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Magnetic Behavior of Rare-Earth Iron-Rich 
Intermetallic Compounds 

DOMIXIQUE  GIVORD,  REMY  LEMAIRE,  WILLIAM J. JAMES,  JEAN-MICHEL  MOREAU, AND 

JAYANT S. SHAH 

Absfract-The thermal variation of lattice  parameters of rare 
earth-transition metal intermetallic  compounds rich in  Fe, Co, or 
Ni  in  the  temperature  range of 25-900°K is  studied.  For  the  Fe 
compounds,  negative thermal expansion is observed below their 
magnetic ordering  temperatures  regardless of the  nature of sub- 
stitutional ordering. For Co and Ni compounds, the  thermal expan- 
sion  behavior is normal. It  is  then concluded that  for  the  Fe com- 
pounds, the magnetic  properties are mainly determined by the 
Fe-Fe interatomic  distances  and  the  number of Fe  nearest neigh- 
bors, whereas for Co and Ni compounds the magnetic  properties 
are  determined by the conduction electron transfer  from the rare 
earth to the 3 d band of Co or Ni. The anomalous thermal expansion 
of Fe compounds and  the  metamagnetic transition of the Lu com- 
pound is explained in terms of the  distance  dependence of the 
interaction energy as proposed by N&el. 

INTRODUCTION 

T HE RCo5 compounds  with the  CaCu5-type  structure 
generally possess high permanent  magnet  properties, 

essentially  due t,o the  strong magnetocryst,alline  anisotropy 
of Co. This phase does not  appear  in  the rare-earth-iron 
system. However, substitution of a  certain  amount of 
rare  earth  by  Fe  atom  pairs  creates enough deformation to 
stabilize  crystallographic structures  built  on a  CaCu; 
subcell. For rare  earths  with large  atomic  radii,  the 
substitutions, one per  three sukcells, order  with rhombo- 
hedral (ABCABC.. .)  symmetry  and form the R2Fe17 
compound which is isostructural  with Th2Zn17 [I].  With 
the smaller rare  earths like Lu,  the  substitutions  partially 
order  with the hexagonal (ABAB. + . )  ThpNi17-type sym- 
metry.  However, some of t'hese remain  randomly dis- 
ordered  on  the C positions so as  to stabilize the  CaCu5 
building block and  the composition becomes LuFe9,6 
[ 2 ] .  A  completely  disordered  substitut,ion  has also been 
observed in  the  Gd compounds [ 3 ] .  

All these Fe-rich compounds  generally  exhibit  high 
spontaneous  magnetization below room temperature 
[4]. Their  magnetic  ordering  temperatures are low in 
comparison to  that  of pure  Fe,  although  their  Fe magnetic 
moments are  about  the same  as for pure Fe.  This is not  the 
case  for the  isost'ructural compounds  with  Co and  Ni 
where the magnetic  properties are mainly  determined 
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by  the changes in  the electronic  configuration of Co or Ni 
due to conduction  electron  transfer  from the  rare  earth. 
For  the  Fe compounds, the  Fe magnetic  moments  remain 
relatively  insensitive to increasing  rare-earth content. 
In  this case it appears that  the magnetic  interactions  are 
strongly  dependent on  the Fe-Fe interatomic  distances. 
In  order to confirm this, we have  carried out detailed 
thermal expansion studies of these  compounds. 

EXPERIMENTS 
All compounds in  this  investigation were prepared  by 

melting the element,s in a high-frequency  levitation 
furnace.  Compounds  with the rhombohedral  structure 
were obtained  by  annealing  quenched  samples a t  1100°C 
for 3 days, whereas  compounds  with the hexagonal 
structure were obtained when homogenized at  950°C. 

Thermal expansion studies were carried out  by means of 
powder X-ray  diffraction  in the  temperature  range of 
20-900°K. Below 300"K, a  symmetrical back-reflection 
focusing camera cooled by  means of a Joule-Thompson 
refrigerator was used [SI. For  high-temperature  X-ray 
diffraction, the powder samples were sealed in  quartz 
capillaries under high vacuum.  A CrKal (X = 2.28962i) 
radiation was used. Neutron diffraction and Mossbauer 
studies  on  the  Lu compound were performed at  the 
Nuclear  Center,  Grenoble,  France. 

RESULTS 

Compounds  YNi, and YCo5 with  hexagonal C,aCu5- 
type  st,ructures  exhibit,  without  any anomalies,  normal- 
linear  thermal-expansion coefficients. For YNi5, 01, = 
1.06 X 10-5/01<, aC = 1.0 X 10-5/oK; and for YCo5, 

Fig. 1 shows the  thermal  variation of the a and c 
parameters of the Y hexagonal compounds (Th2Ni17 
type)  with  Fe,  Co,  and  Ni.  A  negative  thermal  expansion 
is observed only in  the c parameter of the  Fe compound. 
This anomalous  behavior of the c parameter below the 
magnetic  ordering temperature is typical of all the  Fe 
compounds (see Fig. 2). In  the same temperature range, 
the a parameters  are almost constant.  Furthermore,  these 
anomalous  properties are  not  dependent  on  the  type of 
substitutional  ordering, since they  have been observed 
for  all three  different forms of the  Gd compound [a]. 
No thermal hysteresis was observed  within the limits of 
the experimental  accuracy. 

The Lu compound has a  peculiar  magnetic  behavior; 
i t  is  ferromagnetic up  to  100°K  and becomes metamagnetic 
as  the  temperature increases, the magnetic  ordering 
temperature being 270°K. A hysteresis is observed  for the 

= 1.2 x IO-Z/OK, 01, = 0.35 x 10-5. 
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Fig. 1. Comparison of thermal  variation of lattice  parameters of 
Y2Fe17,  Y2cO17, and Y2NilT. 
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Fig. 2. Thermal  variation of lattice  parameters of LuzFe~-r, Y2Fe17, 
and GdzFe17. 
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Fig. 3. Thermal  variation of wave vect'or T for helical magnetic 
configuration of Lu2Fel.r. 7 = 2C sin @ooD+/X. 

IEIZF, TRASS.LCTIORTS O N  M.lGNE'l'ICS, SEPTEMBISB 1971 

thermal-magnetization and neutron-diffraction  studies 
[6]. Neutron-diffraction patterns  at  77°K  and also above 
the ordering temperature show the same diffraction 
peaks, confirming the ferromagnetic nature of this com- 
pound a t  low temperat,ures.  Magnetic  moments  are 
perpendicular to t,he c axis. A diffraction  peak  appears 
between 100 and 270°K at  a low angle when the tem- 
perature  is  decreased;  a,t  160°K 

sin e 
x ~ = SG x 10-4 

(see Fig. 3) .  Its position  varies  linearly  from 270-150"1<. 
At lower temperatures  this  variation is less rapid  and 
vanishes at approximately  125°K. In  the same  tempera- 
ture range,  two  satellit'e  peaks,  (101+) and (101-), were 
observed  on both sides of the (101) peak.  These  results 
are  typical of a helical-spin configuration where the 
screw axis is the c axis. The magnebic struct'ure is t,herefore 
formed by ferromagnetic  layers  perpendicular to  the c 
axis. The angle between  two consecutive layers  varies 
from 12" a t  1lO"Ii to 19" at  270°K. 

IA-TERPREPATIOX AXD CONCLT-SONS 
From t.he results of t,he thermal-expansion  studies, it is 

evident' that,, for Fe compounds,  t,he magnetic properties 
are  determined primarily  by the Fe-Fe interatomic 
distances and t,he number of Fe  nearest neighbors; while for 
Co and  Ni compounds,  these  factors  play a secondary role. 

Except  in  the  substitution zone, the Pe-Fe interatomic 
distances are of the same  order of magnitude  as  in pure 
iron. This leads to  an overall  ferromagnetic  behavior for 
these Fe compounds.  However, in  the  substitution zone, 
the Fe-Tie interatomic  distances  are  short,er  than those in 
pure  iron. The 3d shell of iron is larger than those of Go 
and  Ni; t,herefore, for  these  very  short E'e-Fe interatomic 
distances, there is a  direct exchange giving rise to  an 
antiferromagnet'ic coupling [ X ]  which is highly strain 
dependent.  Due  to  the positive  interactions  in  t8he rest, of 
t,he crystal, all the magnetic  moments  are  parallel. Because 
of this,  a large amount of magnetic energy is stored  in the 
substitmution zone dong  the shortest I:e-Fe interatomic 
dist,ance, where the local magnetic  interaction is negative. 
As a consequence, a compromise is attained between the 
stored  magnetic  energy and  the elast'ic energy. This leads 
to  an increase of shortest Fe-Fe interatomic  dist,ances 
in order to minimize the negative  interaction. Since these 
shortest F'e-Pe interatomic  distances  are  dependent only 
on the c axis, a  large  negative  t'hermal expansion is ob- 
served  in  t'he c direction. 

In  agreement  with the previous  work [7] our experi- 
ments  on  the Lu compound show almost  no  change i n  
Mossbauer spectra at  the ferromagnet,ic-helimagnetic 
transition.  From  this  it is concluded that  the transitsion 
is not  due  to a  change in  the electronic configuration of 
iron. Instead,  t'he dependence of the  interaction energy 
on the t,ransition  metal intera,tonic distances,  as proposed 
by NBel [SI, is applicable. For  the helimagnetic state, the 
negative  interactions  dominate  over  the  positive  inter- 
actions  leading t,o a helical spin  configuration. But as the Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on June 09,2023 at 15:54:30 UTC from IEEE Xplore.  Restrictions apply. 
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temperature decreases  more, there is a  t’endency for 
minimization of these  negative  interactions  such that  the 
Fe-Fe  distances  in  the  substitution zone actually increase. 
Accordingly, belom- 100°K positive interactions  dominate 
over the  negative  and  the compound becomes ferro- 
magnetic. In  the Y2Fe17, due  to  the  larger  atomic  radius 
of Y, the Fe-Fe  distances  are  large  enough to stabilize 
only the  ferromagnetic configuration. 

This anomalous thermal expansion of the  Fe compounds 
is quite  similar to  the  Invar  anomaly  and  the model of 
compromise  between the  stored magnetic  energy and 
elastic  energy is quite  in accordance  with Zener’s theory 
of ferromagnetism 191. 

In conclusion, the  number of Fe nearest  neighbors and 
their  interatomic  distances  play  a  major role in  deter- 
mining the magnetic  properties of the R-Fe compounds. 
In t,he  analogous R-Co compounds,  the magnet’ic prop- 
erties  are  determined  by  conduction  electron  transfer 
from the  rare  earth  to Co  whose 3d electrons  are less 
strongly  bound.  These  two different’ types of behavior 
should  lead to  an Fe-Co ordering in  the R-Fe-Co t,ernary 
compounds reinforcing the magnet,ocrystalline anisotropy 
since the  crystal  structure is uniaxial. Further st’udies in 
these directions will be of interest  in developing  permanent 
magnets. 
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Theoretical  and Experimental Aspects of Coercivity 
Versus Particle Size for Barium Ferrite 

B.  THOMAS SHIRK, MEMBER, IEEE, AND W. R. BUESSEM 

Abstract-The Stoner-Wohlfarth  coherent  rotation model  has 
been  extended  to particle sizes approaching the superparamagnetic 
critical size S, for the  case of barium  ferrite. It is shown that at 
particle volumes up to 100 S,, the coercivity factor will be lower 
than  the Stoner-Wohlfarth  factor of 0.48. Experimentally, micro- 
powders of barium  ferrite with variable particle size  have been 
formed using the glass-ceramic process. The particle  size was 
determined with X-ray and electron microscope techniques. Al- 
though  coercivities in excess of 5000 Oe were measured,  the com- 
parison between  experiment and theory is not good. This  has  been 
attributed to the  fact  that  the particles are poorly crystallized  even 
though  formation  proceeded by a  precipitation and crystal  growth 
process. 
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S 
I. IKTRODUCTION 

TONER  and  Wohlfarth [l ] calculated  magnetization 
curves  for single domain  magnetic  particle  assemblies 

which fall under  the  coherent  rotation model. Subsequent 
research  has disclosed that  other  incoherent mechanisms 
will also lead to demagnetization [2]. However,  some 
classes of materials,  notably the  hard  ferrites,  appear t,o 
be  governed by  a  Stoner-Wohlfarth  type of mechanism. 
Indeed, HCi  values  on  experimental  powders of barium  or 
strontium  ferrite closely approaching  the St’oner-Wohl- 
farth  predictions  have been  achieved by  Mee  and  Jeschke 
[3]. Recently Joffe [4] has  shown  how the coercivity of a 
part’icle assembly  which is governed  by the  coherent 
rotation model will vary  as a function of particle size. 
We have  obtained  independent verification of Joffe’s 
arguments,  and  in  this  paper  the  theory is extended Do the 
case of barium  ferrite microcrystals. Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on June 09,2023 at 15:54:30 UTC from IEEE Xplore.  Restrictions apply. 
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