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Correlation of mass dependence between heat of transport and effective
charge of hydrogen isotopes in V, Nb and Ta
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Abstract

* *The experimental data of heat of transport Q and effective charge Z of protium, deuterium and tritium in vanadium, niobium and
*tantalum recently measured by the present authors are summarized for comparison. The data of Q show a definite mass and element

* * *dependence whereas those of Z do not show such a trend. Simple correlation of mass and element dependence between Q and Z is
* *not found out by direct comparison of these data. Similarities of the atomistic origins between Q and Z are discussed, in particular the

*screening effect due to electrons is discussed by correlating the atomistic interpretation of the mass and element dependence of Q with
the interpretation of the direct charge.
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1. Introduction identical interaction between hydrogen isotopes and the
host metal lattice or electrons. Actually, some investigators

* *Thermomigration and electromigration have been chal- have discussed the correlation between Q and Z [11–
lenging and controversial subjects for a long time, and 15].
many theoretical and experimental investigations have In the present paper, we shall summarize our recent data

* *been carried out. In particular, the hydrogen–metal system of Q and Z and discuss the correlation of the mass and
* *has been investigated by many researchers because hydro- element dependence between Q and Z , in particular the

gen is the simplest atom and a large mass effect can be screening effect will be discussed by correlating the
* *expected by using isotopes. However, the experimental atomistic interpretation of Q to that of Z .

data have been very confusing in some cases, because the
experiments have been carried out by different inves-
tigators for different isotopes, in different temperature and

2. Experimental data
concentration regions. Therefore, a systematic experimen-
tal study to examine the isotope, temperature and con-

2.1. Heat of transport*centration dependence of the heat of transport, Q , charac-
*terizing the thermomigration and the effective charge, Z , *The data of heat of transport Q of hydrogen isotopes in

characterizing the electromigration may be required.
vanadium, niobium and tantalum measured by the present

Challenged by the controversial studies, we have recent-
authors [1–5] are summarized in Fig. 1, in which the data* *ly measured the mass dependence of Q and Z of
of protium and deuterium in vanadium are cited from

hydrogen isotopes in V, Nb and Ta in the alpha-phase and
Peterson and Smith [16]. These authors also reported the

established that an appreciable mass dependence exists in
data of protium and deuterium in niobium and tantalum,* *both Q and Z [1–10]. In these papers, atomistic origins
though those data are not cited to avoid redundancy* *of the mass and element dependence of Q and Z have
because they are almost identical with our data. Common

been discussed, but their correlation has not been discussed
features of these data are; (i) the sign is always positive;

even though their atomistic origins may be related to the *(ii) the magnitude of Q increases in the order of
vanadium, niobium and tantalum for each isotope,

* * * * *Corresponding author. Q (Ta).Q (Nb).Q (V); and (iii) the magnitude of Q
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*Fig. 1. Summary of the experimental data of Q for hydrogen isotopes in
V, Nb and Ta. The average atomic ratio of hydrogen to metal is 0.005.

Fig. 3. Plots of effective charge against inverse of resistivity.

increases in the order of protium, deuterium and tritium in where K is a constant [17]. By using this relation, Z cand

* * * *each metal, Q .Q .Q . be determined from the intercept of Z vs. 1 /r(T ) plots onT D H

the assumption that Z is not dependent on temperature.d

Such plots of the present data are shown in Fig. 3. As is2.2. Effective charge
*seen in this figure, the effective charge Z linearly varies

with 1 /r(T ). Then, the present data satisfy Eq. (1) in theThe experimental data of the effective charge of hydro-
resistivity region of the present experiment. The obtainedgen isotopes in vanadium, niobium and tantalum measured
values of Z and K are summarized in Table 1. Thedby the present authors [6–9] are summarized in Fig. 2. The
characteristic features of these results are as follows: (i)*effective charge Z is usually decomposed into contribu-
The values of direct charge Z are not necessarily neardtions of direct charge Z and wind charge Z , and thed w unity, e.g. it is appreciably smaller than unity in the case oftemperature dependence of the effective charge is attribu-
Nb; (ii) The simple mass dependence can be observed forted to the wind charge. Since the wind valence is usually
Z and K in the cases of V and Nb but such a simple trenddconsidered to be inversely proportional to the electric
cannot be seen in the case of Ta; (iii) The sign of K isresistivity r(T ) of the specimen, the temperature depen-
negative in the case of Ta even though the sign of the Halldence of the effective charge is expressed by the equation
coefficient is positive.

*Z 5 Z 1 Z 5 Z 1 K /r(T ) (1)d w d

3. Discussion

*3.1. Correlation of mass dependence between Q and
*Z

As has been reviewed in the previous section, the
*experimental data of Q show a definite mass and element

*dependence whereas those of Z do not show such a
definite trend. So, simple correlation of the mass and

*element dependence cannot be observed between Q and
*Z by their direct comparison. Since the mass and element

*dependence of Q has been successfully interpreted in our
previous paper [5], we shall discuss what type of correla-
tion can be predicted from such an interpretation.

Next, we shall briefly review the outline of our previous
*interpretation of Q . The mass and element dependence of

*the heat of transport Q is interpreted with a biased-jump
diffusion model which has been first proposed by Weeks*Fig. 2. Summary of the experimental data of Z for hydrogen isotopes in

V, Nb and Ta. The average atomic ratio of hydrogen to metal is 0.005. and Shuler [18]. According to this model, the heat of
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Table 1
The values of Z and K of hydrogen isotopes in V, Nb and Tad

Metal V Nb Ta

Isotope H T H D T H D T

Z 1.060.2 0.860.1 0.560.1 0.660.1 0.860.2 1.760.1 0.960.2 1.260.1d

K (mV?cm) 463 1162 2863 2763 2563 22462 21163 21962

*transport Q is related to the activation energy of diffusion the contribution from the electronic polarization, which is
DH by the following equation, defined as positive. Therefore the bias effect takes am

negative or positive sign depending upon whether d .dL E*Q 5 DH 1 d (2)m or d ,d . Thus, the bias effect summarized in Fig. 5 canL E

be explained as follows: In the case of niobium and
where d represents the so-called bias effect.

tantalum, the electronic bias effect predominates over the*The present data of Q are compared in Fig. 4 with
lattice bias effect, so the total bias effect becomes positive.

those of DH measured by Zh Qi et al. [19] via the Gorskym However, the total bias effect takes a negative sign in the
effect. As is seen in this figure, the mass and element

case of vanadium, since the lattice bias effect predominates*dependence of Q corresponds well to that of DH . Them over the electronic bias effect.
values of the bias effect d defined as the difference

According to recent theories [20,21], hydrogen isotopes*between the values of Q and DH are summarized in Fig.m dissolved in metals are embedded in a self-trapped state by
5. The bias effect shows a temperature dependence because

distorting their surrounding host lattice and the self-trapped
the activation energy of diffusion does not have a tempera-

state is strongly dependent upon the mass of hydrogen
ture dependence whereas the heat of transport has a

isotopes. The lattice distortion energy calculated by the
temperature dependence. These results show following

present authors [5] for protium, deuterium and tritium in
characteristics: (i) The bias effect shows also a definite

vanadium, niobium and tantalum using the method similar
mass and element dependence; (ii) The bias effect de-

to that of Sugimoto and Fukai [20] shows a definite mass
creases with an increase in temperature irrespective of the

dependence such that it decreases with increase in the mass
sign of the bias effect.

of hydrogen isotopes in each metal.
These results of the bias effect are interpreted in terms

Therefore, if we relate this lattice distortion energy to
of the lattice distortion energy and the electronic polariza-

the lattice bias effect d , we can explain the trend of theLtion energy surrounding hydrogen isotopes. The bias effect
mass dependence of d even though the quantitativeLis decomposed into two terms,
relation between them is unknown. Then, the mass depen-
dence of the lattice bias effect d must show the followingLd 5 d 1 dL E
trend

where d represents a contribution due to the latticeL ud (H)u . ud (D)u . ud (T)uL L Ldistortion which is defined as negative, and d stands forE

*in each metal. Since the contribution of d to Q is definedL

as negative, this relation leads to the mass dependence of
the total bias effect such that

*Fig. 4. Comparison of the heat of transport Q with the activation energy
*of diffusion DH . The broken line represents the relation Q 5DH . Fig. 5. Temperature dependence of the bias effect d.m m
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d(T) . d(D) . d(H) of the screening effect must be such that Z (H).Z (D).d d

Z (T). This relation, however, does not hold well in thed

present data. In any case, we can conclude from both theThis relation certainly holds good for the present data in
above discussion and the experimental data of the directFig. 5.
charge that the positive charge of hydrogen isotopes mayOn the other hand, the contribution of d can beE
be more or less screened by electrons.explained with a ‘‘screened proton model’’, which was

In addition, we have to refer to the theoretical workproposed by Ebisuzaki and O’Keeffe [22] for explanation
carried out by van Ek and Lodder [25] who calculated theof the enthalpy of solution of hydrogen in metals. Accord-
mass and element dependence of the wind charge ofing to this model, a positive charge of hydrogen isotopes is
hydrogen isotopes in V, Nb and Ta. Their calculated resultsmore or less screened by electrons of host metals. Then,
are basically in agreement with the present data, though thethe present positive bias effect can be ascribed to the
mass dependence of the present data is not necessarilyscreening effect even though the quantitative evaluation of
predicted. From the theoretical point of view, the massd is not tractable at the present time. Since the relationE
effect can be considered to originate from the zero pointsuch that d (Ta).d (Nb).d (V) must be satisfied toE E E
motion of hydrogen isotopes. Then, if a certain physicalexplain the present element dependence of the bias effect,
quantity P has a mass dependence, it may be natural tothe screening effect must show the same element depen-
consider that the trend of mass effect must be such thatdence.
P(H).P(D).P(T) or P(H),P(D),P(T). From suchThis result is suggestive for the interpretation of the
consideration, the present data of Ta seem strange. Consid-direct charge. As has been discussed by many inves-
ering this, the analytical method for decomposing thetigators, the interpretation of the direct charge has been a
effective charge into the direct and wind charges should becontroversial subject for a long time [23]. Some inves-
reconsidered.tigators have asserted that a positive charge of hydrogen

Finally, we shall refer to the empirical relation reportedisotopes dissolved in metals is completely screened by
* *by some investigators [10–13] that the sign of Q and Zelectrons, i.e. the direct charge should be zero. On the

is usually reverse. This relation is surely observed in someother hand, some investigators have insisted that the direct
cases. The present data, however, do not satisfy thischarge of hydrogen isotopes should be unity. Recently, a

*relation. As has been discussed above, the sign of Q ismodel asserting that the screening is dependent upon the
determined by the relation of magnitude between thesample resistivity, a so-called ‘‘sample-resistivity-depen-
activation energy of diffusion DH and the bias effect d,dent effective valence’’ model, has been proposed by m

*and the sign of Z is also determined by the relation ofLodder [24]. Thus, the screening effect is very contro-
magnitude between the direct charge Z and the windversial problem even at the present time. Therefore, if the d

charge Z . Therefore, it may be unreasonable to expectconcept of ‘‘screening effect’’ used for the interpretation of w

that a definite relation of the magnitude exists among these*Q is identical with the ‘‘screening effect’’ used for the
quantities. Consequently, this empirical relation should beinterpretation of Z , the element dependence of the directd
considered to be a product of a period when experimentalcharge must satisfy the following relation:
data were scarce.

Z (V) . Z (Nb) . Z (Ta). As has been discussed above, the experimental data ofd d d

the mass effect are the important criteria to judge the
This relation, however, is not in satisfactory agreement validity of the theoretical interpretation of thermomigration

with the present experimental results, because the case of and electromigration of hydrogen isotopes. In particular,
Ta does not satisfy this relation. data of tritium are very important to ascertain the mass

Therefore, we cannot conclude that the screening effect effect. Then, the accumulation of the experimental data of
* *leads to a correlation between Q and Z . However, it tritium in addition to those of protium and deuterium may

should be pointed out here that the case of Ta seems be required.
unusual from other points of view, because the experimen-
tal result of Z of protium in Ta is larger than unity, whichd

seems unreasonable from the physical interpretation of the
screening effect of the bare charge of the proton. This 4. Conclusions
result may be related to the validity of Eq. (1) in a high

*temperature region. The detailed discussion of this prob- (1) The experimental data of heat of transport Q and
*lem is given in our other papers [7,9]. effective charge Z of protium, deuterium and tritium in

Next, we shall discuss the mass effect of the screening vanadium, niobium and tantalum recently measured by the
effect. As has been discussed above, the extent of the present authors have been summarized for comparison.
lattice distortion increases with decreasing mass of hydro- (2) Simple correlation of mass and element dependence

* *gen isotopes. Since the lattice distortion is considered to be between Q and Z has not been found out by direct
*unfavourable to the screening effect, the mass dependence comparison of these data, because the data of Q shows a
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