
Simultaneous determination of X-ray Debye temperature and
Gr�uneisen constant for actinide dioxides: PuO2 and ThO2

Hiroyuki Serizawa *, Yasuo Arai, Yasufumi Suzuki

Department of Nuclear Energy System, Japan Atomic Energy Research Institute, Advanced Fuel Group, Narita-cho, Oarai-machi,

Higashi Ibaraki-gun, Ibaraki-ken, 311-1394 Japan

Received 6 May 1999; accepted 30 January 2000

Abstract

The lattice vibrations of PuO2 and ThO2 were examined between room temperature and 1274 K using a high

temperature X-ray di�ractometer. The temperature factors for the metal atom, BPu and BTh in the dioxides were

evaluated by the Rietveld analysis. Debye temperature was calculated using the temperature factor. It was con®rmed

that the Debye temperature decreased with increasing temperature. From the temperature dependence of the Debye

temperature, the Gr�uneisen constants were evaluated to be 1.62 for PuO2 and 1.51 for ThO2. The Debye temperatures

modi®ed for the thermal expansion of PuO2 and ThO2 were 429 and 463 K, respectively. Ó 2000 Elsevier Science B.V.

All rights reserved.

PACS: 61.10.-i

1. Introduction

The Debye model plays a vital role in the compre-

hension of thermal properties of a solid phase which

relate to lattice vibration. It is known that physical pa-

rameters such as thermal expansion [1,2], speci®c heat

[3,4] etc., are well described using the Debye tempera-

ture, HD. Recently, Yamashita et al. [5] reported that the

speci®c heat, Cp, for UO2 could be estimated from the

data on thermal expansion, compressibility and

Gr�uneisen constant, c. Usually, accurate measurement

for such properties needs great amount of the sample.

Thus, when a gram-order amount of the sample cannot

be handled easily, which is the case of the actinide

compounds, the method seems to have a great advan-

tage, since the data on thermal expansion by X-ray

di�ractometry can be obtained with minute quantity of

the sample. Thus far, there are a few data on HD and c

for actinide dioxides [6±9] measured through di�erent

method. However, as is pointed out by Salter [10], the

Debye temperatures obtained from di�erent physical

properties sometimes do not agree. Then, we planned to

study these parameters systematically for a series of the

actinide dioxides by X-ray di�raction method. The re-

sults on UO2 and NpO2 were reported in earlier papers

[11,12]. In this work, the X-ray di�raction intensity

measurements on PuO2 and ThO2 were carried out at

high temperature. The X-ray di�raction pro®les were

examined by the Rietveld method. In the evaluation of

the Debye temperature using high temperature data, the

thermal expansion or anharmonic lattice vibration must

be taken into account. Ordinarily, the e�ect is compen-

sated by the PaskinÕs modi®cation [13]. In the correction,

the value of c which is calculated from other properties

(atomic volume, speci®c heat, the volume coe�cient of

thermal expansion and compressibility) is required.

However, in case of actinide dioxides, no reliable in-

formation on c value is available. Therefore, we con-

ducted simultaneous evaluation of these parameters,

which has been applied for NpO2 [12]. The obtained

Debye temperatures were discussed from a viewpoint of

the relationship between the Debye temperature and the

thermal expansion in a series of actinide dioxides.
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2. Experimental procedures

ThO2 was prepared through an oxalate precipitation.

The impurity of the sample was measured by the

chemical analysis. The main impurity included in ThO2

was C (880 ppm). In addition, impurities (Ag, Al, B, Ca,

Cd, Cl, Co, Cu, Fe, Mg, Mn, Mo, N, Si, Sn, and V) were

also present in total amount less than 150 ppm. PuO2

sample was puri®ed by the ion-exchange method to

eliminate Am-241 and other impurities (Al, Ca, C, Cr,

Fe, Ni, N, Si, Cl and F). The nominal value for the total

impurities amount, except for Am, was 305 ppm. The

pulverized specimens, PuO2 and ThO2, were heated at

1273 K for 5 h in air before the measurement. The X-ray

di�raction measurement was carried out in air.

A high-temperature horizontal X-ray di�ractometer

apparatus with high temperature Pt-heater attachment

(Ultima, RIGAKU) installed in a glovebox was used in

the di�raction study. A re¯ection intensity of b-®ltered

Cu-Ka radiation was measured with a Na(Tl) scintilla-

tion counter. The slit width was 0.5° for both divergence

and scatter ones. The sample was loaded on a platinum

plate with a thin hole for a pair of thermocouples. The

sample temperature was controlled within �2 K during

the measurement. Before the intensity measurement, the

sample temperature was checked by comparing the lat-

tice parameter of ThO2 and its thermal expansion data

[14].

Prior to the measurement at each temperature, the

geometrical arrangement of the di�ractometer was ad-

justed to cancel the deviation of the optical alignment

caused by the thermal expansion of the sample holder.

The intensity data of each di�raction peak were ob-

tained by a ®xed time method for the period of 1.5 s at

each angle of 0.01°, while the di�raction data for

Rietveld analysis were obtained by the same method

with the step width of 0.05°.

3. Calculation of the Debye temperature and Gr�uneisen

constant

Details of the analytical method were described in the

previous paper [12]. The relationship between HD and

temperature factor of each component, BM and BO is

given as

1

3
mMBM� � 2mOBO� � 6hT

kH2
D

/�x�
�

� x
4

�
; �1�

where the symbols mM and mO in Eq. (1) are the masses

of metal and O atoms; /�x� is the Debye function with

x � HD=T [8], which can be successfully approximated

by a quadratic equation as follows [12]:

/�x� � x
4
� 2:585� 10ÿ2 H2

D

T 2
� 2:175� 10ÿ3 HD

T
� 9:995� 10ÿ1: �2�

In the calculation, the value of BO was ®xed to that for

the O atom of UO2 [15]. The reasonableness of

this approximation will be discussed in the following

chapter.

It should be noted that there is one additional point

in the calculation of the Debye temperature by Eqs. (1)

and (2). In the Debye±Waller theory, it is assumed that

crystal volume does not depend on the temperature.

However, actually, as the pressure is constant during the

measurement, the volume varies as a result of thermal

expansion. Consequently, if HD is plotted as a function

of the temperature, a curve with negative curvature is

obtained in the temperature ranges in which the con-

tribution of the anharmonic vibration cannot be ne-

glected. In order to get a true parameter without the

e�ect of the dilation, some correction must be applied to

the collected data or a series of the analysis.

The modi®cation of the theory has been discussed by

Paskin [13], who showed that the absolute temperature

in Eqs. (1) and (2) had to be replaced by the reduced

temperature T 0 expressed as

T 0 � T
VT

VTO

� �2c

; �3�

where VT and VTO
are the volumes of the lattice at the

temperature of T and TO, respectively. The value of c is

usually given by the thermal parameters such as speci®c

heat, compressibility and thermal expansion coe�cient

[8,13,16]. However, these parameters for actinide diox-

ides are not well known. Then, we tried to determine

both of HD and c simultaneously. The method is based

on the presupposition that the reduction of the Debye

temperature with increasing temperature is attributable

only to the e�ect of the thermal expansion, which is the

same premise as the PaskinÕs modi®cation [13].

From Eqs. (1)±(3), the value of HD at each temper-

ature can be calculated as a function of c. Then we de-

termined the most suitable value of c by which the

reduction of the Debye temperature can be compensated

successfully [12]. Using the c value evaluated here, we

calculated the true value of HD.

4. Results and discussion

4.1. Contribution of O atom to di�raction intensity

The di�raction data for each re¯ection peak were

®rst analyzed by the method described by Buerger [17].

The integrated intensity, I, of the di�raction peak is

given as
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I � KLPP jF j2hkl; �4�

where K is a constant, LP the Lorentz-Polarization fac-

tor, P a multiplicity, and F is the modulus of the

structure factor. Lp and F are denoted as a function of

the Bragg angle. In Eq. (4), if the di�erence of the atomic

scattering factor between the metal atom and O atom

can be neglected, the structure factor term is written as

jF j2hkl �
X

fa

��� ���2eÿ2M�T �; �5�

where f is the atomic scattering factor, M�T � is expressed

with overall temperature factor, B, as

M�T � � B
sin2h

k2
: �6�

From Eqs. (4)±(6), the corrected structure factor, Fcorr, is

de®ned as follows:

Fcorrj j2 � I
LPP
� K

X
fa

��� ���2eÿ2B� sin2h=k2�: �7�

Fig. 1 shows typical plots of ln�jFcorrj2=j
P

faj2� versus

sin2h=k2 at several temperatures. In the case of CaF2-

type oxide, the re¯ections from the crystal are grouped

into two classes. One is due to the metal and O atoms,

the other is caused only by the metal atom. As can be

seen in the ®gure, all data points lay on a straight line in

spite of the signi®cant di�erence in the Debye±Waller

factor between the metal and O atoms. It means that the

contribution of the O atom to the integrated intensity is

considerably small compared with that of actinide atom.

This is attributable to a small atomic scattering factor of

O atom. Meanwhile, the result also implies that it is

di�cult to re®ne the temperature factor of O atom in

Rietveld analysis just the same as the case for NpO2 [12].

4.2. Temperature factor

Temperature factors for Pu and Th atoms, BPu and

BTh, obtained using the Rietveld analysis code ÔRIE-

TAN97bÕ [18] are plotted in Fig. 2, together with the

reported values for Np atom in NpO2, BNp [12] and O

atom in UO2 [8]. It is di�cult to compare these two

parameters directly since the B value obtained in this

method includes an error derived from the evaluation

method of the di�raction intensity, such as the treatment

of the background data.

In the Rietveld re®nement, the temperature factor for

O atom in PuO2 and ThO2 was ®xed to that for O atom

in UO2. The assumption is considered to be pertinent as

described in Section 4.1. In all cases, the discrepancy

index calculated in the ®nal re®nement was less than 4%,

which means that the analysis was successfully done.

The temperature factors, BPu and BTh, increase with

increasing temperature almost linearly below 800 K.

However, the data points deviate from the linearity in

higher temperature region. This result suggests that the

contribution of the anharmonic lattice vibration is not

so remarkable at low temperature.

The value of BPu at each temperature is nearly coin-

cident with BNp for NpO2 [12], which implies that the

values of HD, for PuO2 and NpO2, are almost compa-

rable. Whereas, the BTh value obtained in this study was

slightly smaller than BPu and BNp ones. In addition, our

result for BTh is smaller than those reported by Willis [8].

Though we recalculated the value of BTh using the value

Fig. 1. Typical plot of ln�jFcorrj2=j
P

faj2� versus sin2h=k2.
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of BO for ThO2 reported by Willis, the result was almost

the same as the data plotted in Fig. 2. The reason for this

is that the re¯ection related to O atom does not con-

tribute signi®cantly to the integrated intensity of the

X-ray di�raction. As is known, the di�raction intensity

largely depends not only on the precise optical alignment

but also on the purity of the sample. It is di�cult to

discuss the di�erence in the absolute value of the data.

Thus, we will discuss the validity of our value from the

relationship between the linear thermal expansion and

HD in Section 4.4.

4.3. X-ray Debye temperature and Gr�uneisen constant

Fig. 3 shows the temperature dependence of HD for

PuO2 and ThO2 calculated from temperature factors

given in Fig. 2 without the correction for the thermal

expansion. In both cases, the value of HD gradually

declines with elevating temperature. The inclination is

remarkable especially in high temperature region. The

reduction of HD suggests that as the contribution of the

anharmony to the lattice vibration cannot be neglected,

some kind of the modi®cation is necessary in this point.

Almost the same phenomenon has been observed for

another actinide dioxide, NpO2 [12].

Fig. 4 shows the temperature dependence of HD un-

corrected and corrected by PaskinÕs modi®cation with

the several values of c�c � 0; 1; 2; 3�. The solid lines

show the results without correction for the thermal ex-

pansion. The slopes of these lines are given as a function

of c in Fig. 5. The ®gure indicates that the value of the

slope increases almost linearly with increasing c value.

From the ®gure, it was found that the slope of the ®tting

line becomes zero when the c value equals 1.62 for PuO2

and 1.51 for ThO2.

The ®nal values of HD for PuO2 and ThO2 calculated

with each c value are shown against the temperature in

Fig. 6. The temperature dependence of HD in the ®gure

is almost negligible, which means that the contribution

of anharmonic vibration is well corrected. The error

arisen from the incorrectness in the estimated value of

BO is also shown by open triangle. Here, the estimated

error in BO was �15%, which was slightly larger than the

average di�erence between BO in UO2 and that in ThO2.

The values of HD obtained ®nally were 429 K for PuO2

Fig. 3. Temperature dependence of Debye temperature, HD, calculated without Paskin's correction for the thermal expansion

(Gr�uneisen constant c � 0).

Fig. 2. Temperature dependence of overall temperature factor.
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and 463 K for ThO2, respectively. The estimated error

originated in a least-squares ®tting was �4 K.

4.4. Evaluation of the obtained values for c and HD

The values of c and HD obtained in this study are

summarized in Table 1 with those of the reported ones.

All of the HD values listed in the table were evaluated

by the di�raction method [7,8,11,12]. The value of c for

ThO2 obtained in this work is slightly lower than that

employed by Willis in his calculation of the HD value

[8]. Whereas, c for PuO2 is apparently low compared

with those used by Roof [7]. Although Roof [7] states

that the c value for PuO2 is empirically 2.6, no infor-

mation on the basic parameters is presented in his

paper. However, the value is distinctively high com-

pared with that for a series of the actinide dioxides. So

far, there is no evidence that indicates the special vol-

ume dependence of HD for PuO2 among actinide di-

oxides. Thus, at the present time, we consider our

result seems to be appropriate. As discussed by Hall

[9], the c value varies with the temperature. In the case

of UO2, the maximum variation in the c value is about

10% in the temperature ranges from 300 to 1500 K [9].

Thus, it should be noted that the c value obtained in

this study is an average one.

Fig. 5. Determination of Gr�uneisen constant, c.

Fig. 4. Variation of the temperature dependence of HD with changing Gr�uneisen constant, c.
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The obtained value of HD for PuO2 is almost com-

patible with that by Roof [7] in spite of the di�erent

value for c. This unexpected consistency is due to the

temperature range of the data used in the calculation. As

can be seen in Fig. 3, the temperature dependence of HD

at low temperature region is almost negligible, which

means that the contribution of the anharmonic vibration

is not so distinguishable. Thus, the result of the PaskinÕs
modi®cation also does not change depending on the c
value. However, Roof [7] applied the modi®cation to the

di�raction data measured at relatively low temperatures.

It should be emphasized that the measurement at higher

temperature is necessary to determine the c value.

On the other hand, the present value of HD for ThO2

is evidently higher than that by Willis [8]. Let us now

look at HD for actinide dioxides from a di�erent angle,

the relationship between HD and linear thermal expan-

sion (LTE). Ru�a [1,2] extended a model of thermal

expansion for insulating materials in terms of the Morse

potential at low temperature up to high temperature.

According to his theory, LTE is given by two terms as

b�T � � b1�T � � b2�T �; �8�

where

b1 /
CV

areD
; �9�

b2 /
T b1

D
; �10�

a, re and D in Eqs. (9) and (10) are the inverse width, the

nearest neighbor distance and the depth, respectively.

Therefore, the value of LTE tends to decrease with in-

creasing the Debye temperature and interatomic forces.

Here, as stated by Peng and Grimvall [3], the lattice

parameter and interatomic distance for actinide dioxides

are almost constant. From the standpoint of Ru�aÕs
consideration, this means that the magnitude of LTE

mainly depends on HD value. The values of LTE for

actinide dioxides are reported by Yamashita et al. [6].

According to Yamashita et al., the LTE values at

room temperature become smaller in the order,

UO2 > PuO2 > NpO2 > ThO2. Thus, if we take the sug-

gestions by Ru�a [1,2] and Peng and Grimvall [3], HD

for ThO2 should be larger than that for NpO2. Peng and

Grimvall [3] also discusses the speci®c heat of ThO2

Fig. 6. Debye temperatures of PuO2 and ThO2 corrected by PaskinÕs method.

Table 1

Debye temperature and Gr�uneisen constant for actinide dioxidesa

Material c HD (K)

ThO2 1.7 [8] 1.51a 393 [8] 463a

UO2 1.7 [8] 1.9 [5] 377 [8] 383 [12]

NpO2 1.97 [12] 435 [12]

PuO2 2.6 [7] 1.62a 415 [7] 429a

a Present study.

104 H. Serizawa et al. / Journal of Nuclear Materials 280 (2000) 99±105



measured at high temperature. Their theoretical treat-

ment gave the HD value as high as 524 K. Although the

value of Debye temperature generally depends on the

measurement method [10], we cannot disregard their

results. Comparing with their value, HD for ThO2 ob-

tained in this study is considerably low. Nevertheless,

our results well explain the order of the magnitude of

LTE for a series of actinide oxides.

5. Concluding remarks

The Debye temperatures and Gr�uneisen constants for

PuO2 and ThO2 were evaluated from the value of the

temperature factor and its temperature dependence. The

contribution of the anharmonic vibration to the tem-

perature factor was fairly observed. It was con®rmed

that the Debye temperature reduced with elevating

temperature in analogy with that for NpO2. The

Gr�uneisen constants derived from the reduction of the

Debye temperature were 1.62 for PuO2 and 1.51 for

ThO2. The Debye temperatures for PuO2 and ThO2

obtained ®nally were 429 and 463 K, respectively.

Though the value for ThO2 was appreciably high com-

pared with previous data, our results well interpret the

thermal expansion behavior of the actinide dioxides.
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