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A B S T R A C T

The Ramirez-Falicov model for the a-y transi­

tion in Ce has been extended to describe Ce-rare earths 

dilute alloys. Changes in the transition temperatures 

and pressures predicted by the model, are in good agree- 

ment v;ith existing experiments. The most important 

effect of the impurities is to lower the transition 

temperature, the effect being more marked for divalent 

impurities, The assumption that in this way an orde- 

ring (Néel) temperature can be reached, leads to the 

prediction of a phase diagram for these alloys similar 

to that found for Cr doped V 2O 3 .
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I-INTRODUCTIOM: ' ' • •' ,
1 ' »

J The phase diagram of the Ce below room temperature 

shows several transformations. The initially high temperature 

annealed Ce, when cooled to room temperature yields the fcc 

paramagnetic y phase¿ Further cooling produces a partial transforma- 

tion of the y phase to the dhcp B form. Under still further cooling 

the remaining y phase transformas to a collapsed fcc a phase.

■ Present theoretical understanding of this

behaviour is based on the idea that the a phase.consists of

4+ r
Ce ion cores and four conduction electrons per atom; this

4+ ’
Ce ion, being isoelectronic to the Xe atom is non-magnetic, 

with zero total angular momentum. The y phase is assumed to

• 3+  :

be formed by Ce ions and three conduction electrons per atom.

The Ce^+ ion i’s magnetic and has a total angular J:- 5/2.

P a u l i n g ^ ^  and Z a c h a r i a s e n s u g g e s t e d  that 

the ot-y transformation corresponds to an electronic transition

from the 4f level to the conduction band. Recently, Ramírez and

(3) •
Falicov(R F) have proposed a meehanism for the transition

in which the Coulomb repulsión between 4f localized and band 

electrons acts as the driving forcé. Assuming a linear pressure 

dependence for the parameters they were able to explain the main 

features of the a-y transformation. Since the(RF)mechanism depaids

J
strongly on the number of localized states, the model coxild be 

tested b y .replacing a few Ce ato^s by other atoms as similar to 

Ce as possible, with their localized f states far enough from 

the Fermi energy in such a way that it is impossible to change



its occupat.ion for all interestinq temperaturas. Tn 

this scnftíi'*one enrt think of T h , La, Pr and othr>*-" rarr> 

earths as impurities. This test is more relevant since

there exists a bulk of experimental information on

, ‘♦-8 
the effect of impurities on the a-y transition .

These experiments show that addition of a few per cent dj-

trivalent rare earths impurities lowers the transition

temperature substantially, while the effect of divalent

impurities is even more marked.

We present here an axtension of the 

RF model to include the effect of impurities. In this 

way it is seen that a generalization of the RF Hamil- 

tonian, treated within the,mean field approximation, 

can account for the main experimental results on al- 

loys, with the noticeable exceptionof La. A possible 

explanation of this could be that for La the assumption 

that the valency of impurities is not changed at the 

transition is not valid. ' '

In section IV we include a speculative ’

discussion based on the hypothesis that by alloyfog

for instance with Yb, the transition temperature can

be lowered to the point where the spins in the phase

may ordcr. In this case, one would have a phase diagrnm

for Ce alloys quite analogous tp that of the V 20 3 system

where a low temperature antiferromagnetic phase is known 
_ 9

to exist. If our speculations can be experimentally 

verified it would turn out that Ce and the O», Systevr\



have a (completely analogous behaviour. This similarii-y

• 9
has first been pointed out by Rice and McWhan for

the high temperature transformation.
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•

„\ If we assume that alloying Ce with other
' "J" \ ' ' •' ' ' • ■

rare earths or similar atoros, does not change apprecia- 

bly the position of the localized 4f levels and the band 

States in, the host we can write the following Hamiltq- 

nian for Ce alloys . . ■ , ¡

H = T g .  ct C, . + A 7 b* b. + A' y bt, ,b .  ,  ,

£ . k kcr ko jjj ím ím . i'm' 1 1
%  . ' , ‘ (2 .1 )

+ G y ct C. bt b. + G y , ct, c., bt, ,b. , ,j . ío ia im im í'o í'a i'm' i'm'
ain , -A a m ' •

• , * ‘ : ' ■ •' ' <S ■ . ' • .
J. > / " ' '

Here C^a creates an electrón with spin ó in a band state

4. * .
of energy e, ; bl creates an electrón in a localized 

K im
4f

state at'a Ce atora at site i, with total angular’momentum
. ' #« •

» X *
in the z direction m . , b.. , creates an electrón in a loca-i m

lized state at an impurity site, G is the Coulomb inter- 

action between an electrón in the band and an electrón in 

a localized state in Ce and G' is the Coulomb interaction 

between an electrón in the band and an electrón localized 

at an impurity site. C^ creates an electrón in the 

Wannier state at site i associated with the band. The

localized states are assumed to be highly correlated ionic-
! ' 

like 4f orbitals, with a well defined total anqular momen­

tum. ’



• ^Within the framework of the rigid band
■

model and in the mean field approximation we have for

the energy '

00 •

E = / de D(e) n.(e) + c A N  n + x A' N n'

0  ‘ °  °  ,

(2 . 2 )
* 4 r . .

s + c 0 N n + x G N ( 0+ n')

Where D ( e ) is the density of states in the band, n(e)

the one electrón distribution function, N the number. o

of lattioe sites, c the Ce concentration, n the number of 

electrons ( ^1) localized at a 4f level in a Ce atom and n' 

the corresponding quantity for the impurities. x = 1 -c, 

is the impurity concentration. N c is the total number 

of conduction electrons given by .

* oo .

, * N ~ = /  de D(e) n (e) (2.3)
■ ’ o . * ‘ '

In Eq. (2.2) 0 accounts for the occupation of a second 

localized f level in a divalent impurity, which wc flSRume to 

lie well below the conduction band. O = 1 for divalent immi - 

rities a n d o  *= 0 for the other cases. ,

In what follows we shall assume that 

n'= 1 for all rare-earth impurities and n' = 0 for Th.

Within the same Spproximation the entropy is

given by
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5 = - / de D(e) { n (e) ln n (e) + | 1 - n (e)]ln (1 -n (c) ) }
o . , - ■ ■ . ' ' _ 1 ■ .

. (2.4)

- N q c  { n ln n + (1-n) ln (1-n) -n lri (2J+1) }

where the first term gives the entropy of the band electrons 

v;hile the second term corresponds to the Ce ions.

In (2.4) J.is the total angular momentum 

of the localized electrons in these ions.,

: To obtain the equilibrium valúes for

n(e) and n we must minimize F = E - T S subject to the 

constraint
. • • . ' ■ ' i ' 1

N + c N n = 4 c N + n x N (2.5)
C • 0 0 o

where n is- the valency of the impurities. .



III-Ce-T>ARR EARTII AI.LOYS.

From the above given expressions for

the interval energy and entropy, by eliminating the

number of conduction electrons N , we can write the
c

following expression for the free energy per .atom in 

temperature units. , '

1
F =

a [c (4-n) + n x j  + c n A  + c n G  £c(4-n)+nx]

+ x G (4-n) [c(4-n) + nx] ' (3.1)

+ c T [  n ln n + (l-n) ln(l-n)]¡ - cT n ln (2.T+1)+const.

In deriving (3.1) we have assumed a constant density

of states D(e)=.aN , and neglected the entropy of the

1 o
band electrons. We may write the free energy per

Ce atom in the following form .

2 .
F = E n - B n + T {n ln n + (1-n) ln (1-n)-

- n ln(2J+l) } + const.

Where

E = E - E, x

B = B (1-x) 
0

B = G --- i—
o ¿a

E j= 2 (4-n) B

F. = A + 4(G--- ¿-)
o a

f
/

(3.2)

(3.3a) 

(3.3b) 

(3.3c) 

(3.3d) 

(3.3e)

o

E is the distance from the Fermi level. o

to the localized 4f state in Ce.
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'!’hn oxtr.oinn.1 cond f  t-.ion o n P ; wH:h rospo.ot: l o  n Itvulr:

n=----------------------- 1--------- : “ f(n )
1 exp (E-2Bn)T~ |+ 1

M + 1  ■ • (.3.4)
lio

This equation has in general one, two or three solutions 1 

As discussed in reference 10 , the transition takes'place 

when n=—i— is a solution of (3.4), i.e.

T - E~B .
• IrTT (3.5)

. • ' ‘ ' ' 3+ . . 
taking explicitly J=— ^or Ce i°n s » ,

■ ' v * '
The critical transition, defined by the

• dn
condition that ---  is infinite, occurs at

dT

T = —5— (3.6)
c -

One may expect small changes in the para- 

meters A, G, and a. with increasing pressure. Since E and
A _ ' .

B are defined as differences between comparable quantities

3
they will be sensitive to this changes. . One can 

reproduce the observed a-ytransition line for puré C'.e 

by assuming a linear pressure dependence of E and B.

In fief. (8 ) the linear dependence of B for V 2O.J has 

been adjusted using experimental data on the variation 

of the critical parameters with impurity concentration. 

Since no such data exist for Ce alloys, wé shall only



t. n tí '’" I'! ’if3 p! r > re t i r e  !'<'pp I ,MM ü i’ i n n  (-,<>) I .

Th-ís cnn bo nonn 1:o be eqidvnlont- l:o the nnsumptfon 

m.=i<'l«í by líHinírnz and Fallcov ln r«f. P ) .  Taking

R-s IS - F i x  !• y !> . ‘
r»

' t 
and adjustinq to the experimental p-T diagram of

puré Ce we get y= 42.53 K/kbar which is in good

agreement with the.valué used by RF.

Using the valúes Tc= 579°K, Tfc(p=o)= 1 1 6 CK and

D(e)= N a¿ °K-1 for puré Ce we obtain
0 7892

G= 5 1 0 6 CK

A = 12510 CK
;

. Equation (3.5) allows us to draw phase 

diagrams for Ce R alloys, where R designates a rare
*

earth generically. These are depicted in Fig. 1 and 

show that in general the transition pressures will 

increase and transition temperatures will decrease as 

a result of alloying, in agreement with -the experiments 

by Gschnéider et al 71 in Pr, Dy and Lu.

. The calculated transition temperatures

for the 2%/at. concentrations at zero pressure are

3+ 2+
T *103 *K for trivalent impuríties and T b 77 °K0 ' o

fpr the divalent ones, in good agreement with the valúes 

reported by Miner et al. p "We assume that Eu and Yb

■Q 4
are divalent 8 while the other rare earths(with the



at n i ]  tcíitpr>n»l'lir<M! nt'if " ' " ¡v .U it ' . ' t  ol intr*v» ’ : d .  II Fu 

bennnieM 1 r f v a l e n l  fn 1.1ir rt phrtf-iti aiul rninaínH fio '-'lit-in

mí trh th o sn  o f  P o f   ̂ . ( c . f . F í q  2 i.n f;hnt w o rk )  . For

4ssumed to ha a magnetic or non-maqnetic impurity in Ce

It would be desirable to have direct 

experimental Information (for instance sueh as provided 

by NMR) regnrdinq possible changos in the occupation 

of the 4f level of La in the range of pressure not too 

far from the transition valúes

Ce-Th alloys. -

■ Since Th is tetravalent when disolved

iri Ce, we have E = F, , independent of impurity con-

centration; B is still given by (3„3b) Transition tempe 

ratures and pressures are obtained f r o m (3.5) as above, 

and the model prediets that Tfc at zero pressure increa-

hysteresis offect.(Tt increases with x in coolinq and 

decrases in heating) so direct,comparison is not pos- 

sible. However, our formulae qive a maximufi concentra- 

tion of Th , x = 3fl% /at. above which there is no more

f f o  I { 111 I > m  •!. l e  t 11 r-. y ¡ . l i n a r - -  I I m  l o n u l l n  n  i p  . ’< > n n  ¡ es | m i  I

La impur,ities, the procedure used here would predict^ 

transición temperatures and pressures in contradictáon 

wil/ñ the results of both Pefs 7 and 0 , whether La were

o

ses linearly with x. Experiments of Ref. G show an



t t

first. order transition, vhich, considering the 

crudness of the model in in reasonable agreement v/ith 

the results of Ref. t+(c.f.,fig 3), which indícate a
t

critical concentration of about 30%. .



IV-POSSIBILITY OF A MAGNfíTIC TRANSITION IN Ce AI.LOYS.

9
Rice and Me Whan have suggested that the

the a-y transition in Ce is equivalent to the metal-

insulator transition in (V¿ xCr^) except that in tlí.is

systeni all tho conduction electrons become localidad,

wherean in Ce, jast ono of the conduction electrons

in the a-phase is trapped in tho 4f state. This fact

is implicit in the equivalence between the RF model

and the model for metal-insulator transitions pre-

11
viously proposed by Falicov and Kimball . The phase 

diagram for (Vi__x C r x >2 O 3shows a second first order 

transition at lov/er temperaturas from the metallic

■ r- 12
to an antiferromagnetic insulating State,

Recently Falicov,Goncalves da S.i]va

13 „ 10 
and Huberman and Alascio,López and Grunfeld

have independently succeoded in constructing very si­

milar models in which it is shown that if the insulating 

phase ordars magnetically below a certain temperature 

T^ , the second transition is a natural consequence of the 

the thermodynami.es of these models, provided the en- 

tropy of the metallic phase is large enough.

A similar low temperature behaviour 

has not been found in puré Ce, because tho paramagnetic
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raturo.

As we have» seen in the previous sections.

divalent impurities have a strong effect in üowering 

the a-y transition teperature. The assumption that 

in this way an orderinq(Néel) temperature can be rea- 

ched, plus a thermodynamical analysis similar to that 

qiven above, leads to the prediction of a phase dia- 

gram for these alloys similar to that of V 2O 3 doped 

with Cr.

Making the additional assumptions that

the exchange interactíons of the impurities can be

neglected and that the spin entropy of the « phase

can be disrcgarded, we have the following expression

for the magnetic free energy of the ordered y phase

1 o
per Ce atom in the molecular field approximation

0 2 -3 ,T 2 ' ’
F = - (1-x) T n -------  m - T n ln(2J+l) .
n N 2(J+1)

(4.1)
1

+ T n / B_ (m1) dm*
* iJ, 0

whore T° is the hypothetical Néel temperature for puré 

Ce (not to be confused with the Néel temperatura
*

of the j3) phase) , m the reduced sublattice magnetiza- 

tion and B *  (m) the inverse Brillouin function,
u
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_ «SÍÍ&SSraMW*** ' .... „
’ *' ' ' i

Variation of the total free energy with 

respect to n and m leads to the following equations 

to determine the equilibrium valúes

m  == B n ~) (4 .2 )
J+l t ,

and

n --
1 exp(E-B'n)/T+l (4.3)

q

T o 
where t=---- , (Tí¡j=(l-x)T ) is the reduced temperature and

TN

1 r™ i v
q = ----- exp -/ B ‘|m') dm' (8.4)

2J+l o J

2
B » = B + — ——  T... m

2 (J+l) N

The implications of E q s . (4.2)a n d (4.3) 

on the transition have boen discussed in Ref. 10
t

At T=0, the free energy reduces to the 

internal energy of the system

2 15 2 2 
U = E n - B n - —  n m T

14 N (4.5)

For the ground state we rnust therefore have

m - 1 '

0 for E - B’> o
n = ' . .

1 for E - B 1< 0 '
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The transition takes place then at E=B', which using •

(3.3) yields the following relation between the tran- ■> 

sition pressure at T=0 and the other parameters

Po ~ —  T + B (l+3x)-K , (4.7)
. 14 N .

Above this critical pressure the inütallic state (<x - 

phase) is stable at T=0.

Equation (3.5) shows that for the 6%

Yb alloys the transition occurs along the line

T = Ü  p

with l9 - 23.74 K/kbar. '

- Taking the hypothetical Néel tempera- -

ture T =10°K, we have for the transition pressure - 
N

at T = 0, p0 = 0.26 kbar and at , pN =0.42 kbar.

Numerical solution of Eq..(4.2) and '

(4.3) allows us to draw the phase diaqram shown in 

Piq. 2. This shows the possibility of a tra’ sition 

from the magnet.ically ordered phase (MO) to the oí. 

phase takinq place on increasing pressure. The tran­

sition from the phase to the MO phase on increasing 

temperature is consequente of our neglect of the entro- 

py in the ^  phase. This assumption could be modified

by taking into account the entropy of impurities which ' 

should be more easily disordered in the oC phase than
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in the y phase." Also the n,on-integral valency and
‘ . 15 • ' - , ; -
the high susceptibility of a -Ce (probafyly resul-

r ” > > , ,

ting from f-s hybridization) are 'not explained in this

‘ ' ' ' > • v
simple model. and could contribute to the entropyy  B o t h ' 

' - * - * s 
effects would tend to give the line separating the-

MO ano a phase a finite negative slopn. .The possibility
‘ , ' ^ * * 

of structural changes at dnrlved frpm, macjne^oelas- \

*  ' ” i i ‘ ^ 
tic t.erfns as pointed out by Falicov ct al. should .

» » * * 
not be ruled out. Work on the effect of 'f-s hybridizá-

t  - ■-% i

tion on the prop^erties of the a-phase fmd on* the a-y^

transformation in puré Ce is presently in'progress,
. . i

and will be the subject of a fortheoming paper'.
A*

The existence of the ordared 8 phase 

should not be a M n d r a n c e  to the experimental verifi-' ‘
x,

catión of the type of transition that we have discüsr ‘
y

t • ' 

sed here. Determination of the phuqe diagrajn of the ^
v * '

alloys would not only increíise t’ie understanding of 

the behaviour of Ce metal but nhould also shed light „ 

on the validity of the ideas underlying the models , 

proposed for the phase diagram of (Vi_xC r x) 2O 3 ■
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Figuro Captlons
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