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Ab~tl'll¢l 

The results of structure, ac and dc sumcptibilities, and t t'~Sn M6ssbauer studies of GdAgSn arm GdAuSn compounds are 
premnted. It was found that these compounds order anti-ferromagnetically at T x ~ 34.~2) K, and T~,, ~ 22.9(2) K, respectively. 
Additionally a intend transition at ?) ~ 15,~2) K was di~overed for both interntetallics, The nature of this second transition 
is dimus~d and strong experimental arguments supporting the spin-glass origin and reentrant antiferromagnetic character of 
the compound~ under study are given, @ 1007 Elsevier Science S,A. 

~ l ¢ " )  ' ° KO (rd, s, M6ssbaucr studies: X-ray; at/de su~cptibility; Aniferron:~gnctism: Spit) glass; Re-entrant |ransitions; Magnetic 
hy~rtin¢ flc!d di~trihu|ion; Gadolinium 

I. I # i~uc t ion  

The GdTS. compounds iT ~ Ag, An) belong to a 
rich ¢hts~ of ternary RTSn intermetallics with R ~ 
r~ttcoe~th el, ment or a. a¢tinide and T ~t tr~tnsitiot~ 
element (3d, 4d or ~d), The RTSn compounds form a 
variety of c~stal and m0gnetic structures [I], Their 
m~gnetic omering is mostly antifferromagnetic, but 
ferromagnetic ordering aim takes place, Previous in~ 
vestigations show that the G d ~ n  compounds crystal- 
lize in the hexagonal Cain~ type of structure with 
space group ~ / m m c  [2,3]. This structure consists of 
Gd ~md T=Sn i0yers alternating along the c-axis, and 
p~sibte crystaIMgraphic di~rder, allowed by this 
structure within TooSn positions, can influence many 
physicM ~ ' ~ properties. Recently, a series of RAgSn (R 
Nd. ~ .  He) compounds was characterized P / neutron 
diffraction m~asurements [4] and the authors claimed 
theft th¢~e ~t~mnidc~ adopted the hexagonal GaGeLi- 
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type structure (space group P(~mc), an ordered 
derivative of the Caln~ type. However. the choice 
hetwcen these two struc|ur¢ types in the case of 
powder diffraction experiments is usually ambiguous 
[5d~]. The Gd compounds are especially well suited lot 
magnetic investigations, since the trivalent Gd is in 
the ~$7/~ state and no significant crystal field effects 
are exacted thus making theoretical interpretation of 
the ex~rimental results more straighttbnvard. The 
I(~al sensitivity of the diamagnetic tV*Sn M(~ssbauer 
pro~s gives the unique possibility of following the 
tem~rature evolution of hyperfine paramete~ which 
may t~ influenced by structural and magnetic phase 
transformations, In recent studies [7.8] some struc- 
tural pro~rties of Wl~n compounds were discussed 
thoroughly. 

In the present work, we have carried out measure- 
ments of the tem~rature dependence of the mag° 
nctic su:meptibi!ity and t l.Sn M6ssbauer s~ctro~opy 
in GdA#n  and GdAuSn compounds for good quality 
samples since the pro~rties of these compounds are 
known to be ve~ ~ sensitive to heat treatment. 
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2. Experimental  

The polycrystailine intermetallic compounds 
GdAgSn, and GdAuSn, were prepared by melting 
appropriate amounts of the constituents in an arc 
furnace m:der purified argon atmosphere. The sam- 
ples were then wrapped into tantalum foil and subse- 
quently annealed in evacuated silica tubes at 500 ° for 
1 week. The preparation technique was essentially the 
same as Lhal of RAuSn series, which had been de- 
scribed previously in Mazzone et al. [2] and Marazza 
et al. [3]. The room temperature powder X-ray mea- 
surements were obtained with a Siemens D-50i 
diffractometer using the Ni-filtered CuK,~ radiation. 
The bulk magnetic dc and ac susceptibility (ACS) 
measurements were carried out using Lake Shore 
susceptometer (Series 7225) in the temperature range 
4.2-200 K. The in-phase X'(to) and out of phase 
X"(to) components were recorded simultaneously as a 
function of temperature with internal frequencies 
ranging from 20 Hz to 1000 Hz and the amplitude H:,~ 
of the applied oscillating field was changed from 0.5 
Oe up to l 0 0 e  for individual frequencies kept con- 
stant at a given temperature point. The zero field 
ACS measurements were made by cooling a sample in 
zero field from room temperature down to 4.2 K. 
After zero field cooling an external magnetic field was 
switched on and the field dependence of ACS was 
registered with rising temperature for magnetic fields 
up to 15(X) Oe for different frequencies and ampli- 
tudes of H,,~. 

The I~'~Sn M6ssbauer investigations were per- 
fi)rmed using a conventional constantoacceleration 
spectrom~'ter of Kankeleit type in transmission 
geometry. A 13a~S'JSnO~ source was kept at tempera° 
tures close to 4.2 K and series of '~'~Sn M0ssbauer 
spectra were recorded at temperatures in the range of 
4.2 K~50 K. Absorbers were made of the powdered 
compounds with optimal thickness of 38 mg cat ~ ~ and 
20 mg cm ~" for GdAgSn, and GdAuSn samples, 
respectively. A palladium foil of 0.05 mm thickness 
was used as a critical absorber for tin X-rays. The 
shapes of the spectra were analysed by least-squares 
fits within the Lorentz approximation. To calculate 
the. resonance-line positions and their relative intensi- 
ties, the numerical diagonalization procedure of the 
hyperfine interaction Hamiltonian Hn, f was used. The 
full analysis leads to data for the isomer shift 6,,, the 
quadrupole interaction constant: A E o ~ eQVt~/4, the 
magnetic hyperfine field H,, and for ~he polar angle 
0, that is, for the direction of the magnetic hyperlinc 
field with respect to the z-axis of the EFG (electric 
field graoient) tensor. To account for an observed 
broadening of the low temperature spectra of OdAuSn 
compound caused by possible distribution in magni- 
tudes of the hyperfine magnetic field H,f an extended 

approach first presented by Czjzek and Berger [9] was 
applied. Apart from the average value (Hht) and the 
second moment of the field distribution 6 H = ((Hhf) 
-- {Hhf)2) n/2, also the average value (0)  and its 
second moment of the distribution 6o=((02 } - 
(0)") ~/-~, were fitted as independent parameters. All 
spectra can be reproduced satisfactorily in this way. 

3. Resul ts  

X-ray diffraction patterns revealed only single phase 
for both ccmpounds. The structure was confirmed to 
be hexagonal Caln2-type with space group P6a/mmc 
[2,3] and lattice constants are given in Table I. The 
results of dc susceptibility data (collected in Table 1) 
showed that both compounds order antiferromagneti- 
cally. The susceptibilities above T N could be fitted 
with the Curie-Weiss law, yielding negative paramag- 
netic Curie temperatures for both compounds and 
magnetic effective moments which are close to the 
theoretical value 7.94/~a for Gd 3+ ion (Table l). The 
TN value obtained for GdAgSn equal to 34.3 (2) K 
agrees very well with that which can be estimated 
using Fig. l (presented in Ref. [10]). For GdAuSn 
TN = 22.9(2) is much lower than that reported in 
Bialic et al. [8] TN ~ 35 K Ill] and also differs from 
TN = 28.6 which results from the Briliouin curve fitted 
to the Hhl data shown in Fig. 5 of Ref. [8]. This is 
probably due to the different heat treatment proce- 
dures applied. For example the sample u~d in the 
latter reference was annealed at 800°C in comparison 
to 500°C in our case. Low field dc magnetic mcasureo 
ments (taken at H ~ I(X) Oe) showed that both mate° 
rials undergo another transition at almost the same 
temperature T I equal to 15.3(2) K. To elucidate the 
character of this transition ACS measurements were 
undertaken. Very good agreement of the results d¢o 
rived l~r transition temperatures and effective mago 
netic moments using ac and dc techniques was Obo 
tained. The temperature dependencies of the real and 
the imaginary part of the X((o) presented in Figs. 1 
and 2 for different frequencies confirm that two trano 
sitions take place for GdAgSn and GdAuSn com- 
pounds, respectively. In case of the latter compound. 
one can observe a smaller effect of frequency on the 
susceptibility behaviour. Fig. 3 illustrates the influo 
ence of external magnetic fields up to 1500 Oe on 
.V'(to) and ~¢"loJ) components for OdAgSn, and it is 
clearly seen that increasing the strength of an extero 
nai magnetic field has no influence on the first high 
t e  m p e r a  t u  r e  t r a  n s i t i o  n 
Iocalised at Ts while the second transition at 15,3 K 
is washed out. This observation together with remark° 
able influence of frequency on the X'(to)and X"(o~) 
amplitudes (see Figs. 1 and 2) gives a hint that this 
transition can be related to the spin-glass (SG) state. 
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Indeed, the field.cooled (FC) dc-experiment per- 
formed tot GdAuSn in the field H, = 500 Oe showed 
a ~iuration effect of FC-su~eptibility with decreas- 
ing temperature which is a characteristic feature of 
SG behaviour. ~V}Sn Mi$ssbauer spectra of GdAgSn 
are presented in Fig. 4, Owing to the non-cubic local 
symmet~ of the Sn sites the spectra measured above 
T~, pre~nt typical quadruple doublets and they are 
well fitted without any impurity component. Low tem- 
~rature spectra obtained around and below T~, for 
GdAgSn can be well fitted assuming two magnetic 

! 

E 

w 
¢ 

2.5 

2.0 

1.5 

1.0 

0.5 

0 I0 20 30 40 50 60 
. . . . . . . . . .  , . : : ._.~ .., I : : ~  ' ~ . . . . .  ~ _ ~_ _1 . . . . .  

z' ~ ?  ~ G d A g S n  

"i "; k' \ 
I t ~  <¢'I~ \ i , ~  Ho=0 H~=5 O# 

20 Ha 
~. 40 i-la 
',o OO HZ 

6~5 vii 
• 1000 H~ 

0 I 0 20 30 40 50 60 

Temperature IK I 

. o } lit Io llHHi II#, 

0 I 0 20 30 4 II ,40 (~0 

,i 

~ ~ , ~ , ~  ~ 

. . . . .  ;~ ~:7,<¢ \. 

GdAuSn 

0 10 20 ~0 40 ~0 611 

Teinperature iKI 
Fig 2, Zen:,,oticM ~u~cptibililics ~ 'l ~o) and ~" (~,) for GdAuSn 
~¢o~dvd sim~}[lan~ott~y as a func t ior l  of  l e m ~ r a l u t e  at two i n t c r .  

~al ~tcq, tic,ft¢i~:s 40 and 62-5 11~, 

components with different magnetic hyperfine fields, 
similar to the case of GdCuSn [8,12]. The observed 
broadening of the resonance line for both compo- 
nents at 4.2 K in comparison to the value obtained at 
40 K, i.e. above T x (Tables 2 and 3) point to a certain 
distribution of the magnetic hyperfine fields. The tem- 
perature dependence of the relative fractions for these 
two magnetic components is presented in Fig. 5. It is 
evident that the fraction of the component 2 (see 
Table 3) with a smaller value of magnetic hyperfine 
field increases with temperature while the relative 
contribution of the component 1 (being largest at 4.2 
K) decreases at the same time. On the other hand, 
one component taking into account the proper dis- 
tribution of magnetic hyperfine fields is enough to get 
satisfactory fits for magnetically split GdAuSn spectra 
without any trace of non-magnetic component which 
was observed in [8] for this compound (but for a 
different sample) below T,v. The derived hyperfine 
interaction parameters above Tn, and at 4.2 K for 
both compounds are shown in Tables 2-4. In spite of 
possible sample differences the results obtained for 
the gold compound studied in this work agree quite 
well with those obtained previously [8]. It is worth 
noting the rather good agreement between the N~ei 
temperatures derived from magnetic measurements 
with those iesulting from ~"Sn M6ssbauer investiga- 
tions (see Fig. 6) although small but non-zero local 
magnetic hyperfine fields supdve over T~, owing to 
short-range order effects. Simultaneously, no drastic 
change c,in be registered in the shape of '~'~Sn 
Mfissbauer spectra and consequently in the tempera° 
lure dependencies of magnetic hyperline fields close 
Io the second transition at the temperature 7~ (Fig. 
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4. Discussion 

In the following discussion we will mainly tocus our 

- I 
o gSn 

O 

o ° ° °  o Q g @,o "~ f 

GdAuSn ® =%_ 

l l % .  ............. ® 
. . . .  i . . . .  i . . . .  i . . . .  | . . . .  k . . . .  ~ . . . .  L . . . .  

0 I0 20 30 40 
Temperature IKI 

Fig. 6. Temperature dependence of the magnetic hyperfine ficld at 
the Sn sites for GdAgSn (triangles) and GdAuSn (solid circles). The 
continuous line represents the least-squares fit of the Brillouin 
function for S = 7/2 for the average values of magnetic h y t ~ n e  
lields, ( Hhl ). 

attention on magnetic properties associated with the 
existence of the second magnetic transition discov- 
ered for both compounds studied by ACS measure- 
ments. Since exhaustive treatment of the magnetic 
structure of GdTSn (where T---Cu, Au) compounds 
was recently carried out in Bialic et al. [8] we adopt 
some conclusions which were derived there to our 
analysis. 

We begin with a statement that two important 
factors for formation of the SG state, e.g. randomness 
and fntstration [13] can be met for the compounds 
studied. Random distribution of the noble atoms and 
tin atoms over In sites in the Caln~ structure leads to 
a variety of local environments for a given alom in the 
crystal lattice which in turn influences mutual mago 

Table I 
C|~slal and ma~nclic data for GdTSn (T ~ Ag, Au) ¢om[u~und~ 

Componnd a I/~] t' [AI °I~ (K) "l) (K) t~, (K) #0. (t~h) 

GdAgSn 4,7(N(1) 7.425(3) 34.~2) 15.3(D =54(I) 8J)!(2) 
GdAuSn 4.657(I) 7.433(2) 22,~82) 15.3(D ~2~3)  7o61(31) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . .  ~ . .  = , , = = ~  . . . . . . . . .  . . . . . . .  . . . . . . . . . . . . . . . . . .  , = = :  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Table 2 
The hypertine interaction parameters inferr~d from Ih¢ ~v'Sn 
resonance spectra of the GdTSn intcrmctallic ¢omp,aunds above 
the N~cl temperatures 

Comptmnd T I A Eol /~,, I a 
(K) (ram s :~ ~) (ram s ~ ) (ram s:: ~ ) 

GdAgSn 411 0.2{R I ) 1,7~ I) 0.85(2) 
GdAttSn ~tll 0,31( I ) 1.74( 1 ) 0.74(2) 

"A E o ~ cOY./4. 
~'t~: is relative to the Balt""'SnO~ source, 
"Half*width of the resonance line, 
For E~, ~ 23.875 keV gamma transition in ~s"Sn: 1 mm ~ t cortCo 
sptmds to 7.%3(2) x 10 ~s cV or Ig,253(6) Mltz, 
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Table 3 
"[he h ~ t f i n ¢  interaction parameters inferred from the t t'~Sn resonance spectra of the GdAgSn intermelallic compound at T = 4.2 K 

Coml~)und GdAgSn HhtlkOe) AE~ (rnna s "))  (5,~ (ram s '~)  0 (°) I "d (mm- ~s) 

Component I 4s.7 (2) - 1).2(.)O '') ..................................................................................................... 1.75 (I) 21 i-i)-- 03)2 (2) 
ComDment 2 2131141 -0.260 ' '  1.75 (I) 91 (2) O.q2 (2) 

Belie imeracfions of Gd magnetic moments and which 
is the main reason for the observed distribution of 
magnetic fields at the tin site revealed in this work by 
tt°Sn M~baue r  spectroscopy. On the other hand. 
frustration can be expected since com~tition of ferro- 
and anti-l~rromagnetie interactions wa~ [ably well 
confirmed for many RTX compounds [1] and this 
competition is an intrinsic feature also for GdTSn 
compounds [7,3] (see discussion) as the proposed 
magnetic ~tructure consists of magnetic moments cou- 
pled ferromagnetically in chains along the c-axis and 
antiferromagnetically ordered within the plane. Such 
a structure is consistent with results obtained by t)')Sn 
MOssbauer spectromopy. In fact, an SG state was 
dimovered recently for UCuSi and UCuGe having the 
hexagonal CeCd: structure [14,15] and for NdCuSn 
po~ssing just the Caln ~ structure [I 2], However, one 
can underline that for reported UCuSi mad for Nd- 
CuSn ~mples no indication of long range order was 
found down to 4,2 K while UCuGe is a reentrant 
ferrom~)gnet and GdTSn (T ~ Ag, Au) compounds 
can be classified as reenlrant antiferromagnets, In= 
deed, the I~lck of frequenc.y effect on the T~, as well as 
the lack of frequency shift (Fig:s, 1 and 2) on 7) 
confirm the predominance of the nearest°neighbour 
anfifcrromagnetic interactions [10] in the latter corn° 
~)unds. 

The ¢o))~idcr~thle distribution of the magnetic hy° 
~r f lno  fleld:~ at the ))~Sn sites below m~gnetic transi. 
lion temperatures, ~,,, detected by M6ssbauer speco 
troscopy ~rsists down to the lowest ex~rimental 
tem~r.~ttures [see Results and Tables 3 and 4) and it 
i~ compatible with the SO state which is always assort- 
ated with spin dimrdering, However, this distribution 
is much narrower than that found in UAuSn [17] 
which is due to much weaker 4J:(s,d) hybridization 
effects in comparison to 51;(s,d) hybridization. The 
most striking t~ature of the results displayed in Table 
4 is a large second moment of the (O } value given by 
8.. This is a direct indication of spin disordering and 
in fact, supports the idea that we are dealing with 
l~at differences in the way of magnetic ordering 
ch~)r~tcteristi, for the SG state. 

The tem|~raturc de~ndence of the average mag- 
netic by. t r ine field { H). } in the case of the GdAgSn 
com~und deviates from S~;: Brillouin-functions (Fig. 
6.) i~d~ating more complex magnetic interactions. The 
pr6~ceccc of two com~,nents with ten|l~rature d e . n -  
dent contributions proves that the Ag-compound is 

Table 4 
The hyperfine interaction parameters inferred from the t~'Sn 
resonance spectra of the GdAuSn intermetallic compound at 
T=4 .2  K 

Compound GdAuSn 

< n,.,, > .X E8 ,s,t: < o > r ,~ ,s h ,s,, ~ 
(kOe) (mms-~)  (mms-~)  (°) ( m m s ~ )  (kOe) (°) 

20.2(2) -O.31 '') 1.1')7(I) 32(I) I,O4(I) ('),I(I') 15(I) 

.... A E't> = cOY./4, 
b iS,, Is relative'to the Bat~UmSnO~ sotlrc¢. 
'Faramcters kept constant during the tit equal to the respective 
values obtained above T~.. 
'tHalf-width of the resonance line. 
"~n ~ 1( Hl~1 ) ~ ( l l h t  } : ) I '  ~: 8.  = ( ( 0  2 ) - ( 0 } 2 )  i <':. 
For E~, ~ 23.875 keV gamma transition in tJ')Sn: i m m s  t corre- 
spt)nds to 7.06.~2) × 11)" ~:V or 1g.25.~6) MHz. 

magnetically inhomogeneous, in particular, it reveals 
the micromopic mechanism of the demagnetization 
process when approaching T~,. As far as the SG 
transition is concerned at T t it has no observable 
influence on hy~rfine interactions of either compo- 
nent. The continuous behaviour of the magnetic hy- 
perfine field vs, temperature around T r (Fig, 6) is in 
favour of SG transition as the I~al spin arrangement 
i~ no| significantly mt~!ified while the transition to 
another ordered m a g n e t i c  s t r u c t u r e  is l ike ly  to  r e su l t  

in a different hyl)erihle pattern, 
The fact that transition temperatures 1} to the SG 

state are within the same experimental limits for both 
studied compounds seems to be not accidental owing 
to comparable lattice constants, spin concentrations 
and probably similar magnetic exchange interactions. 

In contrast to known examples of SG states among 
amorphous Gd s'~tems [181 the compounds studied 
here are crystallographically ordered substances, it is 
a common ~l ief  that in amorphous materials, the SG 
state can occur owing to com~ting near-neighbour 
interactions caused by randomly va~,ing bond angles 
and interatomic spacings. Therefore the question 
arises as to what the driving mechanism for the SG 
state is in ordered materials. It seems that this prob- 
lem is still ol~n and needs fi~rther elucidation, 
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