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ABSTRACT

The Ramirez-Falicov model for the a-y tranéi—
tion in Ce has heen extended to describe Ce-rare earths
dilute alloys. Changes in the transition temperatufes
and presspres predicted by the model, are in good aqree-
ment wifh'existing éxperiments; The most important
effeqt of the impurities is to lower the transition
temperature, the effect beiné more marked for divalent
impuri£ies, 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,;03.
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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 coqling produces a:partial transforma-
tién of the y phase to the dhcp 8 form. Under still furtﬁer cooling
the remaining Y‘phase transform;; to a collapséd fcc a phase.

| Present'tﬁeoretical understanding of this
behaviour is based on the idea that the a phase consists of
Ce4+ ion'éores and four conduction electfons per étom; this
Ce4+ ion,’béihg iéoeiedtronic to the Xe atom is non—ﬁagnetic,_
with zero tdtal4angulqr momentum. The y phase is assumed to
he formed bf Ce3+ ions and thfée conduction electrons per atom.
The Ce3+ ion. is méghetic and ﬁas.a Lotal angﬁiar wewentan J= 5/,

hPauling(i? and‘Zachariqsen(z) suggeéted that

the a-y transformation corresponds.to én.eieétronic transition
from the 4f level to the éoﬁaﬁction band. Recently, Ramirgz and
Falicov (R F)(3) have proposed a,mechanism for the _traﬁsition
in which the Coulomb repulsion;between 4f localized and bhand
electrons acts as the driving force. 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 depen ds

strongly on the number of localizéé states, the model could bhe
_tested by replacing a few Ce atoms 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 occupation for all iqterestiﬁq temperatures. Tn
this qon’é:’{;j;‘r‘nc‘%?‘:‘tﬁs think of Th, La, Pr anﬁ‘*gtwl;o; f??‘pﬁ?‘
earths as impﬁrities. This test is more relevant since
there.exists-a buik of experimental information 6n
the effect.of impurities on the o-y transitionu-é .
These experihents show that addition of a few pe; cent d#
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 itjis 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.exceptioﬁof La. A possible
explanation of this could be that for La the assumption
that the valency of impurities is nof changed at the
transition is not valid.

In section IV we include a speculative
discussion based on the hypothesis that by allovﬁq
for instanée with Yb,.the transition temperature can
he lerred to the point where the spins in the ¥ phase
may order. In this case, one would have a phase diagram
for Ce alloys quite analogous gy'that of the V,03; 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  V,05 System



have a completely analogous behaviour. This similarity
9
has first been pointed out hy Rice and: McWhan -for

the hlgh temperature transformation.
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“ 4. . If we assume that alloying Ce with other
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rare earths or similar atoms, does not change apprécia-
bly the position of the localized 4f levels and the hand
states in the host we can write the following Hamilto-

nian for Ce alloys R o f '; ‘ ¢

- L5 o + , 1,
H = Eo 2 Crg Co + A ;m bim bim * A E'm' 3 T
. [ §

R ‘ (2.1)
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Here Clo creates an electron with spin o in a band state
o |

of energy e,; im creates an electron in a localized 4f

state at’a Ce atom at site i, with total angular momentum

in the 2z direction m., bI, creates an electron in a loca-

m'
lized state at an impurity site, G is the Coulohb'intqr—

action between an electron ih the band and an electron in

a localized state in Ce and G' is the Coulomb interaction
between an electron in the band and an electron localized

at an impurity site. C}'“creates an electron in the

Wannier state at site i associated with the band.iThe

localized states are assumed to be highly correlated ionic-
; .

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

tum. st



e EPET Wi thin the framework‘offthé;figid band
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model and in the mean field approximation we have for

the enerqgy

©o

E =f de ple) nle) + c A N,n+xA'"N n'
o] . .

| (2.2)

A f cGN,n + xGN_ | o+’n‘{
Where D(e) is the éensity of states in thé band, n(e)
the one giectron distribution function, No the numher
of lattice sites, c the Ce concéntratién, n the numher of
electrﬁns ( <1) localizéa at a 4f 1eve1‘in a Cé atom and n'
the correspoqding quantity for the impurities. Q = 1-c,

is the impupity concentration. Nc is the total number

of conduction electrons given by

ﬁ‘»;ﬁ N, = f: ‘gs.DFe) n(e)g‘ "‘_ (2.3)

In Fq. (2}2)_9vacc6unts for the occupation of a second
localized f level in a divalent impurity, which we assume to
lie well below the conductiég band. 0 = 1 for divalent impu-
rities ando® = 0 for the other cases. ,

h In what follows we shall assume that

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

Within the same ﬁgproximation the entropy is

given by
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S = - fa N {n () In nle) 4 [1 = nlefin(ln(e)))

(2.4)
-N_ c{nilnn + (1-n)In(l-n)-n 1n(2J+1)}

where the first term gives the-entropy of the bénd electrons
wvhile 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 values for
n(e) and n we must'minimize-b =FE - T 8§ subject to the

constraint
: .= ) - ' 5
Nc ‘+ c_No n 4 c No + nx No . I - (2.5)

where n is' the valency of‘thebimpurities."
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From the above given expressions for
# ‘ .
the interval energy and entropy, by eliminating the
number of conduction electrons Nc, we can write the

following expfession for the free enerqy per atom in

temperature units.
F=-1 ‘ 12 ) :
T2a [c (4-n) + nx ]“+ cnAa+cngG [c(4-n)+nx]
+ x G (4-n) [c(4-n) + 'nx] S " (3.1)
+¢T[n 1nn +(1-n) ln(l-n)] = ¢T n 1ln(2T+1)+const.

In deriving (3.1) we have assumed a constant density

of states D(e)=.aNo, and neglected the entropy of the
: 10 :

hand electrons. We may write the free energy per

Ce atom in the following form
2 4 T
F=En-Bn+.T¢{n lnn +(1-n)in(1l-n)-

- n In(23+1) } + const.'’ . (3.2)

Where

E = Eo - B} x ' (3.3a)

B = Bo (1-%) : (3.3h)
- 21 . ,

Bo— G > ; (3.3c)

Ey= 2(4-n)B_ ' ~ (3.34)

Ro= A+ 4(G- —1m) ‘ (3.3e)
0 a

Eo is the distance from the Fermi level

'to the localized 4f state in Ce.
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Tha extremal condfition onf with respact 1o n leads to o
n= 1 -1 - = f (n) '
1 exp (E-2Bn)T7 |+ 1 - ‘ .
20+1 : (3.4)

. 10
This equation has in general one, two or three solutionsl I
As discussed in reference !0 , the transition takes’place

when n=—2—- is a solution of (3.4), i.e.

"=Twe (3.5
o ‘ N P L
taking, explicitly g=-2- for Ce ~doms. .
o The critlcal tran51tion,.def1ned by the
condltion that g%— is infinite, occurs at
T = -2— (3.6)

One may expect small changes in the para-
meters A, G, and a. with increasihg pressure. Since 'E and
B are defined as differenééé between cohparable quantities
they will be sensitive to this changes. } . One can
reﬁroduce the observed.a-ytransition line for pure Ce
by assuming a linear pressure dependence of E and B.

In Ref. (8) the linear dependéﬁce of‘B for V,0,4 has
. been adjusted using experimental data on the variaﬁion
of the critical parameteré with impurity concentration.

Since no such data exist for Ce alloys, weé shall only
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This can be seen to be equivalent. to the assumption

made by Ramirez and Falicov in ref, (3). Taking

1= l‘.n-* Mix ¢+ vy p

4

and adjusting T_ to the experimental p-T diagram of

t
pure Ce we get +y= 42,53 K/kbar which is in good
agreement with the . value used by RF,

Using the values Tc= 579 °K, Tt(p=o)=116°K and

D(e)= N az No og-1 for pure Ce we obtain
° 7892

G= 5106°K

A=12510°K

’

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
increaée and transition temperatures will decrease as -
a result 6f alloying, in agreement with -the experiménts
by Gschneider et 31‘5! in:Pr, Dy and Lu.H

The calculated transiﬁion temperatures
for the 2%/at. concentrétions at zero pressure are
T:+=1032'K for trivalent impurj&ies and T:+ e 77°K
for the divalent ones, in good agreement with the values
'repofféa~by-Miner ét al. ® “We assume that Eu and Yb
'8

are divalent while the other rare earths(with the
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at all temperatoros and mresatrend of Inteveat, 10 P'n
Laromas trivalent in the aphase and remainsg so when
fjodng back toe the ¢ pdhipae the ')nr:nHm AMe cumaialant

with those of Ref 8 ,(c.f. Tig 2 in that work). Tor
La impurities, the procedure used here would predict,
transrélon temperatures and pressures in contradiction
wipﬁfthe results of both Refs 7 andq 8, wvhether lLa were
/aSsumed to be a magnetic or non-maqnetic‘impurity in Ce,
' It would be desirable to have direct
experihental information (for instance such as provided
by NMR) regarding possihkle changes in the occupation
of the 4f level of La in the range of pressure not too

far from the transition values

Ce-Th alloys.

Since Th is tetravalent when disolved
in Ce, we have E = Eo, independent of impurity cdn—
centration; B is still given by (3.3b) Transiticn tempe-
ratures and pressures are obtained from(3.5) as above,

and the model predicts that T, at zero pressure increa-

t
ses linearly with x. Fxperiments of Ref. ® show an

hysteresis effect.(Tt increases with x in cooling and
decrases in heating) so direct comparison is not pos-

sible. However, our formulae give a maximum concentra-

tion of Th , x = 38% /at. above which there is no more



first order transition, which, considering the
crudness of the modelis in reasonable agreement with
the results of Ref. “(c.f.,fig 3), which indicate a

critical concentration of ahout 30%.
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IV-POSSIBILITY OF A MAGNETIC TRANSITION TN Ce ALLOYS.

Rice and Mc Whan9 have suggested that the
the a-vy transition in Ce is equivalent to the metal-
insulator transiticn in(leCrx)zog except that in tlHis
system all the conduction electrons become localized,
whereas in Ce, just one of the conduction electrons
in the a-phase is trapped in the 4f state. This fact
is implicit in the equivaleqce between the RF model
and the -model for metal-insulator transitions pre-
viousiy proposed by Falicov and Kimballll . The phase
diagram for (V;_4 Cr,), Ozshows a second first order
transition at lower temperatures from the metallic
to an antiferromagnetic insulating state.12

Recently Falicov,Goncalves da Silva
and Huberman '3 and Alascio,Lépez and Grunfeld
have independently succecded in constructina very si-
milar models in which it is shown that if the insulating
phase orders magnetically below a certain temperature
TN ,.the sccond transition is a natural consequence of the
the thermodynamics of these models, provided the en-
tropy of the metallic phase is large enough.

A similar low temperature behaviour

has not been found in pure Ce, because the paramagnetic
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As we have seen in the previous sections,
divalent impurities have a strong effect in lowering
the o~y transition teperature. The assumption that
in this way an ordering(Néel) temperature can be rea-
ched, plus a thermodynamical analysis similar to that
given above, leads to the'prediction of a phase dia-
gram for these alloys similar to that of V;03 doped
with Cr.

| Making the additional assumptions that
the exchange interactions of the impurifies can be
neglected and that the spin entropy of the o phase
can be diSregarded, we have the following expression
for the magnetic free energy of the ordered y phase

10
per Ce atom in the molecular field approximation

0 2 37 2 '
Fn = -(l—x)TN n —=—— m ~ Tn In(2J+1)

2(J+1)

(4.

'v-l
+ T n fm B 5 (m') dm’
0

whare T§ is the hypothetical N&el temperature for pure

Ce (not to be confused with the Néel temperaturc
of the ﬁ phase), m the reduced sublattice magnetiza-

tion and B. {m) the inverse Brillouin function,

J

1)
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Variation of the total free eneray with
respect to n and m leads to the following equations

to determine the equilibrium values

J
m = BT(—-3-— n % (4.2)
TI+1 ot .
and
}
n.‘:
1 exp(E-B'n)/T+1 (4.3)
q
where t=—2~ , (TN=(1—x)T§) is the reduced temperature and
TN
,m
q = exp - Bélm') dm' (8.4)
23+1 )
2
B'=B+-—ij——TN.m
2(J+1)

The implications of Egs. (4.2)and(4.3)
on the transition have been discussed in Ref, 190
At T=0, the free energy reduces to the
internal energy of the system
2 15 2 2

U=En-Bn ->~n m 7T

14 N (4.5)

For the ground state we must therefore have

0 for E-B', g /(%;6)

1l for E-B'< 0



The transitian takes place then at F=B', vhich using
(3.3) yields the following relation between the tran- 't‘,'
sition pressure at T=0 and the other parameters

Do = 15 T. + B {(143x)~-F . (4.7)

14 N
Above this critical pressure the metallic state (X ~
phase) is stable at T=0,
Faquation (3.5) shows that for the 6%

Yb alloys the transition occurs along the line

T = ﬁ“p
with ¥ = 23.74 X/kbar.
Taking the hypothetical Néel tempera-
ture TN =10°K, we have for the transition pressure -

at T = 0, p, = 0.26 kbar and at T =0,42 kbar.

N’ Pn
Numerical solution of Eq..{4.2) and o

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

Fig. 2. This shows the possibility of a tra sition

from the magnetically ordered phase(MO) to the o

phase taking place on increasing pressure, The tran-

sition from the X phase to the MO phase on increasing

temperature is consequente of 6ur neglect of the entrb—

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 « phase than
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the high susceptihlllty of o —Ce (probably resul-

., Al

e ]

tlng from f-s byblldlzatlon) aze ‘not expla1ned 1n thls

/ *

simple model: and could contrlbute to the entropy«'Both

-~

affects would tend to give the line separatlnq the~ 'Ef
i LY R4 . (‘

MO anc¢ a phasc a finite neqative slopo. The possibility

of structural cndnqeq at T ‘derived from magne}oelas-‘

13
tic terms as pointed out by Falicov et 11 chould

4‘

not be ruled out. Work on Lhe effect of f s nybrid1~a—

e

tion on the proplerties of the - a-phase and on_the o=yt
transformation in pure Ce is presently in progress,

and will be the subject of a forthcoming paper.
The existence of the ordasred 8 phase

-

’ Y- N
should not be a hindrance to the experimental verlfi—i

cation of the type of transition that we have discus- *

sed here. Determination of the phuase diagram of the .
alloys would not only iacreasa the understanding of
the behaviour of Ce metal but should also shed light

on the validity of the ideas underlying the models ,

d

proposed for the phase diagram of (V; ,Crx)304
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