effect of th~ Ni deficiency on |he magnetic properties 
of CeNi,Sn: compound~ in more detail by means of 
magnetic and ~p¢cifl¢ heat measurements. We will 
show that the magnetic propertie~ are fairly complex 
t~r the Ni rich compounds in particular and involve 
generally more than one magnetic phase transition. In 
order to exclude the possibility that the et'f¢cts 
o~erved find their origin in the preface of more 

T~bl~ 1 

than one crystallographic phase, we present also re- 
suits of high-resolution neutron diffraction performed 
on several of these compounds. 

2. Experimental procedures 

The powder samples used in this investigation wt, re 
prepared by arc-melting followed by vacuum anneal- 
ing at 800°C. In order to suppress Ni-Sn impurity 
phases as far as possible the samples studied in the 
present investigation were of the nominal composi- 
tion CeNi,Sn~.~ (x = 0.65, 0.75, 0.85). The CeNixSn ., 
samples used for the neutron diffraction had the 
nominal composition x---0.65, 0.75 and 0.85, Mag- 
netic measurements and specific heat measurements 
were made al~ on compounds with Ni concentrations 
corresponding to x ~ 1.0, 0.50 and x = 0.40. The ac- 
tual composition of the main phase of the samples 
derived from EPMA analyses has been listed in Table 
!. 

The neutron data were collected at the facilities of 
the Orphic reactor (LLB-Saclay). The 293 K data 
were collected with the two-axes high resolution in- 
strument 3T2 (20 detectors, a = 1.227 /~ in the 20 
range 0-125.45°). The step increment in 20 was 0.05 °. 
l~)w temperature (1.5 K and 10 K) data were col. 
letted for the compound CeNi,,~Sn, with the G42 
spectrometer (A ~ 2.34186 ,~ in the 2"0 range 0-170 ° 
with the step increment in 20 0.1% The data were 
evaluated by the program Fullprof [8]. 

3. Res.lts a.d dhe.sston 

3,1, (~¢.~'ml .~'tnwture ~f (I~'N/,Sn, (x ~ 0,85, O. 7/i, 0°05) 
1~'om 203 g neutron dam 

Results of the high resolution neutron data oh° 

~ l . l l o ~ a p h i ¢  ~nd magnctl¢ ¢h.taet~fi~tle~ of ~cvetal CcNi~Sn: ¢oml~mnd~ 
. . . . . . . . . . . . . . . . . . .  . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  = r  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

~ x EPMA ,~ llc~ltro, a (llm) b (rim) c (rim) T~ (K) I'~ (K) 

I (L ~ I 0,4483 1,7%4 I), 4493 2.2 o~, 
|L,~4(i(4) 0,448);~ ~) l. 7914¢X6) 0,4~O~q(~) 3,(I 4,0 

0,~5 ()o~q 0,4503 1,7'~)~) 0A475 (4.6) 

~L 7~ t) 77 0.44q5 1,77|)~ 0,44t~2 2,.; I4,0] 
(),7~4) 0.44~)42(2) 1.777~5) |),44%,~2) 

(),t~ iL¢~ 0,45 ! 4 1,754~) 0A4S~) IA 

N~ri~', That m,a~gt~ti¢ ttaasiti~a tcmi~tatui~¢~ o( |he ct,~q~ands foi' which the coml~,ition x is ~'~pccilicd by EPMA analysis were de|ermined 

"F~,~ns~h~a ~cm~t~turc~ given tvctw, e~n p~t~nthe~s or ~.qu',~ hr~cktts refer to ~ su~:~ptibility m~:asu~menls or spcci|ic heat incasing- 

The ~a~l~cc ~:~,r~.me|e~ v,,~ete d'erivtd f~m X-ray difftact~o., 
R¢ff.~d ~io~ va~lu,~s x a~td lattice parameters ate listed for the coml~unds investigated by high t~solu~ion ~¢~,~u diff~action~ 
~1~ t~an~,it:~,.m temr~o~utes of the compmmd with the relined ¢ompo, sition x ~ 0.S4 ~x'ere derived from neutron data taade at various 
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Fig. I. Observed and calculated neutron intensities of three sam- 
ples of nominal composition CeNi,Sn ~ (x ~ 0.65,11.75, 11.851 in the 
paramagnetic state at 293 K. The arrows indicate the strongest 
nuclear reflections of coexisting Ni~Sn: 11.3% weight) present in 
the sample s ~ 11~85~ 

tained at 293 K are shown i,  Fig. I. The refinement 
results led, within the 3tr limit, to the same Ni 
concentrations as obtained by the metallurgical analy- 
sis and has also been included in Table I. A small 

Table 2 
Refined parameters from 293 K neutron data of CcNi,Sn: samples 
of nominal composition x ~ 0.85.0.75.0.65 

Parameter x ~ 0.65 x ~ 0.75 x ~ 0.85 x ~ I 

)k~ 0.11163111 0.10678(I ) 0.10778(2) (I. 106912) 
Bc~ (rim) ~ |).008~4) O.(X)t,~X4) 0.0127(5) 0.0148(6) 
)'N, 0.3154( I ) 0.3168(X81 11.31756( I ) 0.3172( I ) 
BN~ ~nm) 2 0,0143(51 (I.(1121(41 0,0136(4) 0.0133(5) 
t~:s~ 0.668(4) 0.780(4) 0.864(4) 0.84(X41 
Ys, t 0.4502(i) 0.4519( 1 ) 0.4526( I ) (t.451 "', I ) 
II~.l (nm) ~ 0.0234(5) 0.0204(4) 0.0186(61 0.019~(6) 
Yst~2 0.74998(1) |).7493(~(2) 0.7491(2) 0.7494(I) 
Bs, 2 (ran) ~ 0,0100(4) (1,1X184(3) (|,1H162(4) (1.(X13,~(6) 
R %  c. . ,  ,, R~gi~, 8.27, 13.9 7.57, 12.6 8.5. 14.4 4.1.13.0 
R~t~?b, X ~ 9.67, 2.02 8.26. 2.52 8.26, 3.04 9.18, 2.02 

Note: The last column refers to a Compound with dtc ,ominai 
composition CeNiSn z t [7]. 

correction for preferential orientation of the pcm~der 
particles was included in the refinement. The latter 
was found to be associated with the plate-like shape 
of the powder particles perpendicular to the b-axis. 
The refined structural parameters are summarized in 
Table 2. 

The high-resolution neutron results confirm the 
CeNtS( 2 type of structure reported already by various 
authors [1-4] and clearly show the e x i s t e ~  of an 
homogeneity range of CeNi,~Sn.. with respect to the 
Ni content. In fact, Skolozdra and Komarovskaya [3] 
and also Francois et al. [4] had advocated before that 
the occurrence of 3d atom deficiencies is quite com- 
mon in ternary rare earth stile(des, german(des and 
stannides of the CeNtS( 2 type of structure. 

From the high resolution neutron diffraction pat- 
terns obtained at 293 K shown in Fig. 1 can be seen 
that Ul:, to high diffraction angles, no line splitting or 
any unusual line broadening occurs that would have 
been indicative of phase separation. 

Within the limits of the instrumental resolution, 
this neutron diffraction study provides a quantitative 
characterization of the samples which is in satisfac- 
tory agreement with the results of the metallographic 
analyses. Most importantly, it proves the existence of 
only a single Ni deficient of CeNi~Si2-type phase in 
these samples. The x ~ 0.85 sample with refined com- 
position CcNio.t~t,4o~Sn2 contains 1.3% (weight)of the 
non-magnetic impurity phase Ni3Sn 2. 

3.2 Magnetic structure of CeNios~:jSn: at 1.5 K 

The 1.5 K temperature neutron data (Fig. 2) of the 
compound with refined composition CeNi,M~,~)Sn~ 
comprise only a few weak resolved magnetic reflec- 
tions in the low 20 range similarly to the previously 
studied sample of refined composition CcNi0.~,t~4~Sn~ 
(I). These reflections are better visible in the differ° 
ence diagram (I.S-10 K). For brevity, we refer for an 
extensive description of the experimental facts of 
sample I to our earlier report [7]. As already given in 
Sec. I the data analysis of the magnetically ordered 
state (see Fig. 2) consists of three sets of reflections 
comprising ferromagnetic (qt ~ 0) and antiferromago 
netic [q~ ~ (010), qo~ ~ l/3b* ] reflections. The red 
finement of the 1.5 K magnetic intensities confirmed 
the coexistence of domains having the same type of 
ferromagnetic and ant(ferromagnetic structures as in 
the sample with x ~ 0.840(4). Results are given in 
Table 3. The refined ferromagnetic ~: ~ 0.8111 mo- 
ment component is reduced by almost a factor of two 
compared to the sample with x ~ 0.84. This means 
that the a~ount of the ferromagnetic phase is red 
dueed in favour of the ant(phase domain ant(ferro- 
magnetic phase. A rough estimate of the relative 
amounts of the two magnetic phases can be achieved 
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Fig 2. A ~ r t  of the obmrved and ¢aleula;cd neutron intensities of 
CeNi,,~a++~Snz: (a) in the paramagnetic state at 10 K (top part): (b) 
in the magnetically ordered state at I.S IL The calculated ferro- 
magnetic and the antiferromagnetic profile intensities ~rtaining to 
the wave vectors (ql =~0. q: +010. q,~ + l /3b  +) are drawn ~pa- 
eat¢~ ~lmv the I,++ pattern (bottom part). 

by assuming that Ce has the same moment value 2.0 
~a as in sample I. Then the volume of the present 
|~rromagnetic pha~ would correspond to (0.8/2.0): 
+ !6% and that of the antiferromagnetic pha~ 84%. 

3°3, S!~'e!/i¢ heat and magnetic nteasttwmems + 

Results of the specific heat measurements arc dis+ 
played in Fig. 3, Well defined peaks, indicative of 
maSncti¢ pha~ transition~ in the tem~rature range 
considered+ are obmrved only in the compounds with 
Ni ~Jncentrations corres~Ming to the EPMA values 
~ + 0.Ol, 0.77 aM 0.54. In the compound with x ~ 0.69 
there is only a small hump and in the compound with 
x ~ 0.77 there is a pronounced shoulder on the high- 
tem~rature side of the main peak. All them thermal 
ev~ms have ~ ¢ n  marked by arrows in Fig. 3. 

Additional laG, marion as to the ~urrenc¢  of 
magnetic pham transitions was obtained from mea- 
surements of the temperature dependence of the AC 
and ~ su~eptibility. ~ e  results of the former mead 
surements in particular were most revealing beeaum 
here the phase transitions showed up as sharp peaks, 
such +s shown for the compound with x ~ 0.77 in Fig+ 
4, The peak temperature, 2.3 K+ has been listed in 
Table 1, together with those found from AC suscepti- 
bility measurements on the other com~.mMs investio 
g[ttedi, Two temperatures have been listed when two 
~aks were ¢~rved ,  as in the ca~ of the compound 
with x ~ 0,91. We have aim listed in thh table any 

Table 
Refined structural parameters of the CeNiossSn,, compound in the 
paramagnetic state at 10 K and in the magnetically ordered state at 
1.5 K 

Parameter  Tempera ture  

10 K 1.5 K 

Ycc O. 1065(3) O. 1065(3) 
Y~i 0.31&~l) 0.3168(1) 
oc~i 0.864(4) 0.864(4) 
Ys. l 0.451 .'~2) 0.451~2) 
Ys. 2 0.7481(2) 0.748 1(2) 
~.:[ ~B] (set I) - -  0.S(t) 
tt<.,~[ #8] {set II) - -  0.2~3) 
~.~[ kt R ] (~t  III) - -  2.09(8) 
a (nm) 0.4464 I(I) 0.44639(2) 
b (nm) 1.7892.~7) 1.78911(8) 
c (nm) 0.4488~2) 0.44880(2) 
B,,f (nm)2 0.014(5) 0.014(5) 
R,%, Rmt%, Rm;% 3.%, ~ ,  ~ 5.02, 12.7, 25 
R~%. Rex:~, ~" 12.4. 3.1.15 12.5.3.24. 15 

Nt,~es: #:  is the ferromagnetic moment value (ql = 0). 
Ph,~ ~ tt+/: is the antiferromagnetie moment value [q2 = (010)]. 
~(~) is the Fourier component giving rise to the transversal ampli- 
tude modulated structure along ¢ (q.~ ~ I /3b* ). 

I0 x 

8 
- 0 -  091 

i + 
= ? m 0 , 4 ~  

4 

o o 
° t l g l  

Fig+ 3, Tcml~ratur¢ dc~ndence of the spccilic heat {°p of various 
CcNi,Sn~ ¢ompound~, The arrows mark possible magnetic phase 
transitkm~, 

additional information on magnetic transition temper- 
atures not obmPeed by ac sumeptibility measurements 
but showing up as thermal events in the specific heat 
data or in the DC sumeptibility. 

More information on the nature of the phase tran- 
sitions was obtained from the DC su~eptibility data. 
The results shown for the compound with x ~ 0.77 in 
Fig, 5 clearly identify the peak shown in Fig. 4 as 
~longing to the onset of antiferromagnetic ordering. 

However, the DC su~eptibility peak has the ten+ 
dency to disappear when the measuring fields become 
too large+ Most likely this ~haviour originate;, from 
the fact that this single pham ~mple, due to concen- 
tration fluctuations, gives rise to two magnetic phases, 
In analogy with neutron diffraction results obtained 
by us [6,7] for the more Ni rich compounds, such as 
sample I with x ~ 0.840 and the present sample with 



P S c h o b i n g e r - P a p a m a n w l l o s  et  al. / J o u r n a l  o f  A l loys  a n d  C m n i ~ m n d s  2 6 2 - 2 6 3  (1997~ 3 3 5 - 3 4 0  3 ~  

0. I ¢ ^ CeNio.7 ~Sn, , ....-'~ 

,De(,.. ~ ~Q ~ .o° 

~" , .oo.'~" 

o.o-, r .  ~ .~-" 

0 "" " ~ ' '  . . . .  ' . . . .  ' . . . .  ¢ . . . . . .  ~ '"  • 
I 

200 

.? 

I 0 0  

o 
3 T IK| s 7 

Fig. 4, Temperature dependence of the AC susceptibility, of the 
compound with x = 0.77. 
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Fig. 6, Field dependence of the magnctisation of the ¢ o m ~ n d  
with x = 0.77, measured at various temperatures. 

x = 0.864, one may assume that one of these phases is 
characterised by long range antiferromagnetic order- 
ing. The second magnetic phase may be a cluster glass 
showing no long-range magnetic order below the N~el 
temperature of the first magnetic phase but does give 
rise to long-range ferromagnetic order at tempera- 
tures much lower than T N. Indications for the enset 
of short range magnetic ordering of the second phase 
may be obtained from the results of the specific heat 
measurements shown in Fig. 3 where one notices a 
pronounced shoulder at approx. 4 K on the high-tem- 
perature side of the peak. Indications that the second 
magnetic phase shows a tendency to become ferro- 
magnetically ordered at much lower temperatures can 
be obtained from the ,,:hape of the field dependence 
of the magnetisation measured at various tempera- 
lures and shown in Fig. 6. The hysteresis loop mea- 
sured at the lowest temperature considered is seen in 
Fig. 7 to display remanence and hysteresis. Pre- 
sumably the magnetic phase with long-range ferro- 
magnetic ordering contributes little to the magnetisa- 
lion and is the constricted-loop behaviour representa- 
tive of a ferromagnet in which reversed magnetic 
domains can be nucleated very easily. Here one has to 
bear in mind that the ferromagnetic phase and the 
antiferromagnetic phase form a coherent crystallo- 
graphic lattice and that the interface between these 

i 2 

9rot 

CeNlo.~$n ~ 

0 [ ,  _ i 

i ~ 'If (K! s 7 

Fig. 5. Temperature dependence of the DC susceptibility of the 
compound with x = 0.77. measured in tields of 9 mT and 59 roT. 

two phases forms an almost ideal location for the 
nucleation of Bloch walls. 

A verification of the interpretation of the magnetic 
and specific heat measurements has to come from 
further neutron diffraction studies which we plan to 
perform in the low-temperature range in the near 
future. Because it is difficult to interpret the magnetic 
data in a quantitative way, we hope to obtain informa- 
tion from further neutron diffraction studies as to 
how the relative amounts of the phase with long-range 
antiferromagnetic order and the ferromagnetic phase 
vary with Ni concentration. This would eventually 
allow us to reach a conclusion as to which of these 
two magnetic phases is the more Ni deficient one. It 
appears that the mictomagnetic behaviour is common 
to this family of compounds due to fluctuations of the 
Ni concentration. The results obtained concerning the 
domain distribution in the two samples with refined 
compositions x ~ 0.840(4) and x - 0 .8~2)  indicate 
that an increase of the Ni content by an amount as 
small as 2.5% strongly increases the relative ~Jmount 
of the antiferromagnetic phase. One may wonder 
whether the same magnetic phases will persia at 
lower x values and whether changes in x will affect 
the domain distribution in the same way as for the Ni 
rich phases. 

0.$ 

o 

CeN Io, ~ ~$#a 

T~1.55 K 

.0.5 
-0.2 .0.1 0 O.! 0,2 

p+H(T) 

Fig. 7. llysteresis loop of the compound with x ~ 0.77 measured at 

1.55 K. 
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