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Abstract 

Calculations were made of the magnetic moment per atom of the tran
sition metal and the rare earth metal in the intermetallic compounds, 
Gd1 _xNix, Gdj _xFex# Gdj _xCox, and Yj _xCox. A simple model of the 
disordered alloy consisting of spins localized on the rare earth atoms and 
interacting with a narrow d-band is considered. The magnetic moment of 
the alloy at zero temperature is calculated within the molecular field and 
Hartree-Fock approximations. Disorder is treated in the coherent poten
tial approximation. Results are in good agreement with the experimental 
data obtained for the crystalline and amorphous intermetallic compounds. 
It is shown that the temperature dependence of the magnetic moments and 
Curie and ferrimagnetic compensation temperatures can be accounted for 
by a simple model assuming a RKKY interaction between the rare-earth 
moments and the transition metal pseudo spin. The interaction is mediated 
by an effective alloy medium calculated using the CPA theory and elliptic 
densities of states. 
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I. INTRODUCTION 

The rare earth and the transition element alloys have been the subject 
of much interest because of the possibility of their use as excellent perma
nent magnets with high transition temperatures. The reviews by Taylor 
(1 971), Burzo (1973), and Wallace (1 973) demonstrate that uumerous exper
imental investigations have been carried out on this subject. However, more 
detailed theoretical investigations have not to our knowledge been performed 
on these rather complicated systems. 

The magnetic properties of the rare earth metals mainly result from 
the partially filled 4f shell. The magnetic 4f electrons are strongly localized 
and the magnetic moments of the rare earth ions are coupled to their neigh
bours by exchange interaction with the conduction band electrons. From 
energy-band calculations it follows'that the conduction bands in hep rare 
earth metals are similar to those of the 3d transition metals .having the hep 
structure. These bands are overlapping. Moreover, s-like and d-like 
bands are strongly hybridized (Harmon and Freeman I 974). Additionally, 
we know that at zero temperature the magnetization of pure iron-group 
transition metals i s currently described in terms of itinerant 3d electrons. 
Because ot the large magnetic moments of some of the rare earth metals 
and the considerably high Curie temperature of some of the iron-group 
metals, the rare earth - transition metal intermetallic compounds are very 
interesting magnetic materials. 

The purpose of this report is to investigate to what extent the magnetic 
moments and the transition temperatures, can be understood. Because of 
the complexity of the systems, use will be made of very simple models. 
Although the alloys only exist in the form of stoichiometrically ordered 
compounds, we shall apply ideas from molecular field and coherent potential 
approximations. These theories disregard the effect of the positional or
dering of the atoms. However, this should not impose any serious limita
tion, because the magnetic properties of Gd. Co , for which there are 
several possible atomic arrangements, do not vary significantly (Burzo 
1 975); the same applies to YCo~ (Krén 1 969), fig. I. We consider the Gd 
and Y compounds. The effect of the crystal field on the magnetic moment 
and the transition temperature of these compounds is small and can be 
neglected to a first approximation. In the second section of the temperature 
dependence of the moment is calculated on the basis of an effective Ruder-
man-Kittel-Kasuya-Yosida interaction (RKKY) using the pseudo spin ideas 
developed in a recent paper on pure transition metals by Liu (1 976). 
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The third section gives a more detailed account of tiie ooiari iat ion of the con

duction electrons at the r a r e earth ions. Section four compares the theor

etical and experimental r e su l t s . P a r t of the presented resu l t s were recent

ly published by Szpunar and Kozarzewski (1 376) and Szpunar and Lindgård 

(1 976). 

2. SIMPLE THEORY OF THE TEMPERATURE DEPENDENCE 

OF THE MAGNETIC MOMENTS 

The tempera ture dependence of the total magnetic moment for the r a r e 
earth intermetal l ic compounds has been found experimentally to be quite 
complex (Taylor 1 971, Wallace 1 973). The r a r e eai th spin (R) and the 3d 
metal spin (T) o rde r antiferromagnetically. The different magnitudes and 
tempera ture variations of the moments give r i s e to a ferrimagnetic com
pensation point. T , at wliich the total moment is cancelled. Buschow 
1 ' ' comp, 

(1 971) has propounded arguments for a qualitative understanding of the 

phenomena by using a free electron Fe rmi -mom en turn, kp, as a pa ramete r . 

Here we shall consider a m o r e rea l i s t i c , yet exceedingly s imple model for 

the RT alloys. Liu (1 976) has recently demonstrated that the temperature 
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dependent effects in itinerant magnets can well be accounted for by a quasi 

spin model. The quasi spins consist cf highly correlated spin clouds around 

each T-atom. When excited, they are assumed to precess rigidly, and Liu 

siiowed that they interact mutallv with an effective RKKY interaction. This 

model is clearly ideal for the HT alloys because we can now assume all 

interactions to be of the RKKY type mediated by the conduction electrons of 

the alloy. 

The exchange Hamiltonian for the random alloy is then 

H = - I P*p* J a b s a - S b = - J [c c. j a b ( q ) S a . S b , x 

ij X 3 1 ] X Random N q * b q _ q 0 ) 
ab 

where a and b indicate the type of atom, and the_configurational average of 

the prooabilities is equal to the concentrations, p = c in the virtual 

crystal approximation. The Fourier transformed exchange integral is 

proportional to 

J a b (q) « I yi'f*+q) • j a0c,k+q)j b(k,k+q) 
k ek ek+q 

where c. is the energy of the conduction electrons in the alloy, f. the 

Fermi function, and i k + the matrix element of the exchange interaction 

between the localized (quasi) spin of type a and the conduction electrons. 

Ferromagnetic ordering of any pair a-a is clearly obtained from (1) when 

Jaa(q=0) is maximum. Assuming for simplicity, as is common, that 
o 3.21 

Jir ir* = 3 * s n e a r ly independent of k and q we can write J (0) as 

j a a < 0 ) a •åNalloy<eP ) ( 3 ) 

where i\ ,, (t ) ia a weighted average alloy density of states at the Fermi 

energy. Consistent with the random alloy theory, we then also assume that 

J a b(0) = J a V a l l o y ( e F ) a + b (*> 

is maximum and negative when j and j . have different signs. This gives 

antiferromagnetic ordering of all odd pairs a-b. To the same level of 

approximation we now consider the spin statistics of (1) in the molecular 

field approximation. One point must be clarified first. From the exper

imentally determined J(q) for Gd (Koehler et al. (1 970)), it can be shown 
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that the s elf-energy J-- - « 1. J(q) i s very small; assuming this to be 
<l I ab 

generally true, we omit a subtraction of « i J (q) from (2). The molecular 
field acting on an atom of type a is then 

H
a = (C j <sa> + c. j . < S >) j N (e_) |c» 
mol a J a z b J b z J a a l l o y F \o) 

If the exchange interaction (1) is much stronger than the crystal field, 

the average magnetizations are given bv the Rrillottin function B .: 

rz a , - H L , S J A T -Ha ,SZ 

<V = S a B
s
 ( H m o l S a / k T ) = T r S a e A r e m o 1 a 

Sa (6) 

where S i s the maximum spin of the quasi spin of type a at T = 0. The 
ex 

advantage of using B . rather than the trace, i s that non integral values 

of the spin can easily be approximately taken into account. The total moment 

i s 

M*.„_,i m I g u c <SZ> (7> 
total J- yn MB n n 

n=a ,b 

The condition for the transition temperature for the present model was 

given by Lindgård (1 975) in terms of the elemental paramagnetic suscepti

bilities 

<—i c j a a ( 0 1 ( — i c. J b b ( 0 ) ) = c c. < J a b ( 0 ) ) 2
 ( 8 ) 

X°(T) a
 X ° ( T , b a b ' ' 

a D 

This equation includes the anisotropy effect of the crystal field. How

ever, for dominant exchange interaction, and using (3) and (4), we simply 

find 

k T c = Klloy^F5 I V VSn+1>cn {9) 

n=a,b 

The deviation from a straight line interpolation between the transition 

temperatures for the pure elements are therefore mainly governed by 

N ii (cp) in this model, and to a l e s ser extent by the variation of the 

quasi spin of T. For the compensation temperature we find, from (8), by 

expanding the Brillouin functions near T : 

k T - i N ( e X 1 X 2 c 1 c 2 i 1 i 2 ( i r J 2 ) { < 2 X 2 ^ l ) i | - ( 2 X ^ l ) j p 

comp. 3 a l l o y e F ^ ( 2 X ^ 1 ) ^ ^ ( 2 X 2 + l > c 2 j ' ) 

where Xi * 5 ^ + 1) ('0) 
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The important quantities we need are the alloy density of states at the 
Fermi energy N

a u o v ( c p ) "*** * * polarization of the conduction electrons 
(at T=0), which constitutes the quasi spin for the 3d metal ion and the in
crease in moment for the rare earth ion. Using the coherent potential 
approximation (CPA), these quantities can be found at T = 0 and extensions 
made for higher temperatures. A comparison with the calculated and ex
perimental temperature variations of the total as well as of the individual 
moments will be shown. The agreement is quite satisfactory. The values 
used for the parameters are given in table 2. 

3. THE COHERENT POTENTIAL APPROXIMATION 

3.1. Zero Temperature CPA Theory Neglecting Spin Flip Scattering 

We consider a simple model consisting of spins localized on sites 
occupied by rare earth metal atoms and the narrow band formed essentially 
with 5d and 3d states from the rare earth and transition metals, respectively. 
The coupling between localized spins and band electrons for Gd is assumed 
to be the usual exchange interaction (Freeman 1 973). Each lattice site is 
randomly occupied by a rare earth or transition m*tal atom with probabilities 
c„ and c™ = 1 - cD , respectively. The corresponding Hamiltonian for s-d 

IV 1 I t 

band electrons is assumed to have the form 

H e l = H d + H f - d - <"> 

H ° = , L ( e i - ? g , ^ ° s s ' , c l s c i s ' 

where 

i s s 

* 1 [s
 U i n i s n i - s + J j s

 T i j C l s c j s C2) 

is the form of non-degenerate narrow band Hubbard Hamiltcnian in the 
external magnetic field QQ, 

H f ^ * " * i s s ' P i S i a " , C i s C i 8 ' ° 3 ) 

H< . is the exchange interaction of band electrons with localized spins, 
where p. s I or 0, depending on whether the site at r. is or is not occupied 
by a rare earth atom. Clearly, this model ignores 5-fold d-band degeneracy, 
which, however, can be qualitatively taken into account if U is thought of as 
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effective Coulomb repulsioa and the calculated quantities, e. g. the average 

number of electrons, are multiplied by five. Also disorder i s treated ap

proximately in the transfer term T - : 

Tij -*iVf- ( , 4 ) 

where the parameters w. depend on the type cf atom occupying the i'th s ite 

(they characterize the band width of pure metals) and t.. i s independent of 

configuration. 

The known methods for dealing with disordered systems cannot be ap

plied directly to the Hamiltonian (11). Therefore we have to introduce the 

Hartree-Fock approximation for intra-atomic Coulomb repulsion, which 

approximation has been widely used in transition metals alloys (Hasegawa 

and Kanamori 1 972). At zero temperature, the spin fluctuation can be neg

lected and the term Hf . i s of simpler form 

H . = - I L p.S z o z c + c. . (15) f-d - r i i s s is is * ' i s 

Taking into account the experimental data for the compounds investigated 

(Taylor 1 971), we assume the following values: 

for Y: S * * 0 (16) 

for Gd: S J * S - s g n ( M . ) . (17) 

In (17) we take advantage of the fact that the exchange coupling between 

the localized spins and the band electrons for Gd is positive. M- i s the 

magnetic moment of the conduction band electrons of Gd, 

Making use of this assumption the Hamiltonian ' H . i s replaced by 

H , where 

H , = 1 e. n + I T . c . c . , 
e l is i S i S i£js i ] 1 S ] S (18) 

c i s = ei + V W " (I 9*MB* + X Pi 8 i ) 0 M 
(19) 

in uruer to find the configuration of the averaged magnetic moments for 

both kinds of atom, we do as follows: 

It is assumed that c. will be self-consistently determined in such a 

way that it only depends on the type of atom occupying the i'th site. This 

means now that 
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<n. ) = x i s ' 

( n R ) fer r a r e earth si tes 

( n T ) for transition metal s i tes . 

We apply the locator formalism of the single si te CPA (Shiba 1 971) to 

find local densities of states of both r a r e earth and transition metal atoms. 

Following Shiba (1 971), let us introduce the bare locator 

Lis^) = T ^ T - <20> 
|w i ; 

where i = R or T depending on whether s i te i i s occupied by the r a r e earth 

or the transition metai atom. We also introduce the coherent locator L («). 
-* s 

In this formalism the CPA equation for L («•») has the following form: 

C R ( L R s r u , ) " J s ( w ) ) _ 1 + c T ( L T s ( l o ) " V " ) ) " " 1 - F s < w ) (21) 

where 

J s ( u ) = L s (u ) - F ^ U ) , 

and e, is defined through 

. - i k ( r . - r . ) 

The main quantities that we a r e looking for a r e local (or partial) 

densities of states of the r a r e earth and the transition metal atoms 

PiS'U) * " H^P " Li>»-JsW • <23) 

The Gd and Y compounds considered here have various and quite com

plicated crystallographic s tructures (Cromer and Larson 1 959). 

For ease of computation we use the simple analytic form of the density 

of states 
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N(w) = -

Y i - U ) - I U t | U) | 2: -i-

(24) 

!> / l - t o * fo r |u)| _< 1 

. 0 o t h e r w i s e . 

This 'assumption means that the half bandwidth of the pure t ransi t ion or 

r a r e ear th meta l i s given by | w T | o r |w R | , respect ively . Then, J («•») = 

F (w)/4 and the CPA equation (21) i s replaced by 

CR<LRS ( U , ) - T ' s « - ) ) " 1 + CT(LTs^) - i F ^ « , ) ) " 1 = F B ( U ) 

(25) 

and e F 
n i s = / P i s<w)duj 

(26) 

2̂  / Ira ; dw , 

£F 

Ti |w i | -co « - e i B - f F s (w) 

where e „ i s the F e r m i energy obtained self-consistent ly from the given 

number of e lec t rons in the compounds N: 

N = c R N R + c T N T , (27) 

where N R and N T a r e the numbers of electrons per one atom in the pure 

r a r e earth meta l and in the transit ion metal , respect ively. The expectation 

values for the number of electrons with spins in R and T s i tes a r e de te r 

mined by solving self-consis tency conditions (1 9) and (26) and eq. (25). 

In this way, both the band electrons (including 5-fold degeneracy of the 

d-band) and the localized spin contribute to the magnetic moment. Fo r the 

t ransi t ion meta l atom, this contribution is 

M T = | g ' . B ( n T + - n T + ) . (28) 

Similar ly, the contribution from the r a r e ear th atom i s : 

M R = ^ B S Z + !^B<nR+ * V - <29) 

The total magnetic moment per atom of an alloy i s : 

M * c T M T + c R M R . (30) 
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3. 2. Temperature Dependence of the Rare Earth Conduction Electron 

Polarization Including Spin Flip Scattering 

Using the CPA results at T = 0, it was in section 2 demonstrated that a 

good qualitative description of the temperature dependence of the magnetiz

ation can be obtained by assuming a Ruderman Kittel interaction between the 

localized 4f spins of the ra re earth ions and the quasi spins (Liu 1 976) of 

the transition metal ions. In this model we neglected the conduction electron 

polarization of the ra re earth ions. The simplest way to include this effect 

is to assume a polarization proportional to the average rare earth moment, 

MD (T). However, let us here calculate this effect with the CPA theory. 
Jtv 

Whereas the polarization at zero temperature is well given by the usual 

CPA theory, which neglects spin flip scattering (Szpunaf, Kozarzewski 

1 976), it is essential to include this effect in order to calculate the tempera

ture dependence (Liu 1 976). In the rare-ear th-r ich compounds the polariz

ation of the ra re earth conduction electrons is large, but the transition metal 

quasi spin is small and can be neglected. 

The interaction between the localized 4f electrons and the band electrons 

is now given by 

Hfd = " X I , 6 i , R Slaoo'clocia> (31) 
1,00 

a 

where o° is the Pauli matrixes, S the localized spin and I the exchange 

interaction. Kubo (1 973) developed a CPA theory for the effect of the 

scattering (including spin flip) of electrons on localized spins in magnetic 

semiconductors. Here we shall closely follow this approach and generalize 

it to cover the rare earth transition metal case. Neglecting the quasi spin 

of the transition metal ions and considering only the localized ra re earth 

spins (for the ra re earth rich alloys), we can write the elements of the 

locator (Shiba 1 971, Kubo 1 973) at the origin for the Hamiltonian (11) for an 

electron with spin up 

(wj2 o,i o 

{ t o , H - l r . ^ " H > o , » l H H o i " x l 8 J + l,1) (32) 

lwo 

I / ^ > z, 
(L ) n - (L wt = &n _ —2/(s-s~) (S+i+si) 

O O 0 , R i f 4 O O 

!wcJ 
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Similar ly for an electron with spin down 

(L W* = — „ { i d - - H* , - I S * } o i t - ° # d o w • o1 

{ L o ) t + = U - H - 6 [ H M o l - I ( S ; - 1 ) ] } (33) 
W 1 O 

(L ) t + = (L U t = 5 D — / ( S + S * ) ( S + l - S 2 ) 
O O 0 , R i ;<* O O 

I W | 
where: ° 

H i , d = e i + u i < n i f - ( , > - a o K M B H e x t ' ° t = * ' a + - - 1 (34) 

H , . , is the mc ' ecu l a r field, a s defined in the previous section (5), 

experienced by the r a r e ear th localized spin. The energy H M , i s t r a n s 

ferred to o r absorbed from the spin flip scat ter ing electron when the loca l -

ized spin changes i ts spin projection S by one unit. In (32) we consider 

for example, the localized initial s ta te to be | S, S ) and have expressed 

(S, Sy + 1 | S+ i S, SQ ) in the operator fo rm^S-S^) (S+ 1 + SQ) . We can now 

wri te the CPA equation 

<x(L A - J ) + (1-x) (LB - J ) > = F ( 3 5 ) 

where J = L" - 1 / F " and 

is the propagator for the effective medium, L is the coherent locator . F o r 

the elliptic density of s ta tes (24), one finds (Szpunar and Kozarzewski 1 976) 

that F = 4J . \ ,.. , denotes the the rmal average 

-gU s Z -PH £;z 

<A> = Tr A e M o 1 / T r e M o 1 ' a - L- (37> 
P kT 

However, in o rder to simplify the calculations, we simply rep lace S 

by \S , in the various express ions ; an approximation that i s valid at low 

t empe ra tu r e s . The CPA equation (35) can now be solved by multiplying by 

( L A - J ) and (Lg - J ) to give ( L ^ ~ 0 for i * Co, Ni, Fe , a f o ' ) . 
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< j V - < J V ( L * + L ° > + J ° ( L % 4 ) - i(xL°B +(l-x)L^) - O (38) 

From the analytic solution for J we can find the partial density of 

states (Shiba 1 971) 

p.lu)) ~ ,Im(- —) 
JW^ i (39) 

Explicitly, this gives 

PR ( u ) = " 7 — 2 I m A B - C 2 (40) 

|wRi a a a 

where 

Ap = \7* {U) " H ° ' d + a* t HM°l " I (<SZ> + a a ) 1 } " J"ff 

Ba " A ^ - H o , d + Q o I < s Z > } " j C 

w. R' 
(41) 

=o = <—7> (S-aa<Sz>) (S+l+a <SZ>) 
Iwj 

C„ = 
I*. R 

When the spin flip scattering term, C , is neglected, the density of 

states (40) reduces to the result used at zero temperature for the calculation 

of the saturation moments (Szpunar and Kozarzewski, 1 976). It is clear that 

C is small when \ S ) ~ S, but is significant at high temperatures when 

(S / v 0, in accordance with the discussion by Liu (1 976). The total density 

of states is •>(«) = xpR(u) + (1 - X ) P T ( * ) "" N ,, (~). The conduction elec

tron polarization of the ra re earth metal ions is given by 

00 

M i(T) - | g u B / f(<j)(p^(u)) - P i ( to) ) du 
(42) 

fl(w-e ) -1 
where f(<»») * (er* F + 1) is the Fermi distribution function. The 

Fermi energy c „ is determined by the condition that the total number of 

electrons, N, is conserved 

N = xNR + (1 - x ) N T , (43) 

where NR and NT are the number of electrons per atom of the pure r a re 

earth and transition metal elements. The present model can in a straight

forward way be generalized to include the effect of a quasi spin on the tran

sition metal ion. 
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4. NUMERICAL RESULTS AND DISCUSSION 

4. t . Zero Temperature Results 

Here follows a comparison of the magnetic moments resulting from the 

presented model with the experimental data for the intermetallic compounds 

Gd7 _xNix , Gd] _ x Fe x , Qd} _ xCo x , and Y} _xCo%. The model gives the anti-

ferromagnetic ordering in all the compounds considered. Figs . 2a and 3 

presents examples of the density of states in Gd. ~Co and Gd. Ni com

pounds calculated for antiferromagnetic ordering in the given model. The 

antiferromagnetic ordering i s due to the difference between the integrated 

density of states of spin up and down electrons. Fig. 2b shows for com

parison the paramagnetic density of states for Gd. Co . 

This antiferromagnetic ordering does not depend on the difference be

tween the energy level of the rare earth metal atom and the transition metal 

atom in the compounds, or on the neighbouring mean surroundings of the 

atom. Neither does the calculated antiferromagnetism depend on the con

centration of electrons in the compounds. This i s in agreement with ex

perimental results (Barbara 1 973, Krén 1 969). 

In the case of the Ni compounds the calculated magnetic moment of Ni 

i s small but antiparallel to the magnetic moment of Gd. The experimentally 

reported ferromagnetism for some of these compounds (Wallace 1 973) is 

probably due to the big polarization of conduction bands of Gadolinium (table 1). 

A number of detailed results are given in table 1. Fig. 4 shows the total 

and the transition metal moment at zero temperature. 

The theoretical approach presented i s only based on parameters de

scribing the electron structure of the pure metal: the integral of the Cou'omb 

intra-atomic repulsion (U.)» t n e half bandwidth(jw. j^,the energy level ( c ) , 

the integral of exchange interaction between the localized spin of 4f electrons 

and the conduction band electrons (I), and the total number of electrons per 

atom. The intra-atomic Coulomb repulsion and the bandwidth for the pure 

metal were fitted to obtain the best agreement with the experimental value 

of the density of states at Fermi energy, and with the magnetic moment 

per one atom of the pure metal. 
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Table 1. Results of calculation. The magnetic moment 1« expreaaed 

in the Bohr magneton. 

x - concentration of tranaition metal 

Hj, - average magnetic moment of tranaition metal atoma in com-

eompounda 

Mg - average magnetic moment of rare earth metal atoma in com

pound* 

H e o r, Mexp - magnetic moment per atom compound* 

P A P M ( C F ' " d , n* l t v °' »tatee at Fermi energy for antiferro-

magnetic aolution 

PpM(e_) density of states at feral energy for paramagnetic 

solution. 
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To calculate the interaction between the localized spin and the s-d band 
electron, I in Gadolinium, use was made of the following formula derived 
from molecular field theory (Lindgård 1 974) and (9) 

kTc = ^ (g - l ) 2 I 2 p(c F ) J ( J + 1 ) . (44) 

The experimental value of Curie temperature T is used in this formula. 

The intra-atomic Coulomb repulsion for Gd, U_d# must be different from 

zero in order to give satisfactory values for the magnetic moment, the 

density of states at the Fermi energy.and the Curie temperature. This i s 

in accordance with the predominant d-character of the band electrons, near 

the Fermi surface of Gadolinium (Harmon and Freeman 1 974). The paiam-

eters of the model (table 2) are in good agreement with those proposed by 

other authors. For example, the intra-atomic Coulomb repulsion calcu

lated by Cox et al. (1 973) is for Co, Fe, Ni respectively equal to 3 eV, 2. 7 

eV, 3. 3 eV. The exchange interaction between localized spins and conduc

tion band electrons proposed by Freeman (1 974) is . 087 eV, by Gomes and 

Guimaraes (1 974): . 025 eV. 

Metal 

Gd 

Y 

Co 

Fe 

Ni 

e (eV) 

0 .0 

0 .0 

-4 .4 

- 5 . 0 

-4 .0 

|w|2(eV) 

3 . 0 

3 . 0 

1.6 

1.6 

. 9 

U (eV) 

1.9 

1.9 

2 . 9 

2 .8 

2 . 7 

N (el/atom) 

3 .0 

3 .0 

7 .7 

7 . 1 

9.4 

9 ' 

2 

2 

2 

2 

2 

9 

2 

S 

3 . 5 

0 

I (eV) 

.049 

Table 2. Parameters of the model. The energy unit« used are 

electron volt, 

c - atomic energy level 

H 2 • half bandwidth 

U - Intra-atoK'.c Coulonb repulsion 

H - number of electron« per atom In pure metal 

g' - Lande factor of the conduction band electrons 

g - Lande factor of the localized 4f electrons 

S - localized spin of 4f electrons 

I - exchange integral between localized spin and conduction band. 
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For Y. „Co compounds, the same parameters are used as for 
Gd. Co , only the localized spin of Y is equal to zero (table 1). Com
paring the calculated values of the magnetic moment per atom of rare earth 
metal and of transition metal given in table 2 with the experimental data 
(Taylor (1 971), Burzo (1 973), Wallace (1 973), Krén (1 969)), we can conclude 
that the presented simple model for disordered alloys gives relatively good 
values for the magnetic moment in all the intermetallic compounds con
sidered. The calculated magnetic moment of the transition metal decreases 
as the concentration of Gadolinium increases. The magnetic moment of Co 
in Y. Co compounds is smaller than in the corresponding Gd. Co com
pounds. This also agrees with experiment (Wallace 1 973. Taylor 1 971, 
Burzo 1 973), fig. 5. Our model calculations are in accordance with the 
experimental fact (Figiel et al. 1 976) that the magnetic moment of Yttrium 
in Y»Co. «,, YCoe, Y^Co. and YCo» compounds seems not to be related to 
the magnitude of the magnetic moment of the Co atoms (table 1). 
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The assumption of the simple elliptic density of states was satisfactory 

for the calculation of magnetization in the whole interval of concentration 

of Gadolinium and Yttrium. This i s easy to understand because the magnetic 

moment i s calculated from the integral of the density of states, thus the 

shape of the density i s not particularity important. 

We have demonstrated that the proposed CPA model gives good s e m i 

quantitative agreement with a considerable amount of experimental data. 

Although simple the theory i s presumably more realistic than the current 

arguments (Buschow 1 971) using the Fermi momentum k„ as a parameter 

and other phenomenological models (Eagles I 973, Gomes and Guimaraes 

1 974). 

4 . 2. Finite Temperature Results 

The good agreement between the calculated and measured Curie tem

peratures for the Gd. Co alloys, fig. 6, demonstrates that the s imple 

model of an effective RKKY interaction between the Gd-localized spin and 

the Co-pseudo spin works very well. The same i s the case for the Y | _XC°X 

alloys using the same parameters. The two exchange parameters for the 

pure elements have been chosen to fit (table 3). The relation between the 

exchange constants follows from (3) and (4) 

J a b (0 ) 2 = J a a (0 )J b b (0 ) 

Metal 

IJ^ICV) 

| j P M |(ev) 

Gd 

.049 

.049 

Y 

-

-

Co 

.267 

.253 

Fe 

.188 

.176 

Ni 

.392 

.304 

Table 3. Parameters of the Model. The exchange interaction between the 

localized (pseudo) spin and the conduction electrons in eV for the anti-

ferromagnetic (AFM) and paramagnetic (PM) densities of states 
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This dependence was found from the experimental data for the 

(GdxYt _x)Co2 compounds (x = 0.4 to 1) by Burzo (1 975). Furthermore it 

was found that the r a r e earth metal susceptibility for these compounds is 

nearly constant. This is in agreement with our model because we expect 

the density of states at the Fermi energy to be essentially independent of 

the type of r a r e earth ion. For an alloy of two r a r e earth metals, the 

transition temperatures fall on a nearly straight line (Koehler 1 972). The 

marked deviation from the straight line shows that the density of states in 

the Gd. Co alloy varies strongly with concentration; a variation which 

is well accounted for by the simple elliptic model densities of states used 

here. The agreement i s also reasonable for Gd. xNi alloys. The reason 

is presumably that the exchange interactions (3 and 4) a r e proportional to 

a weighted average density of states N .. (c„) near the Fermi energy and 

that the symmetry of the lattice i s very low, and therefore gives r i se to a 

rather featureless density of s tates. However, the Gd. x F e alloys show 

marked deviations from the calculations based on the elliptic density of 

states. This is in fact not very surprising because it is known that the 

Fermi energy falls at a pronounced peak in the density of states for pure 

bcc Fe (Madsen et al. 1 975). The structure of the alloys has low symmetry. 

Since the Fermi energy and the alloy density of states change with concen

tration, far more dramatic changes may be expected than can be obtained 

by the smooth elliptic density of s ta tes . A calculation using a more realist ic 

density of states would be of interest . However, in this case it is of im

portance to take into account the changes in symmetry of the various alloys. 

Model calculations of the density of states for different s t ructures of Fe 

show large differences in p(eF) (Madsen et al. 1 975). 

The calculated temperature dependence of the total magnetic moment 

is in semi-quantitative agreement with the observations for the Gd. Co 

alloys. Figs. 7 and 8. The temperature dependence of the Gd and Co 

moments is given on fig. 9. It is interesting that the simple molecular 

field theory combined with the CPA density of states correct ly predicts a 

compensation point for the observed concentrations. At high temperature 

the paramagnetic density of states gives the best agreement, ~s to be ex

pected. For the reasons given above the elliptic density of sigtes is too 

crude an approximation to account for the detailed temperature behaviour 

in the Gd. Ni and Gd. v F e alloys. The results for the Ni alloys a r e 

shown on figs.1 0,11 and 1 2. The inclusion of the conduction electron polar

ization calculated by the CPA spin flip theory is in good agreement with 

observations for Gd, fig. 8. The polarization closely follows a simple 
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ATOMIC PERCENT 

Fig. 6. Curie temperature as function of concentration of transition 

metal in; a) Gd-Ni compounds b) Sd-Co compounds c) Gd-Fe compounds 

d) Y-co compounds. Experimental points are taken from papers Bozorth 

(1959) (0), Burxo (19731(0), Taylor (1971) (O), Wallace (1973) («/), 

Rhyne (1973)(0). 
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Fig. 8a. Average magnetic moment per atom In Gd-Co compounds as function of temperature calculated 

from molecular field theory. ( AFMplCp) PMp(ep)). Experimental points are taken from Burio 

(1975)10), Taylor (1971) (•). 

Fig. 8b. CPA calculation of the average magnetic moment per atom in Gd-Co compounds as function 

jf temperature ( ATMp(e-) — PHp(cp)). Experimental points are taken from Burio (1975) (O), 

Taylor (1971)(•). 

Fig. 9a. Magnetic moment of Co in Co-Gd compounds as function of temperature calculated from 

molecular field theory. 

Pig. 9b. Magnetic moment of Gd in Co-Gd compounds as function of temperature calculated from 

molecular field theory. 



30 60 90 

TEMPERATURE (KJ 

to 

to 

30 SO 90 

rig. 10. Average »agnatic Moment par atom in Gd-Nl conpounda aa function of tamparatura calculated 

fro* molecular field theory. (__ATHc(tj,)— PMpU f)). Experimental polnta are takan fromi Kittel 

(1956)(0). Lemalre et al (1967)(O), paccard at al (1967)(0), Taylor (1971)(•) . 



- 30 -

0 SO 100 ISO 200 

AFMp(C,l 

100 200 300 400 500 COO 

0 SO 100 150 200 

PMPIM 0 

TEMPERATURE (K) 

0 WO 200 300 400 500 COO 

Fig. 11a. Fig. lib. Fig. 12 
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(1971) (•). 

Fig. lib. CPA calculation of the average aagnetic aoaent per atoa in Gd-Ni coapounda a* function 

of teaperature. Bxperlaental point« are taken froa Målline et al (19641(0), Taylor (1971)(•). 

Fig. 12a. Magnetic aoaent of Hi in Hi-Gd coapound« aa function of teaperature calculated froa 

•olecular field theory ( AtTtoUy) FMp(epM . 

Fig. 12b. Magnetic aoaent of Gd in »i-Gd coapound« aa function of teaperature calculated froa 

»olecular field theory ( A F W p U p ) — PMp(tf)). 
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scaling of the induced moment by the magnitude of the localized Gd moment. 

The analogous results for the Ni alloys are shown on figs. 10, 11 and 1 2. 

We might try to find a relation between the intra-atomic Coulomb 

interaction in the band theory and the exchange interaction of the quasi 

spins with the band electrons. It is known that (Liu 1 976) conventional band 

theory cannot describe the paramagnetic properties of iron for example, 

because iron retain the local moment in the paramagnetic fase. Liu (1 976) 

described the properties of itinerant magnetism by introducing a quasi spin 

model. It is also known that at low temperature the band description is 

sufficiently good. We assume that the quasi spin of iron has the same 

absolute value as at zero temperature but is precessing like a unit quasi 

spin (Liu 1 976). From band theory in the Hartree Fock approximation we 

have that the band spliting is equal 

A = c i r e i t " U ( < V " < V ) (45) 

where e.e is defined previously (1 3). xs 
For five fold degenerate bands we have (Hasegawa, Kanamori, 1 972). 

U = UQ+ 41 , (46) 

where, U^is the intra-atomic Coulomb repulsion and, I, the interband 
excnange interaction, i- rum the quasi spin model we have a band spliting 
equal 

a = 2jS (47) 

where S is the quasi spin and j the exchange integral between the quasi 
spin and the band electrons, determined from T (9). Only one band is 
considered and we expect j to be related to UQ. For low temperatures 
we have 

S = f«n. t >- <nj) (48) 

So we can formaly interprete (neglecting interband mixing) that 

U (\n, > - <n )) is comming from the interaction between the quasi spin 

and the band electrons. If we assume that j does not change very much 

with temperature we have the relation 

j - 2 f « « ^ - < n^ ) * U0(<*i+>- <ni4» (49) 
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From that we find 

U 
i = ^ (50) 

Using the data of U and j (tables 1,3) and re iauon (46) we can calculate 

interband interaction, I, given in table 4. 

Metal 

,AFM ( e y ) 

I P M (eV) 

Co 

0.4 

0.4 

M 

0 .2 

0 .3 

Fe 

0 .5 

0 .5 

Table 4. Calculated interband exchange interaction, I . 

These values a r e in agreement with those calculated by Hasegawa and 

Kanamori (Kanamori 1 963, Hasegawa and Kanamori 1 972) who obtained 

that I i s ranging from 0. 6 eV to 0. 2 eV. 

5. CONCLUSION 

The conclusion we may draw i s that the RKKY interact ion between the 

localized R-spin and T-pseudo-spin mediated by an effective alloy medium 

well accounts for the magnetic moments and the t rans i t ion t e m p e r a t u r e s . 

F o r low symmetry la t t ice s t ruc tu re , the CPA theory and elliptic density 

of s ta tes is a good approximation; for higher s y m m e t r y s t r uc tu r e s , a m o r e 

rea l i s t ic density of s t a tes a s function of energy must be taken into account. 

Band s t ruc tu re calculat ions for these mate r ia l s would he of in te res t in o rde r 

to establish thei r densi t ies of s ta tes and make possible a m o r e detailed 

comparison with exper iment . 



- 33 -

REFERENCES 

Barbara B . , Gignoux D , Givord D . , Givord D. and Lema i r e R . , I 973, 

Int. J . Mag. 4, 77-83. 

Bloch D. and Lemai re R. , 1970. Phys. Rev. B2, 2648-50. 

Bozorth R. M. , 1959, Fer roma^ netism (New J e r s e y : D. Van Nostrand, 

Princeton), pp. 968. 

Burzo E . , 1973, Studii Cer . F iz . 25. 509-646. 

Burzo E . , 1975, Invit. Lect. at Symposium on Metal Physics , Poland, pp.87 

Buschow K., 1971, Phys. Stat. Sol. 7a, 199-210. 

Carfagna P . D . , Wallace W. E . , 1968, J . Appl. Phys . 39, 5259-5262. 

C o x B . N . , Coulthard M. A. , L o y d P . . 1974. J . Phys . F4 . 807-20. 

C r o m e r D. T. and Larson A. C . , 1959, Acta C rys t . 12, 855-59. 

Eagles D. M. , 1973, Phys. Kondens. Mater ie 1 6, 181-99. 

Figiel M. , Oppelt A. , Dorman E. and Buschow K. H . J . , 1976, Intermag 

Conference, Amsterdam. 

F reeman A. J . , ed. Elliot R. J . , 1973, Magnetic P rope r t i e s of Rare Earth 

Metals (London and New York: Plenum P r e s s ) . 245-333. 

Gomes A. A. and Guimaraes A. P . , 1974, J . Phys . F . Metal Phys . 4, 

1454-65. 

Harmon B. %. and Freeman A. J . , 1974, Phys . Rev. B10, 1979-93. 

Hasegawa H. and Kanamori J . , 1972, J . Phys . Soc. J ap . 33, 1599-1607. 

K a n a m o r i J . , 1963, Prog. Theor . Phys . 30, 275-289. 

Kittel C h . , 1 S56, Introduction to Solid State Physics (N- . . ork) pp. 6' 7. 

Koehler W. C. , Child M. R. , Nicklow R. M. , Smith H. G . , Moon R. M. and 

Cable J . W., 1970, Phys . Rev. Le t t e r s 24, 16-18. 

Koehler W. C . , 1 972, Magnetic P roper t i e s of R a r e Ear th Metals ed. 

Elliott R. J . (London and New York: Plenum P r e s s ) , 81 -J 28. 

K r é n E . , Schweizer J . and Tasse t F . , 1969, Phys . Rev. 186, 479-83. 

K u b o K . . 1974, J . Phys . Soc. Jap . 36, 32-38. 



- 34 -

L a f o r e s t J . , L e m a i r e R . . P a c c a r d D . , Pouthenet R . , 1967, C.R. Acad. 

Se. P a r i s , 264B, 676-679. 

Lemai re R . , P a c c a r d D . , Pouthenet R . , 1967, C .R . Acad. Se. P a r i s 

265B, 1280-1282. 

Lindgård P . - A . . 1 974, Proceedings of XI Annual Winter School for 

Theore t ica l Phys ics , Karpacz, Poland ed. Lopuszanski J . T . , 

Pekalski A, Przys tawa J. (New York and London: Plenum P r e s s , 

1976) 203-23. 

Lindgård P . - A . , 1975, AIP Conf. P r o c . 29, 441-442. 

L i u S . H . , 1976. Phys . Rev. B13, 3962-71. 

Madsen J. and Andersen O. K. . 1975. AIP Conf. P r o c . 29, 327-328. 

P a c c a r d D . , Pouthenet R . , 1967, C.R. Acad. Sc. P a r i s 264B, 1056-1059. 

Rhyne J . J . , 1 972, Magnetic Proper t i e s of R a r e Ear th Metals , ed. Elliot 

R . J . (London and New York: Plenum P r e s s ) , 129-185. 

S h i b a H . , 1971. P r o g . Theor . Phys. 46, 77-94. 

Szpunar B. and Kozarzewski B . J . Phys . C . , to be published. 

Szpunar B. and LLndgard P . -A. J . Phys . C . , to be published. 

Taylor K. N. R . , 1971, Adv. Phys . 20, 551-632. 

Wallace W. E . , 1 973, Rare Earth Intermetal l ics (New York and London: 

Academic P r e s s ) , pp 266. 

W a i l i n e R . E . , Wallace W. E . , 1964. J. Chem. Phys . 41 , 1587-1591. 


