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Abstract
Formulation of electromigration based on irreversible thermodynamics is given,
and experimental techniques to determine the effective valence of hydrogen isotopes in
metals are explained. Literature data of the effective valence of hydrogen isotopes in
metals are extensively surveyed and the data in group-V metals are reviewed in detail.
Recent theories to decompose the effective valence into direct and wind valences are
reviewed, and the validity of the recent theory to calculate the magnitude of the wind

valence of hydrogen isotopes in group-V metals is discussed.
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Fig. 1 Schematic diagram of apparatus and speci-
men arrangement,

On the surface of the specimen, nickel wires
are spot welded at four points in order to
monitor the eletric field, and chromel-alumel
thermocouples are spot welded to measure
the temperature. The specimen is held between
two electrodes which are wound with heaters
and set in a quartz glass tube which is con-
nected to a vacuum line. The specimen is
heated by an external furnace, and an elec-
tric field is imposed on the specimen in the
axial direction with a d.c. power supply.
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Effective valence of hydrogen isotopes in metals.

Hydrogen isotope | Temperature | Effective valence | Reference
Metal (group) (atom ratio) (K) z number
Cu (D H () 1170—1270 positive 9 a0
H () 310—350 negative 9
Ag (@ H (£1.8x107%) 790980 —6.8 ap
D (£1.8x107%) 750—980 —18
Y D H (£1.1x107%) 1050—1220 —0.9 to —0.26 12
Ti (IV) T (+H6X107%) - +2.2 (13)
H (4.6%x10°%) 570 negative (14)
Zr V)| 1y HS5x1079) - +2.0 (13)
H, D (0.25) 720—1070 +1 (15) (16)
H (9.1x107%) 320—520 +1.6 to +14 an
D (1.2x107%) +1.8 to 1.5
(5.4x10°%) +0.97 to +1.1
v (0 H (0.01~0.023) RT +1.2 18
D (0.013~0.024) RT +2.0
H (3x107*) 310—480 +1.9 to +1.7 19
D (1.2x10°%) +2.0 to 1.7
H (1x107%) 270—520 +1.6 to +1.3 ®
H 3x107*) 270440 +19 to +14 @)
H. D (£0.6) 720—1070 +1 (15) (16)
H (8.9x107%) 320—520 +2.6 to +24 amn
(1.9x107%) +1.8 to +1.7
D (4.6X107%) 370520 +2.1 to +1.9
Nb (V) (9.0x107%) 320—520 +2.0 to +1.7
H (0.01-0.023) RT +1.8 18
D (0.01—0.023) RT +2.0
H (1x10°?) 270520 +2.1 to +1.2 ®
H (2.2x107 240370 +3.5 to +2.0 Qn
H. D (£0.32) 720—1070 +1 (15) (16)
H (£0.1) 300 +2.5 (22)
H (0.006—0.025) —b5 to +5 (23)
H (13x107%) 320—520 +0.22 to 0.68 an
Ta (V) (2.9%x107%) +0.17 to +0.59
D (7.3x10°%) +0.22 to +0.53
H (0.01-0.05) RT —0.05 to +0.2 24)
D (0.005—0.1) RT 0 to +0.55
H (1x107%) 320—520 +0.35 to +0.7 ®
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Table 1  (continued)
Hydrogen isotope | Temperature | Effective valence | Reference
Metal (group) (atom ratio) (KD z* number
H (£6x107%) 710—820 +0.24 to +0.29 | (25) (26)
D 740—810 +0.42 to +0.43
Fe (VID ) g 870— 1120 positive @ @n
H 310—350 negative ®
H (£3x107%) 720—900 +0.67 to +0.57 | (25) (26)
. D 750—920 +0.84 to +0.74
Ni (VID - 310350 negative )
970—1270 positive
H (£2.8%x107%) 455—513 +0.4 to +0.55 (28)
H (£1.6X107%) 520—620 +0.54 29
D (£1.0X107%) +0.51 to +0.59
Pd (VIID H. D 420—1070 +0.3 ~ +0.7 B0O@1E32
(£4.0x107%) (33 3D
H (£8.2x107%) 970 +0.44 (35)
D +0.35
. 2 .2 T T T
RKELWI EDDbh 3,
Eb AR CBEL T 2.0 f i
3, BPREICE-T 18 b
R BEERAEE S N
TwEIENBE, Bl fg 16T '
ZW3Fig. 3 icHEoNn 3 1.4 b i
WY, =4 7OEAITIE,
Erckmann & Wipf@? 1.2 T
BRZ(H)>Z (D) & v 1.0 L L ]
SFERTHLDIIHL, 200 300 400 500 600
Peterson & Jensen'® T/K
oz (H)<Z (D) Fig.2 Effective valence of hydrogen isotopes in vanadium.
l " Solid lines represent effective valence for protium, dotted
EVSHEREREL T lines for deuterium, and dot-dash-lines for tritium.
WB, F, S 1. Erckmann & Wipf""” (Ca—0, Co—0),

OEF&IC b Fig. 4 iR
513D, Erckmanné&
Wipf"” 13 Z* (H) >

Peterson&dJensen'® (Cu: 0.01~0.023, Cp: 0.013~0.024)
Pine & Cotts"® (Cx=0.003, Cr=0.012)

Verbruggen et al.® (Cyx=0.01)

Nakajima et al.**® (Cx=0.003)

Hashizume et al. (C=0.005)

S O AW
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Z T, HEBrEERE
CfREEEtOE W
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F CAKRFREE (1at%)
TEBRERS I, TOD
R, lat%TOoHH
B F Mz ofE (423K
TZ*=1.36) 130.5at%
OFE (423KTZ =
1.16) &b dK&EL
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Fig.3 Effective valence of hydrogen isotopes in niobium.
Solid lines represent effective valence for protium, and
dotted lines for deuterium.
1. Erckmann & Wipf?” (Ca—0, Co—0),
2. Peterson&Jensen'® (Cy: 0.01~0.023, Co: 0.013~0.023)
3. Verbruggen et al.® (Cx=0.01)
4. Pusch et al.®" (Cx=0.0022)
5. Hashizume et al.*® (C=0.005)
1 -° 1 ¥ L]
0.8 -
0.6 I -
x, 0.4 | ]
0.2 -
s 4
0.0 3 oD .
O H
-0.2 1 . L
200 300 400 500 600
T/K
Fig.4 Effective valence of hydrogen isotopes in tantalum.

Solid lines represent effective valence for protium, dotted
lines for deuterium, and dot-dash-lines for tritium.

1. Erckmann & Wipf"'” (Cy—0, Co—0),

2. Verbruggen et al.*® (Cg: 0.01)

3. Mishra & Sivertsen*? (Cys—0, Co—0)

4. Hashizume et al.‘” (C=0.005)
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VCKZRBEPERIZIEhoBMicREETERVI ELMATARBEOEREMIZ &M
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Sy NVDBE, Fig dikRon 280, BKREEKROZOBRIEEKREEEED
THFEEOREMB S FERCEAREZRLTVWS, BMEKERIC>WTERZ (H) >
22D E VWA EERAHE L T icErckmann & WipfCPEBI U TH 5120 72, T TH
Bltwold, BKRLEKETIOEBKEHEICEVYH S0, J00KEEOKVWERE
T RFEM AR OBEfR 4% L, Mishra & )
Sivertsen®® 3#EitE L T W Z2*(D<Z2*(D) .
LOSHRSFRShACLTHE, £u b= p U0 F €
bb, T ORI BT 5 R - = <= L
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HOBVIEREEOEVICLEZSDLEE
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screened by - €

electrons

BRicL28mH F
F=Fa+ Fw

Fa BBHroBERETZN
Fw :¥vU7p58I1+5H

5. AMREFMZ ORFHREBER

5. 1 BEHRFETFMEEERETM@

a1 cEBICES %E .
IKFKFERL %L o B Ic B35 % Hm F =eZ*E Z*: effective valence

L 7MW, KERERLAEIC D 3 RE 7712 A H
B EICXAEENLEHESN Fo (direct
force) B X FMEIHEMAIICE C BWRE OBER
71 Fw (wind force) 5755 LEZ 6N 5,
IOTETFIVAIIFig. 5 ItRd, T
T, KREEOLEBAIES I L TR
Fili % EEREFMZ (direct valence) , 7K

Fa= eZdE Za: direct valence
Fw=eZwE Zw: wind valence

2¥=7d+ 7w

Fig. 5 Schematic diagram of direct force
and wind force exerted on hydrogen
isotope in metal.
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ZEMNELEEREOBEBNEHEHLMFHCBRE L LZORTFMEEEE 7@
Zw (wind valence) & LTEET S L, ROBBRMBELN B,

F=F:+Fw= (Zd+Zw) eE (11)
#E-T, BRUEBERDP SKDSNEZAYRFMZ EROL S IcEREN B,
2*=Z4+Zw (12)

KERMAEEEREOERNOKRESIEBREBEICHPITELEZOSNEDOT, BES
FuldBHMEI. b L BEBOEIMEo ZHV B LRD K S ITET 5,

Fv=KeJ.=KeE,/ p 13

TIT, KIZWPIER, e 3KEWN, ERARBESETH 5,
2% LR SEZE M Z2° IEBOEYE 0 CRATHEFKEST S50 2,

Z':Zd+K/D (14)

AR OENEREECEEREHEET 20T, EBNIIRESNCAMERTFMOBRE K
EHEBROBEKREHICLZODERET 2L, AUMRTFMZ & EERTFMZ & BER
FHZoic 3 HET B EMNTE B, DK DB IEVerbruggen et al. VIt X HEEIC VES
BhoBKHZILHL T

ThbhTkb, Z* vs 2.5 T T Y T T T
l/pd7v 5 b i3ER

WEREERT CE N 2.0 Nb )
BEENTVWB, AE "o

By — s 2RV TRE 1.5 F —
H7oy b2LEbD M T

#Fig.6icg &HTH &1& H 7
3, MicRons &5

WERF—- sy RBVE 0.5 F Ta . 7
WBRERL TV S,

BB, KhoBER IR 0.0 I '

INHEEICE > THRE

LtcbDTH B, O -0.5 : 4 . : . :

0 1 2 3 4 5 6 7

WL D RES N2 . . .
P10 uQ'em”

E K®D{# % Table 2 i
FEDTHBL, F1, Fig. 6 Plot of effective valence vs. inverse of resistivity.
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Table 2 Prameters obtained from the Z* vs. 1/p plots

Metal \Y% Nb
Isotope H T H D
Za 1.00£0.20 0.80+0.12 0.52%£0.13 0.59+0.13
K (¢#Q «cm) 4+3 11%2 28+3 273
Metal Ta
Isotope H D T
Zg 1.70£0.11 0.91%0.15 1.15%0.10
K (¢Q »cm) —2412 —11%3 —19+2

Parameters reported by Verbruggen et al.’®

Metal \Y Nb Ta
Isotope H H H

Za 1.11%x0.1 0.44£0.1 1.23£0.1

K (¢Q «cm) 9.9%1 26%2.5 —-16£1.5

HE D iobic Verbruggen et al. P OBKZICHET 2MEMOEKICSIHLTH 5, BAER

T 2 AT EREA RO OBEREAEE L TA 2L, FEEBEOKERTH 5D TRUEEK

FICHET 27— IMEBEEXLCEERL LV, CNSOBRTEER SIEERFH

Ze BT LA+ TICRIBE>TORVWIETH B, BEXEZLDLL08~120ch B3Z.13

BE+ 1 EERLTHEESVEEDLDNREY, =4 7005 WS EIEAShIE+ 125 R

TNIBEETA B, £/, 79 VHOBRKEDZ D Verbruggen et al. VDS & AW R

BROEFT1IOVREB-TVEIZORFRITNETH S, FLEBERHTMIOKNZE 2 EK

TKOMBEINF VT al sy VTHSHRBEMNEKEESRONEH, FOKREIODIE

FRATLOEMEOHEBHOIEF L Z > TWiEWIEbEHEN 3,

UEDE I RBZEZwDFEAEZ LD B ERDE I T B,

(1) HERTMHZOSLTLE+ 1 TREREY, =4 70EA0L, 2 LvhoBKED
BA&1.7E - TW 3B,

@2 s NOBEERCT, HERTMZICREMEBEREESR S LGV,

@) =AT70B&ERVT, BEREFHZIVCRMEEKEESR SN E,
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4) s VvoBEERNT, BARTFMZ O R AR A M 3 BEE 110 Ze O [5] A7 {4 4K
FHERBLI-bDER>TWVS,

5. 2 BEEERETMISLUVERREFEZ.ORFRIOBR
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FOBERFHBICEDIDICKMENEILBREEPSDHFONTH 5, Bosvieux &
Friedel®” 3 ##K 52 TH Y, KERMEOEER FMHIZ0TH2 oM mERERFL,
WoOKRATAWERZLVL bR a4, —F, Bosvieux & Friedel®” OB %
RPEwRICESC D OTHY, 2BITCERVELET 2BACIERIIEZ ZLEN TV
ETAEROMAPOFREICK > TREEN LG 0, /o, @ZFODHEAEEZ, HE
FETMiZ0E+ 1 OMofEEB2ET2HRGB/EIATVLE Y, Lo VEERED
ODEBERCESE, UED3>0BAHERILTHB L, DU ESEEFTFMA O
THHETI2HRBIEETZILEZOND, TOWRWE LT, 77 rhokEEGE
OEMEFMBERE LR LML TOWSERFESB TSNS, BELRELCEB
OHTFIREIC L AEEBEFOHRIRM L L30T, BE LR EHcKEEMEKICHT 3
EEBFOEES (wind force) B/NELKIZRTFTH3, Thictlbod, FHET
MARE EHICHEML T 0R, EERFMEL 0 TRBTVIERLEEL SN 5,

L LBEsS, BERTEX1TH20H», dLLE0E1IOMOBEELIZOMIZDW
T, EBRERDPOTCRBHERAITER V. 28 vs L p DEHENLE 7oy + %21,/ 00
ALy, 9 v s vthoBWKEOBERBEEHEFMI 1 L0 BORKELEELL -
TLEL, YHNICAGHEEEREEBONTLED, -7, WXE2Z.BLUKE—EL
LT/ o= 0 RAETEILRLTLIELETREVWEELLONG, HERTMA 1L
FofEiolnizpicidZ vs 1,/ oD 7oy s BEENMBEAR TERE» ST LEN
Hb, Ho-TZ vs 1/ oD 7oy PMEBOTEHEMESERBE o DEDL S VWOHIEKE T
BALL TV EpSEEN S, 20D, BYETHoBEEREER2 S SICHEERA
BETRIEST S ENBBEICRLBH, BEITHLN TV 3 RITE T I3300°C KL T 7K F [ LK
pEErSRhTLEI DT, BERONEIRETH 5,

Brouwer & Griessen” i3 BB THEMR FMZ 2 RET 2 D HABEE % LY
5OTREL, AL EEBERVEHFEERA L, Hold"+rvoss=4708H
ShOBKFEOEMRETMEEFEIC L > TRIEL, Z°0MKd 2 W IiIEHE I W& I
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Fig. 7 Effective valence Z* for the Nb:-yVy alloys and pure V, Nb and Ta.
These figures are quoted from Ref. 47

BE+1THELEVHIEREBRBTVE, HoMBAETOL/ o BMETFMHOIHT S TS0y

FERBEENF YA, 24T, SYINLNDOBEEERK L EREFig. T HLTH 5,
MicRonz ks, MpseBboFYd RS ERFRcERD ST TKEIR
b, BERTFHES 1L IKZRZXIBHERERL TV, HORIOER»SEEETICL S
7o by OERIESENFE TRECHEAELBVEHERL TV, ThoDBERBI U
ROHERESTAT, HOWSERARTEIESFRFMIZ1 L2, BERFHZO LD
ERED, KRIEVIHRTREEEFICLEZ3 7o b YOEREBELELTBY, 0> 0 OBEE
TREKRITLCITON, BERTMIZO0O LD EZEZEZLEZRELZELTOL S,
Lodder®® **i3 Z ®Brouwer & Griessen" O E % & &1 LT, EIEKESSEFM
(sample-resistivity-dependent effective valence) & WA HER/AZIREL, EHEEBEBFIc & 3
B R OEPIEICKET 2L VO EBERTHOER T FAVEREBEL TV 5,

o OHERIEEER BT 2EROBNT 2EBREFEECHILSE S bOTHE
CAHEMNB OO THSH, EROBE LA OENMEE oBMERAERNICEZ SN TVLR
WOT, HEBRTRIEBOF— s BHL TZO0R YL UM T L LR TER Y, L
L, 99 VOERERDF -5 R OXOZUMEBE L THEICEETHL LEDNS,
vy vDBE, WKOBMKL p—> 0 DABIKLDBoNLBKRKRBLT L) F U 4
OEBERTMIZIZE EE->Toy, BGARTHES SV LI KB E, —F, &
KZOB G REEFEFMHP1.7E 0 1 X KEBEEX > TEY, Brouwer & Griessen
BEULodderFiEd 2 L5 K EIERAB TEMEF MBS 1 TH 31K, Z° vs 1, o@D
7ay b IBKROEADAERP OREL TN T ZR3TTHS, COFHRIEEETF
L BKER T OFHBERERICEMAKEELSRECH VTS BT EEEKRLTED,
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Table 3 Comparison of theoretical and experimental values of Zw at 375K.

Metal \Y Nb
Isotope H D T H D
Experimatal 0.15%£0.1 0.40+0.1 1.510.2 1.5+0.2
Theoretical* 0.17 0.19 1.78 1.75
Metal Ta
Isotope H D T
Experimatal —1.3%0.1 —0.6£0.2 —-1.0%£0.1
Theoretical® —0.56 —0.59

*Data reported by van Ek and Lodder ¢ ¥.

ZHETOEBSNELFMT 2BOENSERICEEEEL LN 5,

wic, BEBEFMEIGCOVWTRRP SEBEINTOVEEFVE S L ICERTIHME i
IwDBBIC>VWTHRBEHED 2L,

BEEEFMIvEEZ 2 LT, 200FEFUHBBEINT VR, —2i3, BHEEFL
(ballistic modeD“® *», & 5 —D2 I3 € 7 )L (charge-polarization model)®"°27%%
Thb, FIAOEFVEIERNCOERLPTLVEFLVT, GHEFHIATLBR I VEL
EHBE O £ /KEREIC & 2 8ELIC & » TKERMEICEL, TNHEEHFE L
THULBEELZL, LALENSZOEF VBT ETHREREBPETEHL LI &M
b, VEBOEATXTH—VEREBETHEI LD, L P2BRBERZE (hole)
ThHBEEZOND, £-T, COEFATREENFWVIEBARIZMZ, Zv OFER
EERB2RTTHED, I VOEBRBERIINICRLIWDERRTS %,

—h, BEOEFVIE, KERMEIZ X Z2BETOEELIC & » TKERMEO EH v
MR BFOFESH LD, FEMER >DKBERTHEIBETECALETEEOS WS
KN RbbEBEENFwEZIBEIEICNEEEBELZZEDTHE, COEFNVE, EBOD
Ny FHBICHESX, EBCWEEBRT A EBTEZ LV IEHEEFE>, van Ek &
Lodder®? 293, ZOFEIEIVALFELTWL, BKEEIBEBKAKRLELODVLWTZEZEH L,
Table3 KRS DME L TW IR ERAOHETHEONLER L HE, BEL TB<,
RICRONZ@ED, BRWICEOWKZIWWHS T RO WONST RO L L ORBEKEHE
K2VWTRHZOMAEEZBELTCVS 00, FEMEEEHCBELTEs v 7 vihoBKH#E
DEIICERBERKZUEVHRELNEZ Db D S, 0B, Hoicihd, ZvWOF5OH
W, THbE, NFUTLESF T Ty >0ERBOIIIT Y v I NTIw<0 LB DIF,
FVYLL=F TOGEKERMEICLZEBFORILIC L - TERBHICETHEEOSVH
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BATE, vy VORARERBRAOETHEESEC LD EHHL TV 5,
RRICERINIBEE Y v s Vb OBKFEDZ 25D & L 2 AMEIKIESORRTH 5.
F Uy NFOBKRITOWT, WwilHRHEEORBICKEIRENS LI E, BLU, 74
NP OBKZEDOZ NN ABRICKERMHEENS T &3, WHICBEENH B EERT DR
bLlnfd, TOX5175 vy nhOBKRORBRER L, BUMREFMZ % EER T MZ.
EBEEFETMZvic T 21012 B VT, Brouwer & Griessen™ 3 & UFLoddert® 48
FRLIEEIICZEERE LT TRUELSERE L TMOES BEXH B, 503, 1)
ROKDOEEERE L THOBZILENS LI LEERLTVWEEELZONS, WFhic
K, vy NVHOBKEDZHSTNEHRICKERBELWME L LHEREG, WRicBVwWTAE
OEBYRPESBRENTOEL L IEMHERTHY, 5%, COHBYR KEE
THROBTHUNE) 28017 0BRNEMILETH S EEL LN 5,

6. BbHb Y IS

SBPICERLKBRENAOBREBFERITENICbEFTCEETH L E L b,
SRPOLEEF LAKRKRRMNEOHEEHOB LAY S bFFEEHEKFEVEDOTH S, L
L, 20BERMNBIRERLEEFCATSEE0THD, SHRORBIFORMNKE L,
i, EAEKFEE BT 2 ER 7 — 5 AR FMOB FRNERICE - THELSTH L
DI B EBbN 5O THEHRMEKIKFEEICBET 2EBT -5 OEEIBLEEINIHTD 5,
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