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Barbara Szpunar™ and Per-Anker Lindgird
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Abstract

Calculations were made of themagnetic moment per atom of the tran-
sition metal and the rare earth metal in the intermetallic compounds,
Gd' -lex‘ GdI -xFex' Gd' ox
disordered alloy consisting of spins localized on the rare earth atoms and

Cox, and YI _xCox. A simple model of the

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 férrimagnet.ic 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.

*) On leave from the Institute of Metallurgy, Academy of Mining and
Metallurgy, 30-059 Cracow, Poland. Now returned,
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1. 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
(1971), Bur:zo (1973), and Wallace (1973) demonstrate that ;umerous 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 rnoments 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 hcp rare
earth metals are simiiar to those of the 3d transition metals having the hcp
structure. These bands are overlapping. Moreover, s-like and d-like
bands are strongly hybridized (Harmon and Freeman 1974), Additionaliy,
we know that at zero temperature the magnetization of pure iron-group
transition metals is currently described in terms of itinerant 3d electrors.
Because of 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 tv 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 C;dl _xCoh, for which there are
several possible atomic arrangements, do not vary significantly (Burzo
1975); the same applies to YCo, (Krén 1969), fig, 1. 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 i8 calculated on the basis of an effective Ruder-
man-Kittel-Kisuya-Yosida interaction (RKKY) using the pseudo spin ideas

developed in a recent paper on pure transition metals by Liu (1976).
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The third section gives a more detailed account of tiie polarization of the con-
duction electrons at the rare earth ions. Section four compares the theor-
etical and experimental results. Part of the presented results were recent-
ly published by Szpunar and Kozarzewski (1976) and Szpunar and Lindgidrd
(1976).

2. SIMPLE THEORY OF THE TEMPERATURE DEPENDENCE
OF THE MAGNETIC MOMENTS

The temperature dependence of the total magnetic moment for the rare
earth intermetallic compounds has been found experimentally to be quite
complex (Taylor 1971, Wallace 1973). The rare ea1th spin (R) and the 3d
metal spin (T) order antiferromagnetically. The different magnitudes and
temperature variations of the moments give rise to a ferrimagnetic com-
pensation point, Tcomp' , at which the total moment is cancelled. Buschow
(1971) has propuurded arguments for a qualitative understanding of the
phenomena by using a free eiectron F ermi-momentum, kF, as a parameter.
Here we shall consider a more realistic, yet exceedingly simple model for

the RT alloys. Liu (1976) 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 ccnsist cf highly correlated spin clouds around
each T-atom. When excited, they are assumed to precess rigidly, and Liu
silowed that they interact mutallv with an effective RKKY interaction., This
model is clearly ideal for the RT alloys because we can now assume all
interactions to be of the REKY type mediated by the conduction electrons of
the alloy.

The exchange Hamiltonian for the random alloy is then

« .,ab _abza 2b 1 ab, . =a 2b
H_ =-] PP: J:.5:°5. = == TJc.c, 37 (@8 -8
e ij IR I Jrandom N q a _b 17d )

ab

where a and b indicate the type of atom, and the configurational average of
the prooabilities is equal to the concentrations, pa =c, in the virtual
crystal approximation., The Fourier transfor-med exchange integral is
proportional to

£, (1-f )
k k+q’ | . . .
Ja(l"k+q)3b(k'k+q) (2)

ab
J («:1)°=ZE_E
k k k+g

where " is the energy of the conduction electrons in the alloy, fk the
Fermi function, and ji. ktq 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

j;' k+ q = j, is nearly independent of k and q we can write J23(0) as

aa « 42 3
J77(0) 'aNalloy(eF) (3)
where *\alloy“F) is a weighted average alloy density of states at the Fermi
energy. Consistent with the random alloy theory, we then also assume that

ab

3%%(0) () a#hb (4)

= Ja ijalloy °F
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, (1970)), it can be shown



-8 -

that the seif-energy Jﬁ = ‘N < J{q) is very small;, assuming this to be
generally true, we omit a sut()\ract.ion of IN ).Jab(q) from (2). The molecular
field acting on an atom of type a is then

a _ . a
= (ca)ao:sz) + cb]b<sz>_\ j

Hmol

a“alloy(cf') (5)
If the exchange interaction (1) is much stronger than the crystal field,

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

-H sZ/kr W s?
- z_ "mol”a -
aB (Hpo)Sa/KT) = Tr Sle /tr e Mol

a (6)

z_  _ a
<Sa>-SB {H

where Sa is the maximum spin of the quasi spin of type a at T =0. The
advantage of using Bs’ rather than the trace, is that non- integral values
of the spin can easily be approximately taken into account. The total moment
is

M = z g -N Cc (Sz> (7)

total n=a,b n*B n “n

The condition for the transition temperature for the present model was
given by Lindgard (1975) in terms of the elemental paramagnetic suscepti-
bilities
aa
- ¢ 3?0 —=— - ¢, 3P0 = c ¢ (PN (5

1
a o b

(
o
xa(T) xb(T'

This equation includes the anisotropy effect of the crystal field, How-
ever, for domirant exchange interaction, and using (3) and (4), we simply
find

1 N i9)
kT, = =N (eg) j. S (S +1)c
c 3 alloy'"F n=a,b n " n'n n

The deviation from a straight line interpolation between the transition

temperatures for the pure elements are therefore mainly governed by

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

(;F) in this model, and to a lesser extent by the variation of the

expanding the Brillouin functions near Tc:

(3 13 - ~ 72- ,2
1 (e 1%20199913,(3,73,) LK+ 1) 357 (2% 1035 )
F

chomp .~ 3N lloy

. 23 3
(Kl(2X1+1)c131+x2(2x2+1)c232)

where xj 2 Si (Si+ 1) (10)
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The important quantities we need are the alloy density of states at the
Fermi energy N alloy(‘li‘; and the polarization of the conduction electrcens
(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 -oherent 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 froimn 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 1973). Each lattice site is
randomly occupied by a rare earth or transition matal atom with probabilities
¢, and ¢, =1 - ¢, respectively. The corresponding Hamiltonian for s-d

R T R’
bhand electrons is assumed to have the form

Hy=HBy+ Hp 4, (1)
where
= -1, z +
Hd 155.(51 29 u!!J(oss')c.iscj.s'
1 +
+=J] un.n__+ ] T .c.c (12
715 i"is i-s i¥is ij"is"is )

is the form cof non-degenerate narrow band Hubbard Hamiltonian in the
external magnetic field (),

+
2 - 1 2 P S;0_..0C; Csov (13)
f-d iss’ i “i"ss’ is"is

Hf_ d is the exchange interaction of band electrons with localized spins,
where P; * 1 or U, 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 repulsion and the calculated quantities, e.g. the average
number of electrons, are multiolied by five. Also disorder is treated ap-

proximately in the transfer term Tij:
= L 4

where the parameters W depend on the type c¢f atom occupying the i'th site
(they characterize the band width of pure metals) and tij is independent of
configuration.

The known methods for dealing with disordered systems cannot be ap-
plied directly to the Hamiltonian (I11). 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 1972). At zero temperature, the spin fluctuation can be neg-
lected and the term He d is of simpler form

H = -1 p.Sz.cxz ¢t e, . {(15)

Taking into account the experimental data for the coinpounds investigated
(Taylor 1971), we assume the following values:
for Y: S5 =0 (16)

for Gd: szi

"

S- sgn(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. Mi is the
magnetic moment of the conduction band eiectrons of Gd.

Making use of this assumption the Hamiltonian” Hel is replaced by
H el where
-+

[

.C. _C.
TIJCLS js (18)

ﬁ=zen+
el is is is ifis

1 zZ, Z (19)
=€y + Ui(ni-s> - (:".' g'qu + 19151)"55 o

€is
In urder to find the configuration of the averaged magnetic moments for
both kinds of atom, we do as follows:
It is assumed that Y 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



(nRs} fcr rare earth sites

(nTs) for transition metal sites.

We apply the locator formalism of the single site CPA. (Shiba 1971) to
find local densities of states of both rare earth and transition metal atoms.
Following Shiba (1971), let us introduce the bare locator

W-€ .

Ligh) = 7—7 = (20)
W

where i = R or T depending on whether site i is occupied by the rare earth

or the transition metal atom. We also introduc«: the coherent locator I:s(w).
In this formalism the CPA equation for iq(u) has the following form:

1

cR(LRS{w) - Js(w))- + CT(LTS(w) - Js(m))-l = Fs(w) (2])

where
I () = E (@) - F-l(w)
s s ] ’
21 _ 7 N(e)de (22)
Fglw) = § éi_’,sw -e& !_stw -€
and € is defined through
e =ife o TEE
ij N k .

The main quantities that we are looking for are local (or partial)

densities of states of the rare earth and the vransition metal atoms

1
m|w

- 1
Pyglw) = L TR mE (23)
i s
The Gd and Y compounds considered here have various and quite com-
plicated crystallographic structures (Cromer and Larson 1959),
For ease of computation we use the simple analytic form of the density

of states
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2 1ot for Ju] <1
N(w) = (24)
Q otherwise .

This 'assumption means that the half bandwidth of the pure transition or
rare earth metal is given by | lez or IwR] 2, respectively. Then, Js(u) =
Fs(u)/4 and the CPA equation (21) is replaced by

Cpllpglw) = F F (@™ + cptly (@) - FF ()™} = F_(w)
(25)
and EF
S T
. . ) (26)
= - 5 / In T dw ,
nlwil -0 w=eg = F Fglw)

where tp is the Fermi energy obtained self-consistently from the given

number of electrons in the compounds N;

N N (27)

= cgNg * ¢Np.
where NR and NT are the numbers of electrons per one atom in the pure
rare earth metal and in the transition metal, respectively, The expectation
values for the number of electrons with spins in R and T sites are deter-
mined by solving self-consistency conditions (19) and (26) and eq. (25).

In thie way, both the band electrons (including 5-fold degeneracy of the
d-band) and the localized spin contribute to the magnetic moment. For the

transition metal atom, this contribution is
My = 3g ep(ng, - 0., ) (28)
T Z8"BYV T+ T4
Similarly, the contribution from the rare earth atom is:

_ z 5
Mg = gugS" * 3g'eglog, - ng ). (29)

The total magnetic moment per atom of an alloy is;

M= c¢..M (30)

oMy + ¢gMp -
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3.2, Temperature Dependence of the Rare Earth Conduction Electron

Polarization Including Spin Flip Scattering

Using the CPAresults 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 hy assuming a Ruderman Kittel interaction between the
localized 4f spins of the rare earth ions and the quasi spins (Liu 1976) of
the transition metal ions. In this model we neglected the conduction electron
polarization of the rare earth ions. The simplest way to include this effect
is to assume a polarization proportional to the average rare earth moment,
MR (T). However, let us here calculate this effect with the CPA theory.
Whereas the polarization at zero temperature is well given by the usual
CPA theory, which neglects spin flip scattering (Szpunar, Kozarzewski
1976), it is essential to include this effect in order to calculate the tempera-
ture dependence (Liu 1976). In the rare-earth-rich cc.:pounds the polariz-
ation of the rare 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

a e +
= - o
Heg 1 1200, i, 51%001%i0%1ar (31)
’
a

where ¢° is the Pauli matrixes, S the localized spin and I the exchange
interaction. Kubo (1973) 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 rare earth
spins (for the rare earth rich alloys), we can write the elements of the
locator (Shiba 1971, Kubo 1973) at the origin for the Hamiltonian (11) for an

electron with spin up

(L ) 44 =l—2{w- H st 1

v

( )** - .__ u - [ - I SZ 1 } (32)
I = 1 ,i H 1 ( + 1))

I, = |, = }— S-S S+ + z
( o)H ( o)H 6o,R 2/( o)( 1 So)

g
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Similarly for an electron with spin down

(L) = L Juw - H+ qa- 15%)
Ow ?- l o)
ool
= _1_ R _ z_ ‘
(L) ** = '2{» H; 4 GO'R [HMol I(s, 11} (33)
[wo' ' .
_ = L r4 _ 4
(LO)H = (LoH* ‘50,12 'y '2/(S+So) (S+1 So)
where: o
H) | = e + 1
i,d T EatU N, 077 %39gMpHexer 2 T 1, o, = -1 (34)
HMol is the mc’ecular field, as defined in the previous section (5),

experienced by the rare earth localized spin. The energy HMol is trans-
ferred to or absorbed from the spin flip scattering electron when the local-
ized spin changes its spin projection S by one umt In (32) we consider
for example the localized initial state to be |8, S , and have expressed
(S, S +1 [S i S, S ; in the operator form!(S 0)(S+ 1+ So) We can now
wr1te the CPA equauon

-1 : -1 (35)

<x(LA-J ) + (l-x)(LB -J) >=F
where J° = L°-1/F° and
9.1 PO =1 _ T N(e)
F N}E{ (Lo-e,) = [ == de (36)
-o I, -€

~

is the propagator for the effective medium, L° is the coherent locator. For
the elliptic density of states (24), one finds (Szpunar and Kozarzewski 1976)

Jg . \
that F~ = 4J°, (...  denotes the thermal average

Y

-84, . s -gH.. .s%
<A> = Tr A e Mol /Tr e Mol™, B = 1 (37)
However, in order to simplify the calculations, we simply replace s?
by \SZ, in the various expressions; an approximation that is valid at low
temperatures. The CPA equation (35) can now be solved by multiplying by

(Ly - J ) and (Lg - J ) togive (L'"® 0 for 1= Co, Ni, Fe, o f o),
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3
(J°) - (Jo)z(Li+L%) + J"(L‘;L%%) - %(xn‘;’ﬂl—x)l.‘;) = 0 (38)

From the analytic solution for J we can find the partial density of
states (Shiba 1971)

. 11 L
p.lw) = - = —, Im(z———=)

Explicitly, this gives

o __11 I (o}
pR (w) = p- ) m A B —CZ (40)
jw.| oo g
R
where
A =1 (w-H +a B . - 1(<s® +a) "o
c 'W 12 o,d Mol ag 1} -3
wi

B, = ._L? {w-H: gt e 1<s%5} - J°

[wol 40 (41)

Cy = (—I’Z)z(s-ao<sz>) (S+1l+a <sz>)
wdl y

When the spin flip scattering term, C o» i8 neglected, the density of
states (40) reduces to the result used at zero temperature for the calculation
of the saturation moments (Szpunar and Kozarzewski, 1976). It is clear that
C, is small when (Sz) ~ S, but is significant at high temperatures when
(8*) ~ 0, in accordance with the discussion by Liu (1976). The total density
of states is p(w) = pr(w) + (1 - x)pT(w) ~ Nanoy(u). The conduction elec-
tron polarization of the rare earth metal ions is given by

® '
MUT) = 2qup [ £(w) (0] () = by (w)) du “2)
-
where £(») = (e?“"°F) + 1) is the Fermi distribution function, The

Fermi energy tp is determined by the condition that the total number of

electrons, N, is conserved

N = xN, + (1 -x)NT, (43)

R
where NR and NT are the number of electrons per atom of the pure rare

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

4.1. Zero Temperature Results

Here follows a comparison of the magnetic moments resulting from the
presented model with the experimental data for the intermetallic compounds
Gd] -xNix' Gd] -xFex' Gd‘ _xCox, and Yl _xCox. The model gives the anti-
ferromagnetic crdering in all the compounds considered. Figs. 2a and 3
presents examples of the density of states in Gd, _xCox and Gd‘ _‘Ni‘ com-
pounds calculated for antiferromagnetic ordering in the given model. The
antiferromagnetic ordering is 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 GdI -xCox.

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 is in agreement with ex-
perimental results (Barbara 1973, Krén 1969).

In the case of the Ni compounds the calculated magnetic moment of Ni
is small but antiparallel to the magnetic moment of Gd. The experimentally
reported ferromagnetism for some of these compounds (Wallace 1973) is
probably due to the big polarization of conduction bands of Gadolinium (tablel).
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 is only based on parameters de-
scribing the electron structure of the pure metal; the integral of the Cou’omb
intra-atomic repulsion (Ui)' the half bandwidth(lwi H,the energy level (ci),
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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- Rixx | Mg L ntheor nexe oarmtcp) | Ppulcp)
compound | (uy) (ug) (ug) ug) (/atom | (/atom
eV) eV)
1. Ni .6 .6 .6 2.7 4.4
895 Gant . | -3 1.4 51| L46,.49 2.6 3.2
LEN I Ny, -.075 | 7.43] 1.2 1.,1.13 .3 .45
-178] ca N1, - 04 8.03| 1.75 1.4 .59 .9
»75 | Ga Ny, -.03 8.18| 2.02 1.63 .87 1.
-67 | Ga N1, -.0 8.17] 2.69 }2.33,2.37 | 1.19 1.3
.5 | ca g -.0l 7.91] 3.95 3.7 1.53 1.6
.25 | Ga;Ni -.01 7.63] 5.76 5.4 1.83 1.85
.0 | 6a 7.56| 7.56 ©7.55 2. 2,
1. Ps 2.2 2,2 2.2 3.29 3.7%
-895{ Ga,Fe,, | 2.2 -7.11} 1.26 1.2 2,87 3.47
.79 GacFe,, | -1.97 ~7.14] .05 ? 2.52 3.1)
.75 | Ga pe, -1.8 7.15( .43 .46 2.39 2.98
.67 | G4 Fe, ~1.36 7.17] 1.46 1.25 2.2 2.65
.0 | Ga 7.56| 7.56 7.55 2. 2.
1. Co 1.7 1.7 1.7 3.22 3.87
-89 Gaco, | 1.65 | -7.34 .m .76 2.84 3.28
-83 | Ga Co, 1.52 -7.37] .0l .2 2.61 3.06
-778| caCo, -1.36 7.39 .57 .27 2.43 2.87
<75 | Ga Co, ~1.29 7.39, .88 «55 2.33 2,74
.67 | Gaco, |~ .93 7.42 1.83 1.65 2.03 2.34
.43 | GdCoy |- .1 7.65 4.32 i.n 1.5 1.53
.25 | Gayco - .05 7.63 5.7 5.48 1.77 1.79
o lea 7.56| 7.56 7.55 2, 2.
1. Co 1.7 1.7 1.7 3.22 3.57
-895 Y, Coyq 1.6 - .15 1.4 1.46 2.87 3.28
-83 | ¥ cog 1.4 - .15 1,14 1.13 2.67 3.06
.778| ¥, Co, 1.2 - .15 .88 .82 2.54 2.87
.75 | Y Co, 1. - .14 .75 .35 2.47 2.74
.67 | Y cop .3 -.0 .21 7 2.28 2,34
.41 | ¥, Cog .0 .0 .0 .02 1.53 1.53
.25 | ¥5 Co .0 .0 .0 .25 1.79 1.79
.0 Y .0 .0 .0 2. 2,

Table 1. Results of calculation. The magnetic moment is expressed

in the Bohr magneton.

x = concentration of transition metal

M, - average magnetic moment of transition metal atoms in com-
sompounds

"R - average magnetic moment of rarc earth metal atoms in com-
pounds

"teor' nexP

- magnetic moment per atom compounds

DA,"(c,) - density of states at Permi energy for antiferro-
magnetic solution

apn(cr) density of states at fermi 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 (Lindgard 1974) and (9)

KT, = (g-1)° Paleg) JI+1). (44)

The experimental value of Curie temperature T ¢ is used in this formula.
The intra-atomic Coulomb repulsion for Gd, UG & 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 is
in accordance with the predominant d-character of the band electrons, near
the Fermi surface of Gadolinium (Harmon and Freeman 1974). The param-
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, (1973) 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 (1974) is . 087 eV, by Gomes and
Guimaraes (1974): .025 eV.

Metal | € (eV) {{w|2(eV) | U (ev) | N (el/atom) |g'l g ] S | T (ev)

Gda 0.0 3.0 1.9 3.0 2 213.5 .049
Y 0.0 3.0 1.9 3.0 2 0

Co -4.4 1.6 2.9 7.7 2

Fe =5.0 l.6 2.8 7.1 2

Ni -4.0 .9 2,7 9.4 2

Table 2. Parameters of the model. The energy units used are
electron volt.
€ <~ atomic snergy level
Iw}2 ~ half bandwidth
U = intra-atom'c Coulomb repulsion
- number of electrons per atom in pure metal
' = Lande factor of the conduction band electrons

N
g
g = Lande factor of the localized 4f electrons
8 - localized spin of 4f electrons

1

- exchange integral between localized spin and conduction band.
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For Y' -xCox compounds, the same parameters are used as for
Gd' _ xCox, 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 (1971), Burzo (1973), Wallace (1973), Kren (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, -xCOx compounds is smaller than in the corresponding Gdl _ xCo « Com-
pounds, This also agrees with experiment (Wallace 1973, Taylor 1971,
Burzo 1973), fig. 5. Our model calculations are in accordance with the
experimental fact (Figiel et al. 1976) that the magnetic moment of Yttrium
in YZCOI 70 YCos, Y2C07 and YC03 compounds seems not to be related to

the magnitude of the magnetic moment of the Co atoms (table 1).

15
@
2
'—
zZ Fig. 5. Magnetic moment as func-
lﬁ’ At tion of concentration in Y-Co and
g 2 Gd-Co compounds. ___ average
9 85 .," .{’5,' sagnetic moment per atom of com-
L_J 85 g pounds, ===== average msagnotic
5 5 §o';' § momant of Co atoms in Y-Co com-
§ d , § pounds, ..... aagnetic moment of
‘§, ,‘E c Co atoms in Cd-Co compounds,
’_.'." 5 ) Zo | eeers ‘~ magnetic moment of Y
0 L OSEJ * 0 atoms in Y-Co compounds. Exper-

imental points are taken from:

Y Co
ATOMIC PERCENT Co Taylor (1971)(0), Wallace (1973)(®).
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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 is easy to understand because the magnetic
moment is calculated from the integral of the density of states, thus the
shape of the density is not particularily important,

We have demonstrated that the proposed CPA model gives good semi-
quantitative agreement with a considerable amount of experimental data.
Although simple the theory is presumably more realistic than the current
arguments (Buschow 1971) using the Fermi momentum kF as a parameter
ang otner phenomenological models (Eagles 1973, Gomes and Guimaraes
1974).

4,2, Finite Temperature Results

The good agreement between the calculated and measured Curie tem-
peratures for the Gdl _xCox alloys, fig. 6, demonstrates that the simple
model of an effective RKKY interaction between the Gd-localized spin and
the Co-pseudo snin works very well. The same is the case for the Yl _xCo‘
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)

Jab(0)2 - Jaa(O)Jbb(O)

Metal Gd Y Co Fe Ni
.AFM
1377 (ev) .049 - .267 | .188 | .392
ij" | (eV) .049 - .253 .176 | .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



- 25 -

This dependence was found from the experimental data for the

(deY] _x)Coz corapounds (x = 0.4 to 1) by Burzo (1975). Furthermore it
was found that the rare earth metal susceptibility for these compounds is
nearly constant. This is in agreement with our model beca'ise we expect
the density of states at the Fermi energy to be essentially independent of
the type of rare earth ion. For an alloy of two rare earth metals, the
transition temperatures fall on a nearly straight line (Koehler 1972). The
marked deviation from the straight line shows that the density of states in
the Gdl .xCoy alloy varies strongly with concentration; a variation which
is well accounted for by the simple elliptic model densities of states used

here. The agreement is also reasonable for Gd Nix alloys, The reason

is presumably that the exchange interactions (3 :m: 4) are proportional to

a weighted average density of states Nalloy(‘F) near the Fermi energy and
that the symmetry of the lattice is very low, and therefore gives rise to a
rather featureless density of states. However, the Gd] _ xFex 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. 1975). 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 states. A calculation using a more realistic
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.
wiodel calculations of the density of states for different structures of Fe
show large differences in p(cF) (Madsen et al. 1975).

The calculated temperature dependence of the total magnetic moment
is in semi-quantitative agreement with the observations for the Gd, _xCoy
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 correctly 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 siates is too
crude an approximation to account for the detailed temperature behaviour
in the Gd1 -xNix and Gd1 -xFex alloys. The results for the Ni alloys are
shown on figs.10,11 and12. 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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(0) . Taylor (1971)(*).
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Fig. 8a. Average magnetic moment per atom in Gd-Co compounds as function of temperature calculated
from molecular field theory. ( mp(cp) ---Pllo(c!,)). Experimental points are taken from Burzo

(1975) (0), Taylor (1971)(®).

FPig. 8b. CPA calculation of the average magnetic moment per atom in Gd-Co compounds as function
of temperature | Aﬂlp(cr) - P!lo(c’)). Experimental points are taken from Burzo (1975) (0),

-

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 G4 in Co-Gd compounds as function of temperature calculated from

molecular field theory.
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Fig. lla. Average magnetic moment per atom in G4-Wi compounds as function of temperature calculated

from molecular field theory. Experimental points are taken from Walline et al (1964)(0), Taylor
(1971) (*) .

Fig. 11b. CPA calculation of the average magnetic moment per atom in Gd-Ni compounds as function

of temperature. Experimental points are taken from Walline et al (1964} (0), Taylor (1971)(*),

Fig. 12a. Magnetic moment of Ni in Ni-GA compounds as function of temperature calculated from

molecular field theory (__NMo(ep) -=~ PMo(ey)) .

fig. 12b. Magnetic moment of G4 in Ni-GA compounds as function of temperature calculated from
solecular field theory (___Anlp(r.')--- PHoley)) .
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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 12,

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 1976) conventional band
theory cannot describe the paramagnetic properties of iron for example,
because iron retain the local moment in the paramagnetic fase, Liu (1976)
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 1976). From band theory in the Hartree Fock approximation we
have that the band spliting is equal

a4 = €iv &1y T U(<ni§)-<n]+>) (45)

where ¢, is defined previously (13).

For five fold degenerate bands we have (Hasegawa, Kanamori, 1972).

U = U0 + 41, (46)
where, U o,is the intra-atomic Coulomb repulsion and, I, the interband
exchange interacuon, From 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 U o’ For low temperatures
we have

s = 3(ny,)- (n)) (48)

So we can formaly interprete (neglecting interband mixing) that

Ul \ni f) - (ni )) 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

ie 2 Hing)- <o) = U (4)- &y (49)



From that we find

U
i (50)

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

interband interaction, I, given in table 4.

Metal Co Ni Fe
M | 0.4 0.2 0.5
M ev) | 0.4 0.3 | o.5

Table 4. Calculated interband exchange interaction, [.

These values are in agreement with those calculated by Hasegawa and
Kanamori (Kanamori 1963, Hasegawa and Kanamori 1972) who obtained
that I is ranging from 0.6 eV to 0.2 eV.

5. CONCLUSION

The conclusion we may draw is that the RKKY interaction between the
localized R-spin and T-pseudo-spin mediated by an effective alloy medium
well accounts for the magnetic moments and the transition temperatures.
For low symmetry lattice structure, the CPA theory and elliptic density
of states is a good approximation; for higher symmetry structures, a more
realistic density of states as function of energy must be taken into account.
Band siructure calculations for these materials would be of interest in order
to establish their densities of states and make possible a more detailed

comparison with experiment,
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