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Abstract 

A molecular beam of diatomic metal halide (MX, e.g., LiCl, NaBr, KP, RbBr, CsF, TIC1 or InI) was directed onto a 
polycrystalline surface of refractory metal (e.g., W or Re) heated in high vacua, and the ion current of M+ emitted from the 
surface was measured as a function of either (1) surface temperature (T E 800-2300 K), (2) the elapsed time (t z 0-103 s) 
after having made the surface essentially clean, or (3) the introduced gas pressure (P x 10-5-10-3 Pa) of air or oxygen, while 
the sample beam flux (N) incident upon the surface was kept constant in tbe range of 10’2-10’4 molecules cm-’ s-‘. The data 
thus achieved were analyzed by our theory to determine the effective work function ($+) for ion emission. In addition, the 
work function (Q) for electron emission from each surface was measured under various conditions, thereby making it possible 
to determine the thermionic contrast (Ad* E 4+ - 4”). The values of [q$, po and A& in kJ mol-‘] determined with an 
essentially clean surface of each metal heated to a high temperature (usually above ca. 1800 K) in a readily attainable high 
vacuum (2 x lom5 Pa) are as follows; Nb [463 & 10,388 f 5 and 75 & 101, Mo [480 & 6,424 f 4 and 56 f 61, Ta [493 f 5, 
413 f 5 and 80 & 51, W [504 + 5, 434 f 6 and 70 & 61, and Re [530 f 5, 476 f 5 and 54 f 51. With decreasing temperature 
(usually from ca. 1800 to 1400 K), botb ti+ and 4’ become higher by up to ca. 100 kJ mol-’ than 4: and q$ respectively, 
mainly owing to the adsorption of residual gases (especially of oxygen). However, A4’ itself remained virtually constant at 
A@, with little dependence upon T, t, P and N in the above respective ranges. 

Keywords: Polycrystalline refractory metal surfaces; Thermal electron emission; Thermal positive ion emission; Thermionic 
contrast; Work function 

1. Introduction 

When a molecular beam of diatomic metal halide 
(MX) is directed onto a positively-biased surface of 
polycrystal metal heated to a high temperature (2) in a 
high vacuum, positive ions (M+) are emitted after 
thermal equilibria MXeM + X and MGM+ + eë) 
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have been established on the surface consisting of a 
large number (i) of patches with different work 
functions (&) and fractional areas (ai). In this case, 
the ionization efficiency (p+) of MX is a steep func- 
tion of 4+ in stead of 4”. Here, c$’ and 4” are the 
effective work functions for thermal positive-ionic and 
electronic emissions, respectively, and they are given 
111 by 

f$+ = RTln[CUi exp(&/RT)] (1) 

f$” = -RTln[CUi exp(-&/RT)] (2) 

both of which are different from the simple average 
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work function defined as 

$ = CUi$i (3) 

It is essentially clean surfaces of a single crystal 
alone that satisfy $+ = p = 4. It should be noted that 
the individual values of both $i and ai can hardly be 
determined theoretically or experimentally with any 
polycrystal surface under a given experimental con- 
dition. Generally, 4+ is larger than 4” because M+ and 
e are emitted predominantly from those patchy faces 
having higher and lower work functions, respectively 
[ 11. Therefore, theoretical evaluation or estimation of 
@’ needs the data on 4’ instead of 4”. It should be 
emphasized that both 4+ and 4” of any surface are 
subject to change by adsorption of sample molecules 
and/or residual gases and hence that they are usually 
different from those ($0 and 48) of the surface kept 
essentially clean [ 11. Therefore, it is very important to 
elucidate the subject of how $+ and 4” depend upon 
the various conditions employed during experimental 
studies. 

In contrast to the data on &,, however, those on 4: 
as wel1 as 4’ can hardly be found in thermochemical 
or thermionic tables published to date. This is mainly 
because it is very difficult to determine either 40 or cSf 
accurately. In order to improve this status, ,@ for a 
great many sample/surface systems has been mea- 
sured carefully under various experimental conditions, 
and the data thus achieved have been analyzed to 
determine both 40’ and 4+ by our theory on thermal 
positive ionization [2]. Under the same conditions, 
both 48 and 4” have also been determined from 
the slope of a Richardson plot obtained with each 
surface. 

This paper summarizes the experimental data and 
analytical results achieved with five refractory metals 
and also outlines the essential features of the ther- 
mionic contrast (A4’ E 4+ - @) that is very inter- 
esting and important in the field of surface science. 

2. Experimental 

A schematic diagram of our instrument is shown in 
Fig. 1, where F is a filament (2 cm long) of either Nb, 
Mo, Ta, W or Re (0.013-0.020 cm in diameter and 
0.0032-0.0052 cm* in ionizing surface area). A mole- 
cular beam of MX effusing from a Knudsen cel1 kept 

Cylinder 

Fig. 1. Schematic diagram of the instrument. 

at a constant temperature was directed onto F at a 
constant flux (N). The ions (M+) emitted from F were 
collected mainly with a cylinder and partly (ca. 1%) 
with a Faraday cup. The cylinder was cooled to ca. 0°C 
by circulating ice water to suppress the evaporation of 
MX gradually accumulating inside it. The maximum 
sensitivities of the electrometers connected to the 
cylinder and cup were 0.1 nA and 10 fA, respectively. 
The filament and cel1 temperatures (Tand T,) were 
determined with an optica1 pyrometer and calibrated 
alumel-chromel thermocouples, respectively. In the 
final vacuum (P = 2 x 10e5 Pa) attained with an oil 
diffusion pump through a liquid nitrogen trap, the 
residual gases (RG) mainly consisted of HzO, CO, 
OZ, CO*, and hydrocarbons [3]. The bias potentials 
applied to F were 50 and -300 V to extract M+ and 
electron (eë), respectively. 

To examine the effect of adsorption of RG and/or 
MX upon F, the ionic or electronic current (If or J”) 
was measured as a function of time according to the 
following procedures. Namely, (1) F was flashed at ca. 
2300 K for several minutes with a beam shutter closed 
in order to remove al1 adsorbates, (2) the shutter was 
opened immediately after F was adjusted to a working 
temperature (T), and (3) without changing any of r Tc 
and P, p was measured as a function of the time (t) 
elapsing after the opening. In a similar way, J” was 
measured without sample beam incidence. 

In order to check the adsorption effect mentioned 
above, p or J” was measured as a function of the 
pressure (P, or Po) of air or oxygen admitted through a 
needle valve. 

According to the above simple methods, both p and 
J” were successfully measured as a function of either 
T, t, P, or Po, thereby yielding new data on both 4+ and 
4”. 
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Fig. 2. Illustration of thermal positive ion emission from a heated 
metal surface. 

3. Theoretical 

When M+ is produced from MX incident on a 
glowing metal surface, as illustrated in Fig. 2, 
Eqs. (4)-(7) are theoretically derived from our simple 
model on the ionization [2]. 

I+ = eSN fl+ (4) 

,B+ z n+/N = ay&+ = aya+/(l + u’) (5) 

u+ - n’/n” = exp[AS+/R]exp[(4+ ~ I)/RT] 

(6) 

Y2 1.01 x 106NA(1 fa+) 

1-7 aN(21rpRT)“’ 

x exp[$S]exp[g] (7) 

Here, e is the elementary electric charge; S is the 
ionizing surface area; N, n+ and n” are the number of 
YIX incident upon F, of M+ emitted from F, and of M 
evaporating from F, respectively, per cm2 s-‘; a is the 
sticking probability of MX to F, usually taken as unity 
[ 11; y and E+ are the degrees of dissociation of MX and 
lonization of M, respectively; (Y + iS the ionization 
coefficient of M; AS+ and AS are the entropy changes 
due to ionization of M and dissociation of MX, 
respectively; I is the ionization energy of M; NA is 
.4vogadro’s number; 1~ is the reduced weight of MX; 
and D is the dissociation energy of MX. 

Consequently, 4’ can be determined from experi- 
mental data (L+ and 7’) because thermochemical data 
I:Z, D, AS, etc.) are readily cited from published tables 
i4.51 and also the other factors (e. ~1, S, etc.) are known 
to US. It should be noted that the ionization efficiency 
1s usually evaluated from ,L3+ = I’/Im, where Ii is the 
saturation current independent of T in an optimum 

temperature range (OTR) [6] so long as TC is kept 
constant. In addition, the correspondence of Iz to 
p+ = 1 has has been confirmed by measurements of 
the vapor pressure of MX in the Knudsen cel1 kept at 
TC [7-91. 

Since the thermal electron current (J”) emitted from 
F heated to T is given by 

J’ 3: T2exp[-@/RT] (8) 

c$” can be determined from the slope of a Richardson 
plot of log Je/T2 vs. l/T [ll. 

4. Results and discussion 

4.1. Temperature dependence 

Typical examples observed with the NaCl/W sys- 
tem heated in a high vacuum (P = 2 x 10p5 Pa) are 
shown in Fig. 3, where T is successively increased or 
decreased every ca. 10 min. In OTR (Tl - T2), p is 
kept at 12, as already mentioned above. As N increases 
from 1.6 x lol3 up to 2.2 x lol4 molecules cm-’ si, 
Im increases from ca. 9 to 120 nA, as shown by curves 
(l)-(4) in Fig. 3(A). The relation of p+ = I+/Zi 
yields Fig. 3(B), showing that curves (l)-(4) above 
T2 Z 1400 K wel1 overlap with each other and hence 
p+ in the range is independent of N. Below ca. 1300 K, 
on the other hand, the lowest temperature (Tl) keeping 
fi+ > 0.99 increases with an increase in N and hence 
p+ at a given temperature below Tl becomes smaller 
as N increases. Generally, p attains an appreciable 
value around the appearance temperature (TO) corre- 
sponding to /3+ = 0.01. The threshold temperature 
range (TIR, TO - Tl) as wel1 as OTR is usually 
dependent upon the species of sample/surface system 
and also upon the experimental conditions employed 
(see Table 1). To determine 4’ with the system, the 
data in Fig. 3(B) are theoretically analyzed according 
to both Eqs. (5)-(7) and thermochemical values (1, D, 
etc.) cited from tables [4,5], thereby yielding 
Fig. 3(C). The essential points to be derived Erom 
the above data in adding to previous results [lO_121 
may be summarized as follows: 

1. In the high temperature range above T3 (ca. 
1950 K), #+ is independent of both Tand N, and 
hence, 4+ z 500 kJ mol-’ corresponds to the work 
function (40) of an essentially clean surface of W. 
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TIK 

Fig. 3. Surface temperature (7) vs. (A) the ion current (p) of Na+ 
produced from NaCl incident upon W, (B) the ionization efficiency 
(,!3+) of NaCl, and (C) the effective work function (qS+) of W. 
Further information about curves (l)-(4) is given in their 
corresponding rows in Table 1. 

2. 

3. 

As T decreases from T3 to Tz x 1400K, 4’ 
increases by up to ca. 100 kJ mol-’ mainly by 
adsorption of RG. 
With decreasing temperature from TI, C#I+ 
decreases by coadsorption of RG and MX. It should 
be noted that 4+ in GTR cannot be evaluated 
correctly from Eqs. (4)-(7) because both y and 
E+ are larger than 0.99. 

The boundary temperature (T,J - T2) goveming 
TTR (To - Tl, p+ = 0.014.99) and OTR 
(TI-T2, /3+ 2 0.99) are given [ 13-161 by 

T. = (Do + Zo - &)/(41.3 f 2.2)R (9) 

T, = (01 + ZI - 4;)/(28.4 f 1.3)R (10) 

T2 = (42 - 12)/(5.47 f 0.30)R (11) 

TIK 

Fig. 4. Temperature dependence of (A) the ionization efficiency 
@+) for the production of K+ from KCl on four different metal 
surfaces and (B) the effective work function (4’) of the surfaces. 
For further information about each curve, see Table 1. 

Here, DO, Zo and @, for example, are the dissociation 
energy of MX, ionization energy of M and the work 
function of the ionizing surface, respectively, at To. 
The empirical constants (41.3, 28.4 and 5.47) are 
applicable to a great many sample/surface systems 
witbin experimental errors of about f5%, indepen- 
dently of P, N and the species of both sample and 
surface employed. Generally, OTR becomes wider as Z 
and 4 become smaller and larger, respectively [6]. In 
contrast to TI and T2, TO has no special theoretical 
meaning. Experimentally, however, T. is very impor- 
tant and interesting [ 131. 

The effect of the substrate metal upon /3+ is exam- 
ined with the common sample (KCL) at N = 3 x lol3 
molecules cmp2 s-t and P z 2 x 10p5 Pa, as shown 
in Fig. 4. The pattems of both B+ and cS+ are con- 
siderably different among the four systems especially 
in the range below ca. 1500 K. This differente is also 
observed with MCl/surface systems (see Fig. 5). In 
the high temperature range above T3, however, #J+ of 
each surface is virtually constant with little depen- 
dence upon any of T, N and sample species (see Fig. 5 
and Table 1). 

In order to clarify the effect of RG upon T3, the 
temperature dependence of ,0’ and hence of 4+ is 
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Effective work functions (4’ and C) determined witb polyctystalline metal surfaces under various experimental conditions. Curve numbers 
are common in Figs. 3-8 

Curve Surface P Sample Flux T0 T, T2 77 qS+ or qS’/kJ mol-’ 

(*) (**) W W) 6) 6) 1OOOK 1200K 1400K 1600K 1800K 2000K 2200K 

- Nb 2 RbCI 0.53 820 1420 1650 -1900 578 
Nb 2 RbCl 0.80 830 
Nb 2 RbCl 1.50 930 

191 Nb 2 RbCl 2.74 940 
115) Nb 2 RbBr 1.62 850 

Nb 2 RbBr 3.56 870 
Nb 2 RbBr 7.28 890 

- Nb 2 Rb1 1.41 980 
Nb 2 Rb1 2.64 990 

(1.5’) Nb 2 no 0 - 

- Mo 
Mo 

151 Mo 
Mo 

116) Mo 
- Mo 
- Mo 
t 16’) Mo 
_ Mo 

161 Ta 
- Ta 
I 10) Ta 
- Ta 
117) Ta 
- Ta 
- Ta 
- Ta 
- Ta 
_ Ta 

Ta 
- Ta 

Ta 
_ Ta 
*,l?‘) Ta 

2 KCl 0.93 960 
2 KCl 2.01 980 
2 KCl 2.99 990 
2 KBr 0.91 1000 
2 KBr 2.92 1045 
2 KBr 6.07 1080 
2 KBr 9.70 1100 
2 no 0 - 

20 no 0 - 

2 KCl 2.96 950 
2 RbCl 1.32 870 
2 RbCl 3.68 915 
2 RbBr 1.18 960 
2 RbBr 2.24 965 
2 RbBr 3.91 975 
2 RbBr 7.98 990 
2 CsF 1.09 980 
2 CsF 3.18 990 
2 CsF 6.94 1020 
2 CSCI 0.59 835 
2 CsCl 1.23 890 
2 CsCl 3.51 915 
2 CsCl 7.01 930 
2 no 0 - 

- W 2 LiF 3.81 1060 
- W 2 LiF 6.55 1060 

W 2 LiCl 1.30 1030 
W 2 LiCl 2.76 1060 

- W 2 LiCl 5.77 1090 
W 2 LiCl 11.1 1095 

- W 2 LiBr 1.39 1070 
- W 2 LiBr 4.01 1090 

W 2 LiBr 5.52 1105 
- W 2 LiBr 11.0 1140 

W 20 LiBr 3.72 1040 
_ W 2 Lil 0.55 1135 
_ W 2 Li1 1.61 1195 

1420 1650 
1460 1650 
1490 1610 
1300 1550 
1330 1590 
1360 1570 
1160 1280 
1160 1280 
- - 

1220 
1255 
1490 
1180 
1210 
1230 
1250 
- 
- 

- 
1470 
1490 
1350 
1360 
1370 
1415 
1060 
1090 
1120 
1420 
1460 
1480 
1500 
- 

- 
- 
- 
- 
- 
- - 

1220 1375 
1245 1370 
1265 1370 
1275 1360 
1330 1410 
1140 1370 
1205 1365 

1680 
1680 
1700 
1645 
1680 
1700 
1650 
- 

1660 
1730 
1600 
1610 
1595 
1630 

- 
- 
- 
- 
- 
- 

- 
- 

-1900 578 
-1900 546 
-1900 546 
-1900 519 
-1900 522 
-1900 527 
-1900 425 
-1900 424 
-1900 - 

-2000 528 
-2000 - 
-2000 529 
-2000 - 
-2000 - 
-2000 - 
-2000 - 
-2000 - 
-2000 - 

-1800 528 
-1800 549 
-1800 549 
-1800 470 
-1800 472 
-1800 - 
-1800 472 

593 
578 

- - 
- 543 

543 
- 543 
- 543 
-1800 - 

-1950 - 
-1950 - 
-1950 - 
-1950 - 
-1950 - 
-1950 - 
-1950 - 
-1950 - 
-1950 - 
-1950 - 
-2100 - 
-1950 - 
-1950 - 

511 
528 
530 
545 
492 
494 
498 

511 
500 
490 
498 

- 

- 457 
461 

- 

550 
559 
556 

493 
511 
506 
522 

- 

522 
533 

- 

- 

519 

505 
504 
506 
484 
485 
487 
485 

501 
508 
506 
- 
- 
- 

504 

494 497 
497 493 
504 499 
520 497 

738 
677 
646 
648 
651 
655 
660 
651 
647 
631 
653 

554 

665 601 550 500 496 
652 607 556 514 505 
608 551 518 499 499 
622 559 522 499 499 
636 570 526 501 501 
643 579 531 505 505 
601 554 528 503 503 
606 555 527 504 504 
615 555 527 504 504 
621 555 525 504 504 
636 577 549 511 505 
584 553 523 509 509 
580 552 526 508 508 

- 474 465 
474 464 
483 468 

-511 480 468 
490 476 463 
504 477 465 
499 476 464 
457 458 457 
461 462 461 
414 396 387 

- 
467 
467 
- 

453 
461 
- 

508 501 494 492 
- 499 490 490 
- 504 494 493 
- 493 473 473 

492 472 472 
500 473 474 
500 474 473 

473 445 423 423 
487 465 439 428 

491 491 
499 

- 512 
506 494 

494 
506 495 

- 495 
- - 
- - 

492 492 
495 494 
500 498 
491 492 
494 494 
495 496 
495 495 
- 
- 

- 
- 

418 412 412 411 
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Curve Surface P Sample Flux T0 T, T2 T3 q5+ or de/kJ mol-’ 

(*) (**) (K) (K) (K) (K) 1000K 1200K 14OOK I6OOK 1800K 2000K 2200K 

(1) 
(2) 

(3) 

(4) 
- 

(18) 

- 

(7) 

- 

- 

- 

- 
- 

(18’) 

W 2 Li1 4.34 1210 1225 
W 2 NaCl 1.60 880 1250 
W 2 NaCl 3.10 920 1280 
W 2 NaCl 4.52 925 1290 
W 2 NaCI 7.35 96.5 1325 
W 2 NaCl 14.0 980 1320 
W 2 NaCl 22.0 1000 1345 
W 2 NaBr 0.6 1 930 1020 
W 2 NaBr 1.87 985 1060 
W 2 NaBr 4.02 1010 1090 
W 2 Na1 0.54 1000 1005 
W 2 Na1 1.51 1030 1035 
W 2 Na1 4.41 1050 1070 
W 2 Na1 13.6 1090 1110 
W 2 KF 3.72 980 990 
W 2 KF 7.95 995 1005 
W 2 KCl 0.43 855 1145 
W 2 KCl 1.23 870 1205 
W 2 KCl 3.78 900 1240 
W 2 KCl 13.4 920 1260 
W 2 KCl 22.5 955 1290 
W 2 KBr 1.81 890 960 
W 2 RbCl 2.50 840 1050 
W 2 RbCl 5.50 850 1070 
W 2 RbCl 10.0 870 1100 
W 2 TlCI 0.5? 850 1255 
W 2 TIC1 0.95 910 1275 
W 2 TIC1 2.49 950 1290 
W 2 TIC1 6.02 980 1300 
W 2 TIC1 9.13 1005 1315 
W 20 TIC1 6.50 980 1305 
W 200 TIC1 6.39 960 1405 
W 2 Tl1 0.47 1030 1090 
W 2 Tl1 1.73 1050 1105 
W 2 Tl1 3.63 1065 1120 
W 10 Tl1 1.45 1035 1130 
W 2 In1 1.68 1070 1110 
W 2 In1 3.55 1080 1130 
W 2 no 0 
W 2 no 0 

Re 
- Re 
- Re 
- Re 
(19) Re 
- Re 

Re 
Re 
Re 
Re 

1375 -1950 - 
1400 -1950 617 
1410 -1950 603 
1400 -1950 600 
1415 -1950 600 
1400 -1950 603 
1420 -1950 591 
1400 -1960 578 
1400 -1960 564 
1400 -1970 555 
1350 -1970 - 
1320 -1970 - 
1390 -1970 - 
1380 -1970 - 
1870 -1970 - 
1850 -1970 - 
1750 -1950 565 
1760 -1950 561 
1760 -1950 559 
1720 -1950 551 
1740 -1950 551 
1950 -1950 - 
1955 -1970 587 
1970 -1970 585 
1950 -1970 578 
1350 - - 
1340 - - 
1350 - - 
1340 - - 
1340 - - 
1390 - - 
1430 - - 
1165 - - 
1175 - - 
1180 - - 
1170 - - 
1280 - - 
1270 - - 

-2000 - 
-2100 - 

- 593 554 
628 594 551 
624 - 555 
619 -588 553 
621 - 554 
621 606 552 
617 - 560 

>578 -569 550 
>578 -569 551 
>578 -569 553 

569 548 
567 548 

- 569 549 
- 576 549 

- 

590- - 
589 - - 
586 - - 
586 - - 

- 

532 
525 
528 
524 
522 
513 
524 
524 
526 
525 
521 
521 
522 
528 
- 
- 

518 
522 
521 
522 
521 
508 

506 507 
503 504 
503 503 
503 503 
501 503 
499 501 
504 506 
501 501 
502 502 
503 504 
507 507 
505 506 
501 502 
503 503 
497 494 
493 492 
488 492 
489 493 
490 492 
490 491 
491 492 
487 488 
505 494 
518 497 
507 494 

657 616 - 
657 611 - 
659 614 - 
658 618 - 
654 620 - 
656 680 - 
651 - 593 
646 599 - 
649 591 - 
657 596 - 
652 616 577 

571 - 

- 
- 

- 

- 
- 
- 
- 

- 
- 

- 
- 575 - 
- - 478 

- 492 
449 
465 

- 

432 
439 

2 LiCI 0.41 1010 1360 1430 -1750 - 673 - 551 530 531 
2 LiCI 1.79 1025 1390 1450 -1750 - 612 - 557 534 535 
2 LiCI 4.09 1065 1400 1460 -1750 - 661 - 584 535 534 
2 LiCI 12.30 1075 1470 1510 -1750 - 647 - 571 536 533 
2 LiBr 1.87 1090 1240 1390 -1750 - 646 631 542 528 528 
2 LiBr 5.90 1125 1300 1395 -1700 - 627 629 547 529 529 
2 LiBr 10.70 1135 1330 1425 -1700 - 607 - 551 529 529 
2 LiBr 1730 1150 1350 1425 -1700 - 596 - 552 530 530 
2 Lil 046 1130 1180 1400 -1750 - 610 548 527 529 
2 Lil 8.10 1165 1270 1370 -1750 - 533 604 552 530 531 

- 

- 
- 

431 
428 

- 

- 

- 
- 
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Curve Surface P 

(*) 
_. 

Re 20 

Sample Flux T. Tl T2 T3 @+ or @/kJ mol-’ 

(**) (K) (K) (K) (K) 1OOOK 12OOK 1400K 16OOK 18OOK 2000K 2200K 

Li1 10.30 1155 1270 1460 -1900 - 541 - 580 543 533 

(11) 

(Ia_ 
(13) 
(14) 

(8) 

( 19’) 

Re 2 NaCl 0.30 895 1050 1350 
Re 2 NaCl 0.61 920 1120 1365 
Re 2 NaCl 3.40 950 1160 1315 
Re 2 NaCl 6.27 955 1180 1425 
Re 2 Na1 0.56 945 1015 1260 
Re 2 Na1 1.45 960 1050 1280 
Re 2 Na1 4.85 995 1105 1300 
Re 20 Na1 4.30 995 1040 1295 
Re 200 Na1 4.31 995 1040 1300 
Re 200 Na1 0.43 935 965 1270 
Re 2 KCl 2.63 950 1260 - 
Re 2 TIC1 1.21 960 1070 1100 
Re 2 TIC1 2.61 965 1075 1110 
Re 2 TIC1 5.88 970 1080 1110 
Re 4 Tl1 0.72 995 1025 1075 
Re 4 Tl1 1.27 1005 1030 1070 
Re 4 Tl1 3.48 1020 1055 1080 
Re 10 Tl1 1.61 1010 1040 1100 
Re 2 In1 1.51 1030 1090 1160 
Re 2 no 0 

-1700 656 
-1700 651 
-1700 630 
-1700 615 
-1750 542 
-1750 522 
-1750 504 
-1900 509 
-2050 - 
-2050 521 

579 
- 676 

677 
- 678 
- 584 

- 
-1750 - 

- 

- 
- 
- 

576 
632 
642 
656 
621 
620 
621 
615 
619 

567 526 522 524 
585 529 521 523 
593 527 521 525 
- 534 524 525 
557 534 520 523 
565 531 521 523 
571 538 522 525 
572 562 532 524 
571 564 550 526 
568 564 550 525 

577 - - 
582 - - 
587 - - 
596 - - 
598 - - 
591 - - 
597 - - 

- 495 478 

- 

- 

- 
- 

477 

The units in (*) and (**) are 10--5 Pa and 10” molecules cm-* s-‘, respectively. 

examined with the NaI/Re system at different residual 
gas pressures, as shown in Fig. 6. As P is increased 
from 2 x 10p5 to 2 x 10-3 Pa by admission of air, 
curve (12) is shifted to curve (14), and hence, Ts, is 
increased from ca. 1750 to 2050 K. Namely, the lowest 
temperature (7’s) keeping the ionizing surface essen- 
tially clean becomes higher by ca. 300 K as P 

increases by 100 times. The data in Fig. 6 give addi- 
tional evidente to support the above conclusion that 
the increase in 4’ with decreasing temperature from 
T3 is caused mainly by adsorption of RG. 

Fig. 7 shows an example of a Richardson plot 
obtained with W at P = 2 x 10-5 Pa without sample 
beam incidence. From the slope of a linear part (above 
Ts) of curve (b), 4’ is determined to be 
434 f 6 kJ mol-‘, corresponding to the work function 
I,&) of the essentially clean surface of polycrystalline 
tungsten. The differente between lines (a) and (b) 
below T3 is caused by adsorption of RG alone because 
a sample beam is not directed onto F during this 
experiment. Substitution of the data into Eq. (8) 
according to a simple method [3] yields the work 
f’unction increase (A@), as shown by curve (c). In this 

way, temperature dependence of +e is studied with 
other metals too, thereby yielding Fig. 8(B). Below ca. 
1400 K, J” is usually too weak to be measured cor- 
rectly by our present detection system. The values of 
4’ determined with five metals are shown in 
Fig. 8(A), where MBr at N z 2 x lol3 molecules 
cm -2 ss’ is directed onto each metal surface at 
P = 2 x lom5 Pa (see Table 1). The values of A$* 
determined from these data are shown in Fig. 8(C), 
indicating that A4* of each metal depends little upon 
T although both I$+ and 4” tend to increase with 
decreasing temperature from T3. It should be noted 
that A4* determined at temperatures much below T3 is 
virtually equal to the contrast (A&) observed with the 
clean surface at T > Ts. 

4.2. Time variation 

The experimental data and analytical results sum- 
marized in Section 4.1 lead to the conclusion that the 
increase in 4+ and 4” with decreasing temperature 
from T3 is caused mainly by adsorption of RG rather 
than MX. In order to examine the conclusion by a 
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Fig. 9. Time variation of (A) the effective work function (4+) for 
the emission of Na’ from NaCl/W system at N = 1.04x 
10“ molecules cm -* s-‘, (B) the work function (Q> for thermal 
eiectron emission from W without sample beam incidence, and (C) 
the thermionic contrast (A$*) observed with W kept at each 
specifïed temperature in the residual gas pressure of 2 x lom5 Pa. 

different method, an additional study is made accord- 
ing to the procedures for time variation described in 
Section 2. 

A typical example observed at ca. 2 x 10e5 Pa is 
summarized in Fig. 9, where curves (20)-(23) in [A] 
are obtained with an NaCl/W system at 
N z 1.0 x lol4 molecules cm-* s-‘, while curves 
(20’)-(23’) are observed with W without sample beam 
incidence. Lines (20) and (20’) are independent of i, 
indicating that the surface of W heated to temperatures 
above T3 (ca. 1950 K) is kept essentially clean without 
suffering from the incidence of both MX and RG. 
Below T,, on the other hand, not only 4+ but also 4” 
increases rapidly up to respective saturation values 
within ca. 3 min, and the values tend to increase with a 
decrease in T. This tendency agrees wel1 with the result 
exemplified in Fig. 3. In other words, any value of cY+ 
or 4” determined by temperature dependence below T3 
(see Fig. 8) corresponds to the saturation value at a 
given temperature. It is those saturation values that are 
listed in Table 1. 

Curves (20”)-(22”) in Fig. 9(C) shows that A4” 
observed much above T2 (ca. 1400 K) is nearly con- 

stant at ca. 70 kJ mol-‘, virtually independent of both 
Tand t. Compared with the value, A$* shown by curve 
(23”) is larger by ca. 15 kJ moll’, thereby suggesting 
that the tempora1 increase in $+ from ca. 505 to 
575 kJ mol-’ shown by curve (23) is caused partly 
(ca. 20%) by adsorption of NaCl at such a low 
temperature as 1475 K and also at a strong flux such 
ca. 1 x lol4 molecules cm-’ ss’. This is consistent 
with the result that @ at a temperature near 
T2 z 1400 K tends to increase as N increases (see 
Fig. 3(C)). 

The above results and conclusions are supported by 
our previous work, where work function changes are 
measured as a function of t under various conditions 
[ 10,17-241. 

4.3. Introduction gas pressure dependence 

As already described above, RG has the principal 
role in the work function increase observed even in a 
high vacuum ( 1 x 10e5 Pa). For a further study of this 
role by a different procedure, p and J” are measured 
separately as a function of the pressure (P,) of intro- 
duced air, and the data obtained are analyzed to 
determine 4’ and 4” in a similar way as above. A 
typical example observed with an NaCl/Re system is 
shown in Fig. 10(A), where N is 
4.67 x lol3 molecules cmw ss’. It may be noted that 
curves (24) and (24’) observed at P, < 10e3 Pa cor- 
respond to 4; and 48, respectively. At any tempera- 
ture, 4’ as wel1 as 4” (see Fig. 10(B)) increases with 
an increase in P,, and the work function increase at 
any pressure becomes larger with a decrease in T. 
However, A4+ itself is nearly constant at ca. 
40 kJ mol-’ with little dependence upon T and P, 
(see Fig. 10(C) and also Table 2) showing again 
that A4’ is virtually equal to A48 under any experi- 
mental condition except a temperature range much 
below T3. 

Each of the perpendicular arrows in Fig. 10 indi- 
cates the highest pressure (Pa = 1.3 x 10p4 Pa at 
1930 K, for example), only below which the rhenium 
surface heated to a specified temperature 
(T* = 1930 K, for example) is kept virtually clean. 
In other words, 7* corresponds to the boundary tem- 
perature (T3) explained in Section 4.1. Clearly, Pa 
increases as T3 increases. The quantitative relation 
between the two for Re is illustrated in Fig. 11, which 
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1::: 10-5 1 o-4 1 o-s 

Pa I Pa 

Fig. ll. Quantitative relation between the highest air pressure (Pa) 
and the lowest temperature (Tx) keeping the rhenium surface 
essentially clean (see Fig. 10). Open and solid circles are obtained 
from the data on the emissions of positive ions (Na+ from NaCl or 
Na1 at N N 4 x lol3 molecules cm-* s-‘) and of electrons from 
Re, respectively. 

9 

10-5 1 o-4 10-3 10-2 

P, I 5 or Po / Pa 

Fig. 12. Partial or total oxygen pressure (Pa/5 or Po) vs. (A) the 
work function (qS+) for the emission of Na’ from an Nal/Re 
system (4.25 x lol3 molecules cm-* s-‘), (B) the work function 
(Q) for thermal electron emission from Re, and (C) the thermionic 
contrast (Ad’) observed with Re heated to (28)-(29) 2080 K or 
(30)-(31) 1715 K (see Table 3). 

Table 3 
Effect of partial or total oxygen gas pressure (Pa/5 or Pa in Pa) upon the effective work functions (#+ and 4” in kJ mol-‘) of polycrystalline 
rhenium (see Fig. 12). A beam of Na1 at N N 4 x lol3 molecules cm-’ SC’ is employed to determine C#J+ 

Curve Gas T 4fJ P,fS/Pa or Pc/Pa Mean 
(K) (kJ mol-‘) 

10-5 10-4 10-4 10-4 10-3 10-3 10-3 
(kJ mol.~ 

5 
‘) 

x 1 x 2 x 5 X 1 x 2 x 5 x 

(3) air 2080 o+ 524 524 524 524 524 524 525 524ztO 
(28’) air 2080 4” 476 476 476 476 477 471 478 476&2 
(28”) air 2080 A4+’ 48 48 48 48 47 47 41 48-tl 

(29) 02 2080 4+ 524 524 524 524 524 524 525 524ztO 
(29’) 02 2080 Qe 477 417 417 471 478 478 479 478hl 
(29”) 02 2080 W’ 47 47 47 47 46 46 46 4751 

(30) air 1715 4’ 526 529 534 542 548 552 556 
(30’) air 1715 4’ 480 485 493 503 509 514 518 
(30”) air 1715 A4* 46 44 41 39 39 38 38 41*5 

(31) 02 1715 Se + 526 529 534 542 549 555 561 
(31’) 02 1715 477 483 489 499 508 514 522 - 
(31”) os 1715 A4’ 49 46 45 43 41 41 39 43f6 
Mean air or 0s 2080-1715 A$* 48f2 46f2 45zt-4 44f4 43f4 43f5 43*5 - 
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tially clean so long as Pu or Pa/5 is lower than 
10p3 Pa. This is quite the same with regard to @, 
as shown by lines (28’) and (29’). At a middle tem- 
perature such as 1715 K, on the other hand, al1 of the 
four work functions increase remarkably with an 
increase in oxygen pressure, as shown by curves 
(30)-(31) and (30’)-(31’). Again, however, 4’ and 
4” in air are virtually equal to those in Oz. respectively, 
under the same oxygen pressure (Pa/5 z Po). Con- 
sequently, the relation of T3 to Pi for Re, for example, 
is expressed by 

T3 = (2831 f 67) + (209 f 18)log Pa, (15) 

which is derived from Eq. (12). 
The above results indicate that the work function 

increase is caused mainly by adsorption of 02 and 

little by that of N2 in air and also that the increase in 
4’ observed in the middle temperature range (see 
curve (12) in Fig. 6) is also caused mainly by adsorp- 
tion of O2 remaining as one of the residual gases. As 
shown in Fig. 12 and also listed in Table 3, the change 
in A4* remains within ca. 10 kJ mol-’ even when P, 
or Po increases by up to ca. 100 times. 

Table 1 shows that df at temperature below T, has a 
strong dependence upon the species of MX and N 
owing to coadsorption of MX and RG. Above T3, on 
the other hand, 4’ is kept virtually constant at $$, 
without suffering from such an adsorption. As shown 
in Table 4, our data on 48 are in good agreement with 
literature values [25], thereby indicating that our 
experiments are virtually free from systematic errors. 
With respect to 40, on the other hand, good agreement 

Table 4 
Data on the work functions (4: and &,> determined with essentially clean surfaces of polycrystalline refractory metals heated in the residual 
gas pressure (P) of 10~4-10~7 Pa. Here, X denotes hologen. NO sample is employed during the determination of 40. The value of 6 generally 
accepted with each surface is given in parenthesis 

Surface P/Pa TIK Sample Ion f#$/kJmoll’ f&/kJ mol-’ A&,/kJ mol-’ Ref. 

Nb 
Nb 

Mo 
Mo 
Mo 

2 x 10-5 
- 

2 x 10-5 
1 x 10-5 

Ta 

Ta 
Ta 
Ta 
Ta 
Ta 

2 x 10-5 

1 x 10-5 
1 x 10-’ 
6 x lO-’ 
6 x lO-’ 

W 

W 
W 
W 
w 
W 

Re 
Re 
Re 
Re 
Re 
Re 

2 x 10-5 

1 x 10-5 
6 x lom7 
6 x 10-5 
1 x 10-4 
- 

2 x 10-5 
1 x 10-5 
6 x lom7 
6 x lom5 
1 x 10-6 

180&2200 RbX 
- 

Rb+ 
- 

463flO 38815 

(385) 

75*10 
- 

Our work 

[251 

1900-2200 Kx 

1900-2300 In 
- - 

Kt 48Ozk6 
In+ 484*5 
- 

424f4 
418*7 

(415) 

56*6 
66*7 

Our work 

[261 
1251 

K+, Rb+, 
cs+ 
In+ 
Na+ 
Ba+ 
Sr+ 

493f5 

471*5 
448f3 
408f3 
402 

18w2200 KX, RbX, 
csx 
In 
Na 
Ba 
Sr 
- 

413f5 80f5 Our work 

17OG2200 
1900-2100 
2500-2800 
2400-2800 
- 

418f3 
415f2 
404 
404 

(398) 

53f5 
33f3 
-0 
-0 
- 

P61 
~271 
Vsl 
Vsl 
v51 

Li+, Na+, 504f5 
K+, Rb+ 
In+ 496f3 
Ba+ 442 
In+ 487f5 
Cu+, Ag+ 50&5 10 
- - 

1950-2200 LiX, NaX, 
KX, RbX 
In 
Ba 
In 

Cu, Ag 
- 

434?z6 7Ozt6 Our work 

2100-2600 
2500-2800 
2300-2700 
2000-2300 
- 

442zt3 

442f5 

(435) 

[261 
Wl 
[291 
[301 
[251 

1800-2100 
1750-2400 
2000-2800 
2300-2700 
1600-2400 

LiX, NaX 
Ca 
Ba, Sr 
In 
Li, LiX 
- 

Li+, Na+ 530f5 
Ca+ 524f3 
Ba+, Sr+ 499 
In+ 52055 
Li+ 503fl 
- 

476f5 54f5 
476f4 48*4 

481&5 
481zt3 

(480) 

39f5 
22f3 

Our work 

Del 
Usl 
~291 
[311 
n51 
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is not always found between the present and published 
values. This is mainly because reliable data on #$ 
have not yet fully been published to date, in contrast to 
those on 40. In addition, the dependence of 4’ upon 
the experimental conditions such as T, P and N has not 
been reported by any other group of workers. This is 
the reason why we summarize our data in Tables 1-3. 
It should be emphasized that such a dependence of 4’ 
can hardly be clarified without using Eqs. (4)~(7), the 
validity of which has already been confirmed [2]. 

5. Conclusions 

The above experimental data and analytical results 
exemplified in Figs. 3-12 and Tables 1-4 lead to the 
conclusions as follows: 

The effective work function (4’) of polycrystal 
metals strongly depends upon surface temperature 
(7) and upon residual and/or introduced gas 
pressure (P) even at high temperatures (usually 
above ca. 1400 K) mainly because of gas adsorp- 
tion, and also 4’ depends upon the sample species 
and flux at low temperatures (usually below ca. 
1300 K) owing to coadsorption of the gases and 
sample molecules. Consequently, 4’ is increased 
by up to ca. 150 kJ mol-’ according to the 
conditions of T, P, N employed and the species 
of both sample and substrate metal. 
In the temperature range (T > T3) high enough to 
keep the surface essentially clean, the work func- 
tion (40) is kept nearly constant and depends only 
upon the species of metal, ranging from 
463 kJ mol ’ (Nb) up to 530 kJ mol-’ (Re). When 
40 of some metal is employed for evaluating Pt 
from Eqs. (4)-(7), therefore, Ts should be checked 
under the experimental condition to be employed 
because T3 itself depends upon P. 
The temperatures of Ts found with five metals are 
virtually common to #+ and 4” of each metal. The 
values of @ determined above T3 range from 
388 kJ mollP (Nb) to 476 kJ mol-’ (Re), in good 
agreement with literature values generally 
accepted to date. 
Dependence of 4” upon the experimental condi- 
tions mentioned above is nearly the same as that of 
4’, thereby yielding that the thermionic contrast 

(A4’ = 4+ - @) observed under any condition 
except a low temperature range much below Ts is 
equal to A& found only above T3 and also that 
A$* and A& range from 54 kJ mol-’ (Re) up to 
80 kJ moll’ (Ta). According to these data, there- 
fore, 4’ or 40 may be evaluated readily from either 
those data on 4” determined under a specified 
condition or literature values of 4;. 

Further work, however, is necessary to clarify the 
fine mechanism of the work function changes due to 
adsorption of residual gases and/or sample molecules. 
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