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Abstract 

The crystal and magnetic pro~rties of intermetallic co mlx~unds of formula ErMnt:o , Fe, with x = O, 2. 4, 6, 8, have been 
analymd versus the relative distribution of the transition metal (Mn or Fe) on the different d-metal sites of the tetragonal 
structure. Neutron diffraction and magnetisation measurements allow better understaiiding of the relationships between the 
alom ordering lind the (Mn,FeiqMii,Fe), (Mn,FeVEr and Er-Er magnetic couplings. © lt}97 Elsevier Science S.A. 
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1. In t~uc t to~  

Outing lhe la~l few dceadc~s, it ha~ hccn foulld thai 
~qv~,r~d inl~i:mei~dli¢ ¢ompound~ of rare ¢lirlh rico 
i l l ,n i l  (R) alld 3doiran~ition nlcllil~ can be used as 
~iarting ITliti~fials for permanent magnets of ouistando 
big prop~|'ties II]. hi particular, in~:rtion of light 
eleil~:eilt~ such as H, C, or N in ironorich alloys of 
l hMnl~ type leads to compoilnds exhibiting high val- 
ues of Curie temperature, saturation magnetisation 
and magnet~t),stallinc anisotropy [2]. The cored 
I~Junds RFei~ do not exist, but they can be stabilised 
by alloying of mitered 3d, 4d. AI, St... elements shard 
ing less electron density than Fe. Contrarily to the 
Fc:rich compounds, the RMnt~ allovso mostly exhibit 
antiferromagnetic ordering, taking place at low temo 
p,,rature [3.4]. A complc× magnetic bd~aviour should 
result in tcrromt~gnetic t o . '  '~ , ~ ' ~ntitcrromagncttc compel, 
ing inte~ct;ions supported by. the 3&3d and 3d-R 
co|ltfihuiioos to eschange, In thin paper, we premnt 
the results of neutron diffraction studies and systeo 

'~ {'~!ii '¢~iilTi,ng a,utho,r, 

P i l  St!C~ 2 5 .s . lSSl  ~ 7 ) l i l t3 f,,t. I 

marie ', • '~' ' m~lgnctts,ltton measurements along the dilution 
of Mn by F¢ in 1110 solid sohltions Et'Mn~ ,Fe, 

2 .  E x p e r t m e n t a |  

The alloys were prepared by induction melting of 
the metal l'onstituents in a ".ater-cooled copper cru- 
cible under a purified argo~ :amosphere. The samples 
where checked by X-ray powder diffraction for phase 
purity. In ~me cases, small amounts of t0omangat'~ese 
(Mn-rich side) and Ert,(Mn,F¢),j were detected. '['he 
neutron powder diffraction ¢xl~riments were per- 
formed at ILL, Grenoble. France, using a high-resolu.. 
lion D2B diffraciometer with A ~ 1.594 .A and a D IB 
positionosensitive detector with A ~ 2.522 A,. With the 
former, diffraction patterns were recorded at room 
temlx~rature where only nucl,~ar scattering was 
observed. Then the magnetic contributions to diffrac- 
tion were analysed from 1,5 to 300 K by using the 
latter diffractometer. Magnetisation measurements on 
powder samples were carried out by means of an 
automated extraction magnetometer equipped with a 
c~'yomagnet that provides fields up to i0 T. 
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3. Results 

3.1. Co'stal stntcttttv anah,sis 

From the X-rays and the high resolution neutron 
diffraction patterns (D2B), all the samples were found 
to crystallise in the ThMnL~ type of structure [5] 
which belongs to the SG 14/mmm with Z = 2. The Er 
atom occupies the 2a Wyckoff position, whereas the 
transition metal atoms occupy the 8i, 8j and 8f  posi- 
tions. Rietveld's type refil~ements were carried out 
with the FULLPROF program [6]. It was assumed 
that each of the 3d metal sites is fully occupied by 
iron and manganese atoms. Consequently the iron to 
manganese ratio was not constrained to the nominal 
stoichiometry of the starting materials. 

For example, the observed neutron diffraction pat- 
tern of ErMnsFe 4 and the calculated Rietveld re- 
finement profile are shown in Fig. I. 

The a cell parameter decreases linearly from x = 0 
to x = 8 whereas the c-cell parameter remains almost 
constant (Fig. 2). As a result of this behaviour, the 
unit cell volume decreases linearly with x at a slope 
of approx. 1.0 ,~3/Fe. The smaller atomic volume of 
Fe (11.77 ,~3) in comparison with Mn (12.8 ,~3) could 
explain this decrease. 

For each of the ErMn~2_~Fe, compounds, the re- 
fined Fe content (x~f) and its distribution in the 
three transition metal sites 8i, 8j, 8f  are shown in 
Table 1. In Fig. 3, these iron occupation numbers are 
compared with those expected in the case of a ran- 
dom Mn to Fe distribution represented by a diagonal 
line. It can be seen that it is nearly the case for the 8j 
site only. A marked preference for the occupation of 
the 8f  site by iron is observed whereas the man- 
ganese atoms exhibit a pronounced proclivity for the 
8i site occupation. 

The selected ordering of M elements for iron in the 
Nd:Fel4B, R:Fel7 and R(Fe,M)~: series have been 
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Fig. I. Obselvcd. calculated and difference neutron patterns. Vertical bars indicate Btagg peak l~)sitions for ErMn~Fe4 and ~,Mn. 
respectively. 
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not differ significantly. Size effects would select the 
substituting atoms with the largest radius and the l,,w 
d-electron concentration to the positions correspond- 
ing to the largest Voronoi polyhedra. In the ErMnl. 
sti'ueture the volume relation I,'(8i) > r,'(8j) > v(81") 
is observed between these polyhedra [7]. For all com- 
positions, the experimental results show that the 
i|'on/manganese atom distribution on the three 3d 
sites agrees with the atomic size consideration. The 
p~)r ;tflinity of iron to p~)pulat~, ' the I,,li site is consiso 
I¢Il t  with the t~ct that RFe~: compounds do n o l  exist. 
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Fig. 4. (a) Magnelisalitm curves t'or ErMn~Fe,~. (b) Magnetis;ditm eut~,cs ft~r ErMna F¢~. 

K) magnetisation measurements have been recorded 
on compositions given above and on additional sam- 
pies with x - 5 and 7. From x = 1)=6, a ferromagnetic 
component has been shown to take place down to '~ 15 
K (Fig. 4a).  For intermediate temperatures, the ma~,- 
netisation curves correspond to antiferromagnetic bc- 
haviour. For the iron-rich side (x ~ 7 and 8), the very 
low temperature magnetisation is markedly reduced 
in comparison with the previous samples (Fig. 4b), but 
the susceptibility is maximum close to 150 K where 
the extrapolated magnetisation lies approximately 
between 0.8 and 1.9/x,/t'.u. The 1.7 K magnetisation 
curve (x = 7) plotted vs. field reveals a step-by-step 

increase in the polarisation that should indicate some 
equilibrium between competing interact;ons {Fig. 5). 
Moreover, the isotherm magnetisation curves does 
not follow a continuous succession vs. temperature 
(Brillouin°like behaviour) (Fig. 4b). 

For compositions ranging close to x = 5 and 6, 
zero-field cooling (ZFC) and field cooled (FC under 
H = 0. I T) magnetisation curves, show clearocut indi- 
cations of a spin glass like behaviour (Fig. 6~. 

3.3. Magnetic structure determinatioJt 

The magnetic configurations related to each site of 
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Fig. 5. Magnctisalion curve at T ~ 1.7 K for ErMn~Fc~. 

1 0  

the metal sublatlices have been deduced from neu- 
Iron diffraction data recorded i++ the 2=3(1() K temper+ 
ature range using the D1B diffractometet. High 
statistics patterns have been recorded at 2, 19, 3(H) K, 
and lompcralurc+rc~Ived exporiments have been 
don+ in ~h~ whole t'allgc of tcm~ra ture  to follow the 
thermal ratio+lions of the magnetic reflections. At 
r~+r~+ tcmpc|+a!urc ollly lluclear scatlcrillg is detected 
whc~c++~ al T +  2 K alld 19 K wc observe new diffrac+ 
lion li~c~ for  all tile mludied compomi!iol~m+ They call 
hc in(Icscd from !he Cl~s!al ullil cell u+~dcr lhc condi. 
tint1 h :*: k ~+ I + 2tl :1 ~ 1, COllScqocill'y magi|eric |11Oo 

menls corresponding to translation I are antiparallel. 
From the thermal variations of these lines, the order- 
ing temperatures have been deduced. They are re- 
ported in Table 2 and a maximum of the N+el tem- 
perature 1'~ is fimnd for x = 6. This result is consis- 
tent with those of the electrical resistivity measure- 
mellts per fo rmed on the RMn~+,Fe ,  series with 
R + Y, 6d ,  TP,, Dy, Ho {S]. 

Depcndillg on composi|iol1 and l¢olpcralor¢, a SCC= 
olld met of magl1+lic ¢onlrihulions appears on the 
imclear peaks a++d can be |+elated to the fe|oromag,lelic 
¢omponellt observed ost Ihe 111agitClisaliolt curves, For 
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Table 2 
Ordering temperatures T~ and Tc in ErMul2_ ,Fe ,  compounds as 
determined by neutron diffraction 

x 0 "~ . 6 8 

T x 80 K ! 70 K 22{) K 200 K 
T c 4 K 4 K 14 K 146 K 

0 _<x < 6, only the low temperature diffraction pat- 
terns exhibit such contributions, whereas for x = 8 
they are observed up to T -- 150 K but are tar weaker. 
Analysis of their thermal variation allows us to de- 
termine T c the Curie temperature values Table 2. 

To determine the magnetic structures in the light 
of the neutron diffraction data, considerations of 
group theory analysis (GTA) were applied [9]. Perti- 
nent details of this procedure will be reported lat~ r. 
The basis vectors related to the 8i, 8j, 8I' and 2a s]:es 
are given in Table 3 only for the eight one-dimension 
irreducible representations of the SG 14/mmm in the 
case X[I] = - 1. Comparison of the experimental data 
with those calculated based on the GTA allows us to 
select the linear combinations of the F3,, representa- 
tion at T =  19 K for 0 ~ x ~ 6 .  The corresponding 
model represented in Fig. 7 leads to a complex non- 
coil(near ant(ferromagnetic structure on the 3d metal 
sites in the (a,b) plane, but no moment is observed 
for the Er one. For the same compounds, but at T = 2 
K, a ferromagnetic component attributed to erbium 
and lying along the c-axis is superimposed onto the 
3d antii~rromagnetic system. 

For the iron-rich side (x ~ 8) with respect to the 
magnet(sat(on measurements, changes in the mag- 
netic arrangements are evidenced at 2 and I t) K with 
the occurrence of ferrimagnetism rehlted to the 3(I 

Table 3 
Basis vectors related to tile 8L 81, 8 f  and 2(, sites el ° 14/nlnmt 
( ~flll~ ~ !) corresponding to the eight oi,eodilnensiun irreducible 
representations 

si. 8j sf 2a 
x , y  z x , y  z x , y  .: 

J ' l~ .  

I':~ |:ta St ~S: 
r,~ 
I '~  Cl,,I 

['l. S|~ ~ S , ,  + S t ,  =Sg,  Atl4t,  +(itl,i~, Ft4 
I'~, SI, ~ $ 2 , - $ 3 ,  +$4 ,  A~I.4D, ~Gtl.4), 
I'.~. Si, ~ S:, ~ S~, + Sa, Gll .., ~ A(n,4~, 
]'~,, Si, ~- S:, + $3~ ~ S,h Gtl ot~ + Ail,,tt, CI,, 

Notes: TIre atoms are numbered  in the order of the International 
Tables of O),stallography Vol l. For tile 8i, 8j  attd 8 f  sites the 
given basis vectors only related to four atoms (1~4) must bc 
completed by the same but antiparallel arrangement related to the 
four missing atoms (5-8). 
F =  + + + + . G =  + -  + - . C =  + + - - . A =  + - -  + .  

,® 

?® 

Fig. 7. Magnetic structure in the (a, b) plane for the ErMnt2 o~Fe~ 
compound,; with 0 ~ x ~ 6 at T ~ 19 K. The 3d atoms in 8f  posi- 
tions are represented by full circles (z. ~ 1/4,  3/4).  Erbium atoms 
are represented by large circles and (Mn, Fe) atoms by small 
circles; atoms drawn with open circles lie in the plane z ~ 0, those 
with grey circles in the phme z ~, 1 /2  and those with black circles 
in t!le plane z ~ ! / 4  and .: *~ 3 /4 .  

(8j, 8 f )  and R sites. Weak magnetisation results from 
the antiparallel components ( =  0 .2~a/ fu . )  and the 
previously described AF components still remain on 
the 8i and 8j sites. 

All the refined magnetic components found by us- 
ing the MXD program [10] are reported in Table 4 
and correspond to excellent reliability factors not 
exceeding 3%. 

For i) ~ x ~ 6 the substitution of Mn by Fe leads to 
all increase of the magnetic moment on the 8i site. 
This variation is consistent with the evolution of the 
N6el temperature, On the other haBd the moment 
values on 8j and 8]' sites remain very weak. 

Table 4 
Relined magnetic components it, # ,  for ErMn ;~ ,~, Fe ~ compounds 
at ? '~  2 K and 19 K 

i s j S f 2 a 
x.y x. y : x. y : 

. . . . . .  

~ ~ I| 2 K =(|.76(I) 0.38(I) 0.47(1) 6,0(4) 
19 K = 0.67( ! ) (I.37( t ) (I.48( I ) 

~,, ~ 2 2 K 1.55(2) 0.02(I) o.22(1) 2.5(3) 
19 K ~ !.6~(2) 0,(15(11) 0.22(8) 

x ~ 4 2 K = 1.8(1) 0.(~2(9) 0.h4(7) 0 

x ~ (, 2 K - I,O8(S) 0,57(4) 0,51M7) 5,3(!) 
i0 K = 1.65(0) 0.87(5) (1,02(7) 

x ~ 8 2 K - i . I (K4) 0o4(1(4) ~0.77(S) ~(L07(5) 701(!) 
19 K - l . l (~!)  i).3(X4) -0 ,75( I )  = 1.01(7) 0,8(1) 
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The antiferromagnetic arrangement of the (Mn,Fe) 
~ m e n t s  gives evidence lbr negative interactions de- 
,hal ing strongly on distance. Because of the symme- 
try of lhe antiferromagnetic structure, Er4Mn,Fe) 
interactions cancel on the Er site. The effects of the 
crystal field on the rare earth atoms are stronger than 
the exchange interactions. 

Conclusion 

Ex~rimental results show that in the ErMn ~, _, Fe, 
{0 ~ x g 8) compounds, two ordering temperatures are 
~served, the higher one corresponding to mainly 
antiferromagneti¢ interactions within the 3d sublat- 
rices, the much lower one revealing a ferromagnetic 
otderin~ between erbium atoms. The low temperature 
magneti~tion measurements show that the former 
inte~aet_" ms are much stronger than the latter, thus 
an incomplete ferrom~gnetic ordering with a spin 
glass like behaviour takes place at low temperature on 
the R-sublattice for intermediate x values. 
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