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Using the method ofx-ray line shifts [O. I. Sumbaev, Usp. Fiz. Nauk 124,281 ( 1978); Sov. Phys. 
Usp. 21,14 1 ( 1978) 1, we have investigated the electronic occupation of the Ce 4f shell in 
Ce, - , Th, over a wide range ofcomposition, temperature, and pressure (0.05<x(0.95, 
77( T5: 1000 K, 0 5: P5: 13.5 kbar). We observed that when Ce, -, Th, undergoes the so-called 
y-a transition [K. A. Gschneider, R. 0. Elliot, Jr., and R. R. McDonald, J. Phys. Chem. Sol. 23, 
1 19 1 ( 1962) ] (for T5: 150 K or P 2 8 kbar) the number of cerium 4f electrons decreases, so that 
Ce in the a phase is left in the mixed-valence (MV) state. The value of the Ce valence in the MV 
state depends on the method of initiating the y-a transition, and decreases asx approaches 
x,, ~ 0 . 2 7 .  For the first time, we have determined the valence of Ce in Ce, - , Th, for x in the 
supercritical region (x > x,, , T < T,, ). We also found that Ce is in the MV state for x in the region 
x,, 5: x 5: 0.75 and T = 77 K, with a valence of 61 = 3.06 f 0.01 which is independent of 
composition. For x 2 0.75, T z  300 K, we observed anew electronic transition from the Ce3+ state 
to the MV state; we explain this transition by postulating the presence of a new phase (a*) of 
Ce, - , Th, on thex-Tphase diagram. At Tz400 K we observed the reversible transition p a * .  
In light of this, we propose a new x-T diagram for Ce, - , Th, . The value of the Ce mixed valence 
in Ce, - , Th, , and the reason it differs from the MV of metallic Ce, are explained on the basis of a 
model [V. A. Shaburov, Yu. P. Smirnov, A. E. Sovestnov, and A. V. Tyunis, Pisma Zh. Eksp. 
Teor. Fiz. 41,213 ( 1985); JETP Lett. 41,259 ( 1985) ] which takes into account the final states of 
the 4f electrons associated with the MV phase. 

INTRODUCTION 

The closeness in energy of the inner-shell 4f electrons 
and outer conduction electrons in RE atoms can under cer- 
tain circumstances lead to the appearance of the so-called 
mixed-valence (MV) state, see, e.g., Refs. 1,2. This state is 
considered to be a resonance between the energetically close 
states 4fn and 4fn - ' + e,  which determine the initial and 
final states of a 4f electron. 

Among the materials which exhibit MV, the metal ceri- 
um has been investigated most thoroughly; indeed, study of 
the physics of the MV phenomenon began with the observa- 
tion of the isomorphic transition Ce,-Ce, in this material. 
There are five known phases in Ce, at least one of which- 
Ce,-has been reliably identified as an MV state. A portion 
ofthe Ce phase diagram is shown in Fig. 1 (a )  (Ref. 1 ): the y 
and a phases have the FCC structure, while the a' phase has 
the a-uranium structure which differs only slightly from 
FCC. In the y-phase, Ce is trivalent, while in the a phase it is 
in the MV state: according to data reported by various auth- 
ors, its valence mz3.14 to 3.67; '~~ in the a' phase the Ce 
valence is close to four14. The phase equilibrium line for 
Ce,-Ce, terminates on a critical point [Fig. 1 (a ) ,  the small 
circle], analogous to the liquid-vapor critical point. This is 
one of the rare instances of a crystalline state whose phase 
diagram exhibits such a critical point. The electronic struc- 
ture (valence) of Ce in the critical region has not been estab- 
lished; this fact is apparently related to the extreme experi- 
mental difficulties associated with this region (PC, z 18 
kbar, T,, z 550 K )  . (As far as we know, there are no direct 
experimental data concerning the electronic structure of RE 
ions in the MV state near a critical point. 

However, it is also possible to modify these electronic 
transitions by varying the composition of RE compounds. In 

the solid solutions Ce, -, Th, the critical point can be ob- 
served at atmospheric pressure: T,, z 148 K and x,, = 0.265 
(Ref. 5), which makes investigation of the critical behavior 
of the system considerably simpler. According to magnetic6 
and neutron-scattering7 measurements, the valence of Ce in 
this alloy is close to three, whereas from crystallographic 
data, m,," = 3.17 (Ref. 8). In Ce, -,Th,, the y-a transi- 
tion can bk induced by cooling a sample down to T <  150 K; 
this transition increases the valence of Ce by 0.1 or 0.4, ac- 
cording to data from Refs. 7 and 8, respectively. In the re- 
gion x < x,, and T < T,,,,, , the valence of Ce is found to lie 
between 3.5 and 3.6, i.e., the quantitative data on the elec- 
tronic structure of Ce in Th alloys exhibits a spread of values. 
Furthermore, results were obtained in Ref. 9 from photoe- 

FIG. 1 .  Phase diagrams: (a) Ce (Ref. 1 ) (the body-centered Sand hexag- 
onalp phases, in which Ce is trivalent, are not shown for simplicity); (b) 
Ce, - ,Th, (the left-hand part, x 5 x,, , is taken from Ref. 5; the dotted 
line is the boundary of the y (a ) ,  a*  phases). The circle marks the critical 
point. 
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FIG. 2. Dependence of the lattice parameter of Ce, -. Th, on composi- 
tion (the dotted line is data from Ref. 13) .  

mission studies of Ce, - , Th, which raise questions about 
the mechanism for the y-a transition. The authors of this 
paper assert that because the number of 4f electrons (i.e., the 
valence) of Ce changes by 0.5 to 0.6 in this transition, the 
photoemission spectra of the y and a phases should differ 
sharply. However, a comparison of the spectra showed that 
they were in fact similar for the y and a phases, i.e., that 
m,, =. 3. In light of this fact, the authors of Ref. 9 were led to 
the conclusion that the y-a transition in Ce, - , Th, could 
not be explained by the 4f-(s,d) mechanism. There is no 
quantitative data in the literature on the electronic structure 
of Ce in Ce, - , Th, at high pressure. 

The macro- and microscopic properties of Ce, - , Th, 
alloys have been the subject of rather detailed studies in the 
composition region where the isomorphic first-order phase 
transition occurs (0 5 x 5 x,, ), whereas the low-Ce concen- 
tration region (x > x,, ) is left as a "white space" on the 
phase diagram of this system. The curve for the dependence 
of the lattice parameter of Ce, - , Th, on composition devi- 
ates from the linear Vegard approximation (Fig. 2). Ac- 
cording to Murao's hypothesis,I0 increasing the Th content 
can cause a compression of the crystal lattice, leading to an 
increase in the valence of Ce (compared to Ce, ). However, 
magnetic susceptibility and heat capacity data on 
Ce, _, Th, indicate that cerium is trivalent in the region 
0.2<x< 1 atTz300 K. 

The purpose of this paper is to study the electronic 
structure (i.e., the occupation of the 4f shell) of Ce in 
Ce, -,Th, by a direct microscopic method over a wide 
range of composition, pressures and temperatures. 

EXPERIMENTAL RESULTS 

The occupation of the 4f shell of Ce (and its variation 
through the electronic transition) was determined by the x- 
ray line shift method." Because the 4f electron is located 
deep in the atom, its removal (or excitation) leads to anoma- 
lously large [compared to 6s(p) or 5d electrons] changes in 
energy (i.e., shifts) in the K-series of x-ray lines; 
IAE Fal,, I =. IAEz2,4 I =:500-600meV, IAE%P,,~ 1 
z 1500-1 700 meV, 1 A E  gf,"'5d 1 z 20-80 meV. The energy 
dependence of the "displacement-type lines" K,,.,, KBI., , 
KP2, ) has a characteristic V-shaped form, which is the "fin- 
gerprint" of a 4f electron. This feature of the x-ray line shifts 
allows us to identify unambiguously those events which in- 
volve 4f electrons. 

In our experiment, we determine the change in energy 

(shift) of the K-lines of Ce for a given sample of Ce, - , Th, 
relative to a reference sample of trivalent cerium (Ce, ); the 
alloy is held at liquid-nitrogen temperature, room tempera- 
ture and some higher temperature (300 < T 5  1000 K) ,  and 
at high quasi-hydrostatic pressures (0 5 P 5 13.5 kbar ). The 
difference between the number of 4f electrons on a Ce ion in 
the sample under study and in the reference sample is deter- 
mined from the expression An4/. = AE(x,T,P)/ 
AE(Ce4+-Ce3+), where AE(x,T,P) is the experimentally 
measured shift in the x-ray K-line of the sample under study, 
and AE(Ce4+-Ce3+) is the calibrated shift corresponding 
to a shift in the K-line of Ce for a unit change in the number 
of 4f electrons. The quantity AE(Ce4+-Ce3+) was taken 
from the pair of ionic compounds CeF4-CeF, 
(AEKa, = - 602 + 12meV, AEKrS, = - 1727 + 20 meV; 
see Ref. 11 ) . It is obvious that the valence of Ce in the sample 
under study is m Em,,, + Andf = 3 + An4f. 

The setup for determining the x-ray line shift consists of 
a crystal-diffraction spectrometer of Cauchois type, with a 
two-meter focal length. l 2  Fluorescent radiation is excited by 
an x-ray tube (I = 10 mA, U = 150 kV) in samples located 
within identical pressure chambers (cryostats, high-tem- 
perature chambers); this radiation is conveyed through a 12 
mm diameter cylindrical collimator to a quartz single crystal 
which is bent inside cylindrical mirrors (with radii of curva- 
ture 2 m). The crystal reflection plane is 2023, its thickness is 
1.2 mm; the radius of curvature of the reflection planes is 
k = 4.3 x cm-I (Ref. 11 1. Rotation of the crystal is 
carried out using a precision readout apparatus. The diffrac- 
tion radiation passing through a receiving slit located at the 
Rowland circle (of width 0.3 mm) is recorded using a scin- 
tillation detector. The sample under study and the reference 
sample are alternately introduced into the spectrometer's 
field of view; the spectrometer is then tuned to the corre- 
sponding K-line. The sought-after energy shifts AE(x,T,P) 
are calculated analytically according to the differences in the 
counting rates for comparable samples, and the parameters 
of the measured line shapes of the K-lines. 

For the pressure experiments, we used "cylinder-pis- 
ton" high-pressure chambers with beryllium windows. Sam- 
ples in the form of fine powders were mixed with powdered 
polyethylene, which serves as a medium to transmit the pres- 
sure. The chamber pressure was adjusted by forward and 
reverse movement of the plunger. For the high-temperature 
measurements, vacuum chambers were used; these cham- 
bers were made of quartz with thin plane-parallel ground 
windows and an external heater. The sample under study 
consisted of a carefully blended mixture of powdered 
Ce, - , Th, and spectroscopically pure graphite. 

Solid solutions of Ce, - , Th, , prepared by arc melting, 
were single-phase, having the FCC structure, while the mea- 
sured dependence of lattice parameter on composition (Fig. 
2) agreed satisfactorily with the dependence obtained in Ref. 
13. We investigated samples lying within the region 
0.05(x<0.95. In the room-temperature and low-tempera- 
ture experiments, the samples were packed in special her- 
metically sealed containers in order to prevent oxidation; in 
all cases, after the basic experiments were performed we car- 
ried out an x-ray phase control to ensure the absence of 
(Ce, -,Th, 10,. 

The experimental dependences of the Ce valence on 
composition and external conditions in the alloys are shown 
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FIG. 3. Dependence of "displacement-type lines" as Ce passes into the 
MV state: 0-metallic Ce, P=: 10 kbar; Cmetal l ic  Ce, T =  77 K (Ref. 
14), 0--Ceo,,, Tho.,, , P= 11.5 kbar; .-Ce, ,, Tho.,, , T = 77 K; + - 
Ce,,, Tho,,, , T=: 300 K; X -CeF,-CeF, (Ref. 1 1 ). 

below in Figs. 4-7. Study of the dependence of displacement- 
type "fingerprint lines" allows us to establish unambiguous- 
ly that the change in energy of the Ce K-lines in alloys are 
due to partial removal of a 4f electron from a Ce atom. In 
Fig. 3 we show typical experimental "fingerprints" observed 
in Ce, - , Th, . They are analogous in sign and in their char- 
acteristic V-shape to displacements observed during the y-a 
transition in metallic Ce,14 and also in compounds with tri- 
and quadrivalent ce. 

Along with the electronic structure of Ce, we studied 
the electronic structure of Th by measuring the shift in the 
Th L-line for the pairs Th metal-Th, Ce, - , at room tem- 
perature. We found that in all the composition regions we 
investigated (0  5 x 5 1 ), the shift in the Th L-line is close to 
zero, i.e., the electronic structure of Th in Ce, -, Th, is the 
same as in the metal. 

DISCUSSION OF RESULTS 

In Fig. 4 we show the experimental valences of Ce in 
Ce, - , Th, versus composition at temperatures above and 
below the y-cr transition temperature. It is clear that at 
T = 77 K < T ,,,,,, the Ce is found in the MV state. In the 
region x < x,, , the valence of Ce decreases smoothly from 
mz3.2  (x = 0.05) to m ~ 3 . 0 6  (x  = 0.265) and in the re- 
gion x,, 5 x 5 0.75 (the region where the first-order phase 
transition changes to a second-order phase transition) the 
valence reaches a constant value. In the supercritical region 
(x,, 5 x 5 0.75), E = 3.06 _+ 0.01. The valence of Ce at 
room temperature in the region 0.05Gx 5 0.75 equals 
E = 3.00 + 0.01. In Fig. 4, we also present the dependence 
of the volume effect on composition for the y-a transition in 
Ce, - , Th, obtained in Ref. 15. Good agreement between 
the curves of m(x)  and of AV/V as a function of x is ob- 
served only in the region x > x,, , i.e., where the first-order 
phase transition occurs. In the region x > x,, , the discontin- 
uous transition changes to a smooth one, and AV/V is by 
definition taken to be zero; nevertheless, as is clear from Fig. 

FIG. 4. Dependence of the Ce valence on composition in Ce, . Th, . a, 0 
are for T = 77 K and 300 K, respectively; X-the relative volume change 
for the low-temperature y-a transition in Ce, -. Th, (Ref. 15). 

4, a change in the occupation of the 4f shell of Ce takes place 
even for the second-order phase transition. 

The change in valence of Ce we observed upon cooling 
Ce, - , Th, is quite unambiguous, see Figs. 3, 4. Therefore, 
the interpretation of the results of photoemission investiga- 
tions of the Ce, -, Th, spectra at low temperatures9 is ap- 
parently erroneous. A likely cause of this is the fact that the 
real effect of a change in the Ce valence turns out to be much 
less than expected. Furthermore, there are two phenomena 
which could result in a diminished Ce valence as determined 
by photoemission methods; (1)  the "shake-up" effect dur- 
ing photoionization (see, e.g., Refs. 16, 17), and (2 )  a stabi- 
lization effect of the lower-valence state at the surface'' 
(which is the primary region examined by photoemission 
methods). These two mechanisms apparently cause a de- 
crease in the true valence of Ce, so that its value is found to be 
beyond the limits of sensitivity of the photoemission meth- 
od. 

Along with the low-temperature y-a transition in 
Ce, - , Th, , which was known earlier, in the region of high 
Th concentration a second electronic transition is observed, 
initiated by a change in the alloy composition (lattice com- 
pression); see Fig. 4, the region 0.75 5 x 5 0.95. In this re- 
gion, the Ce valence increases rather sharply from a value 
E = 3.00 5 0.01 ( 0 . 0 5 ~ ~  50.75, Tz300 K )  to a value of 
7ii = 3.1 1 + 0.02 ( 0 . 8 1 ~ ~ 0 . 9 5 ) ;  this increase is 
practically independent of composition and sample tem- 
perature (77 K or 300 K) .  A crystallographic measurement 
at room temperature showed that this transition is isomor- 
phic. Therefore, the conclusion reached by tge authors of 
Ref. 6, i.e., that the valence of Ce does not change in the 
range 0.2<x< 1, T=:300 K, is incorrect. In this paper, the 
magnetic susceptibility was measured over a wide range of 
compositions. The thorium-rich region was studied only at 
x = 0.7 and 1; therefore, the transition Ce3+-CeMV at 
x ~ 0 . 7 5  was omitted by chance. 

The observed jump in the valence of Ce can be explained 
by the supposition that in the region x 2 0.75 there is a phase 
(which we call a*) in which Ce is in the MV state; then 
crossing the y-a* phase boundary gives rise to the observed 
change in m. Under this hypothesis, the x-Tphase diagram 
of Ce, - ,Th, resembles the P-T phase diagram of metallic 
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indicates that the phase boundary is rather steep (dT/dx is 
20-40 K/%Th). If the slope of the y-a* phase boundary is 
positive, we might expect that, under heating, a sample from 
the a *  phase region undergoes an a*-y transition as it 
crosses the phase boundary. The data shown in Fig. 5 con- 
firm this hypothesis: under heating, a sample of CeO,,ThO,, 
undergoes an electronic transition-a rapid decrease in the 
Ce valence. The transition is invertible: when the sample is 
cooled to room temperature, the valence returns to its origi- 
nal value. The a*-y transition temperature (the tempera- 
ture at which Ce in the a *  phase passes into the trivalent y 
phase) corresponds to ~ 4 0 0  K. The valence of Ce in 
Ce,, Tho, in the range 500 5 T 5  1000 K equals E 
= 3.01 + 0.01. Control measurements for samples located 

to the left of the y-a* phase boundary in composition show 
that Ce remains trivalent across the entire range of investiga- 
tion, i.e., 300 5 T 5 1000 K. 

The difference between the y and a *  phases of 
Ce, -,Th, can be observed visually. Samples from the 
range 0 5 x 5 0.75 darken rapidly (in the course of a few 
hours) once they have converted to oxide, whereas samples 
from the region x > 0.75 remain shiny, and can be kept in air 
for long periods of time without change. This is confirmed 
both by x-ray phase analysis and data from x-ray line shifts. 
This behavior does not seem surprising, if we assume that a 
y-phase atom of Ce which is "free" to form a chemical bond 

m 

3.1- 

30 

at the Fermi level, i.e., a decrease in r. The competition 
between these two factors-size and banding-will also de- 
termine, in the final analysis, the condition for a transition to 
the MV state: for low Th concentrations, the "internal com- 
pression" is insufficient and the banding factor prevails; for 
large x the size factor outweighs the band factor and we 
observe the y-a* transition. 

The y-a transition in Ce-Th alloys can also be inititat- 
ed by using high pressure (P k 8 kbar). According to data 
from Gschneider et aI.,l5 the volume e'ffect across the transi- 
tion decreases as we approach the critical concentration 
(x,, ~ 0 . 3 1 ) ,  above which a first-order phase transition be- 
comes a second-order phase transition. The effect of pres- 
sure on the valence of Ce in Ce, - Th, investigated in this 
paper is shown in Figs. 6 and 7. In Fig. 6 ,  we show a typical 
dependence of the Ce valence on pressure for samples from 
the region x < x,, . It is clear that in the neighborhood of 
PZ 7 kbar, m increases rather rapidly (i.e., undergoes a y-a 
transition) while for P z 9  kbar it reaches saturation. The 
dependence m (P) for Ce, - , Th, is similar to that of metal- 
lic Ce (the dotted curve in Ref. 6)." The effect of composi- 
tion on the degree of valence change of Ce in alloys after the 
transition to the a phase (P=: 11 kbar) is shown in Fig. 7 .  A 
smooth decrease in m is observed as the critical concentra- 
tion is approached: - - the dependence m(x)  in the region 

with oxygen becomes "bound" in the a *  phase due to fluctu- 

0 500 1000 T, K 

FIG. 5. Temperature dependence of the valence of Ce in Ce, , Th, , . 

Ce, Fig. 1; they differ, however, in that the "high-pressure" I 
0 5 '0 P, kbar 

phases-a' for Ce,,, and a *  for Ce,,,,, -have substantially 
different valences ( z 4  and =: 3.1 1, respectively). FIG. 6. Pressure dependence of the valence of Ce in Ce,,, Th,,, (0 )  and 

It is clear from Fig. 4 that the y-a* transition takes in metallic Ce (0)  (Ref. 14). 
place within a narrow range of x ,  and the boundary of the 
transition is practically independent of temperature. This 

m A J.3 

!- 1% 3.1 

ations between the states 4 f 1  and 4f O, e. 

- 

- I {ill - ( I .  

What initiates the y-a* transition is apparently the so- m 

called "internal compression", which arises in the J,,o 
Ce, - , Th, lattice when atoms of Ce are replaced by atoms 
of Th which are smaller in size. Why, however, does this 

3,0j 
"internal compression" not initiate the y-a transition? We 
assume that the MV state comes about when the condition 

J.00 (En-Em - , 1 5 r is fulfilled, where En and En - , are the ener- 

----- 'I I -I I 
- 

gies of the 4 f n  and 4 f n  - ' , e configurations, respectively, 
and r is the Anderson hybridization energy (the width of 
the 4f level), see, e.g., Ref. 2. Under applied pressure (in our 
case due to the introduction of Th atoms into the Ce lattice) o 0.5 I . O X  

the 4f level approaches the bottom of the conduction band, 
FIG. 7. Dependence on composition of the Ce valence for Pz 11.5 kbar 

i.e.¶ - 1 decreases. On the other hand* the presence of (8) and of the relative volume change for the y-a transition ( A )  (Ref. 
Th in the alloy can lead to a decrease in the density of states 15) in Ce, - ,Th,. 
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x < x,, correlates well with the dependence of A V / V  on x 
obtained in Ref. 15-i.e., the triangles in Ref. 7. 

It is clear from Figs. 4 and 7 that the absolute change in 
the valence of Ce, and also A V / V  in the course of the y - a  
transition for Ce, - , Th, , depend on the method of initiat- 
ing the transition. Cooling produces an effect 1.5 times larg- 
er than applying pressure. An analogous situation also ob- 
tains for metallic Ce;14 furthermore, the change in valence 
for "pure" Ce upon entering the a phase is found to be 2.5 
times larger than for alloyed material. 

In Ref. 19 it was observed that cerium has a valence of 
z 3.13, z 3.27 or =. 3.39 in MV compounds. This result was 
explained by associating the different valence values with 
different 4f electron final states which enter into the forma- 
tion of the MV state: the conduction band (or valence band 
of a ligand), and the localized 6s(p) ,,, and 5d(6p) ,/, states 
(m,,,, = 3.14, 3.25 and 3.40, respectively). Starting from 
this, we can view the electronic structure of a- and a*-Ce in 
Ce, - , Th, as a resonance (fluctuation) between the states 
Ce3+, 4f1 and Ce4+, 4f O, i.e., a 4f electron is injected into the 
conduction band in the course of forming the MV state.*' 
Analogously, the low-temperature a-modification of metal- 
lic Ce can be considered a resonance state of Ce3+, 4f1 and 
Ce4+, 5d3/,; the high-pressure phase can be considered a 
resonance of Ce3+, 4f1 and Ce4+, 6s(p), /,. 

The difference in magnitudes of the valences of low- 
temperature and compressed Ce (both in the metal and in 
the alloys) can also be explained by the fact that the experi- 
ments using pressure were carried out at room temperature. 
In Ref. 13 it was shown that an increase in temperature de- 
creases the Ce valence in MV compounds; therefore it is not 
impossible that the valence of Ce increases and becomes 
comparable to that of the low-temperature modification if 
the y-a transition is induced by pressure at decreased tem- 
peratures ( T < 300 K )  . 
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