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                                 Abstract

   Electronic specific heats, CE, of transition metals are estirnated from observed

specific heat data. It is shown that for some transition metals which should be

called "plus group" metals, CE>r(O)T where r(O) is the value of CE/T at very

Iow temperatures, whereas for other metals which shoulcl be called "minusgroup"

metals, CE<r(O) T. The formulae for Pauli paramagnetic susceptibility, xo,

electronic specific heat coefficient, r, and their field dependences are given. The

density of states curves are determined from specific heat data at very low

temperatures of some series of transition metals and their alloys on the basis of

the rigid band model. By making use of these density of states curves, electronic

specific heats and the Pauli paramagnetic susceptibilities are calculated. Comparing

the calculated results of xe and abserved magnetic susceptibilities z, we estimate

the molecular field coethcients a and the orbital paramagnetic susceptibilities xorb.

for the transition metals and their alloys. The NMR shift of V5' in V-Cr alloys

and of Nb93 and Tc99 in Nb-Mo and Nb-Tc alloys are explained by making use of

the estimated values of xorb. and cr. SToNER's condition of ferromagnetism is

examined and it is pointe(l out that SToNER's condition is a sufficient condition of

ferromagnetism for the electrons in the band, but is not always a necessary one.

                             Sl Introductio"

   It is well known that in some transition metals the magnetic susceptibilities

increase with increasing temperature (dx/dT> O), whereas in others they decrease

with increasing temperature (dx/dT<O). In general, the values of magnetic

susceptibilities, x, and temperature coethcients of electronic specific heats, r( !

CE/T), are small in the former metals and large in the iater metals. i) We will

call the former metals "Plus grouP" and the later ones "minus grouP" hereafter.

'k The$is, Nagoya University, 1965.
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    Table 1 Magnetic susceptibilities, electronic specific heat coeflicients and their

         temperature dependences in transition metals.

       (1,;･: values of z in 10"4 emu/inole at rooin temperature.

       (2) : values of dx/dT in 10-8 einu/mole deg at room temperature.

       (3) : values of r/(O) in 10-` cal/mole deg2.

       (4,)' : values of rC8000K)/r(O).

 The valttes of z and dz/dT are quoted by TAKA}iAsHi from the following references.

 Sc, Y, La- H. BoMMER (1939) Z. Electrochem. 45, 357; Ti- W. KLEMM (1939> Z. Elec-
trochem. 45, 354; Zr- 32; Hf- 1; V- 29; Nb, Mo, W- 49;Cr- T. R. McGuiRE and C.
J. KRiEssMAN (1952) Phys. Rev. 85, 452; Mn- A. SERREs (1938) J. Phys. Rad. 9, 377; Tc-

50; Re- N. PERARKis and L. CApATos (1935) J. Phys. Rad. 6, 642; Ru, Os, Ir- A. N.
GuTH:･R and L. T. BouRLAND (1931) Phys. Rev. 37, 303; Rh, Pt- 22; Pd- D. GERsTENBERG
(l958) Ann. Physik. 2, 236.

  The values of r<O) are quoted from the following references.

 Sc, Y, La- 15; Ti, Hf- 14; Zr- 12, V- 10; Nb, Mo- 19; Ta, Mn, Re, Ru, Os, Ir-
23; Cr- 12; W-- American Institute of Physics Handbook, 2nd edition (McGraw-Hill Book

Comp., Inc., New York, 1963) 4-61; Tc- 20; Fe, Co, Ni- 17; Rh-22; Pd- 20; Pt-24.
 The values o'f rl.800aK)/r(O) are estimated in the present work. Values of r(12000K)/r[10J)

and r(15000K)//r(O) are given for Fe and Co, respectively, because the temperature of 8ooO

K is lower than the Curie temperature of Fe and Co metals.

  Letters p and m mean "plus" and "minus" group, respectively.
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Transition metals in the same column of the periodic table belong ' to the

group and two groups adjoin each other (Table 1; Figs. IAtvB).

' An interpretation that the "plus group" metals are antiferromagnetic

high N6el temperature is unreasonable.2)According to the band picture

electrons, it has been shown qualitatively that, if the Fermi level at OOK

same

 with

for d-

lies at
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a minimum of the density of states, then the values of z and 7 are small and z

increase with increasing temperature.3) Some calculatioRs of spin paramagnetic

susceptibility for Cr metal, which is a typical "plus group" metal, were performecl

on the basis of a simplified model. 2)

   If the interpretation by the band picture is adequate for d-electrons in

transition metals, there should be a certain relation between temperature de-

pendences of magnetic suseeptibility and electronic specific heat. Roughly speaking,

by taking the Iow ternperature expansions of x and r into consideration, dr/dT

will be positive for the "plus group" metals (for which dz/dT>O), and dr/dT will

be negative for the "minus group" metals (for which dx/dT<O). Therefore, the

values of ?' at high temperatures will be larger for "plus group" and will be

srnaller for "minus group" than those at low temperatures, respectively.

   From this point of view, we analyze the experimental data of specific heats

of various transition metals and confirm the fact that in the "plus grottp" metals

r (high temp. ) > r(low temp. ) whereas in the "minus group" metals r(high temp, )

<r(low temp.)(g2). From this fact, we consider for the band picture of tke

d-electrons to be adequate for such a problem in the transition metals.

   According to the band theory, there is a proportionality relation between

the values of x and r. In real metals, however, the observed values of z are in

general considerably larger than those expected from the values of r. SToNER

attributed this difference to an effect of molecular field.i) On the other hand, it

is expected that in transition metals the contribution of the orbital paramagnetism

on magnetic susceptibility is comparable to that of the Pauli paramagnetism.4)

Therefore, it will be significant to investigate separately the effect of the mo-

lecular field and the contribution of the orbital paramagnetism in comparing the

calculated values of the Pauli paramagnetic susceptibility, zo, with the observed

values of z over a wide range of temperatures. For such a discussion to be

significant, it is necessary that the density of states curves used in the calculation

of zo arevery similar to that of the real metals. Recently, systematical measure-

ments of specific heats have been made for several series of transition metals

and their alloys. Frora these experimental data the density of states curves are

determinable for the transition metals and alloys on the basis of the rigid band

model. The band forms obtained in this way are comp]icated and are not ex-

pressible by simple analytical functions. However, it is able by means of an

electronic computer to calculate numerically the electronic specific heat, CE, and

the unenhanced spin paramagnetic susceptibility, zo, for the metals and alloys

with complicated shapes of the density of states curve.

   The values of the molecular field coefficient, cr, and the orbital paramagnetic

susceptibility, zorb. , estimated from a comparison of calcuiated values of xe with
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observed values of z over a wide range of temperatures will be regarded as

reliable, if some physical properties - e. g. , the composition dependence of NMR

shift in an alloy system - are interpretable by these values of a and xorb. .

    In S2, data of specific heat of transition metals are analyzed and it is shown

that the relations r (high temp. )>r(Iow temp.) and r(high temp.)<r(low temp.)

well hold, respectively, for "plus group" and"minusgroup" metals. Formulations

of magnetic susceptibility, electronic specific heat and field dependences of them

are derived in g3. The density of states curves for b. c. c.- and f. c. c.- 3d, 4d

and 5d series of transition metals and their alloys, respectively, are determined

from experimental data of Iow temperature specific heat on the basis of the rigid

band model in g4. Calculated results of electronic specific heats and the Pauli

Paramagnetic susceptibilities are given in S5. In g6, we compare the calculated

results of electronic specific heats with those estimated in g2. The calculated

results of the Pauli paramagnetic susceptibilities and the observed values of

magnetic susceptibilities are compared and the contributions of the molecular

field and the orbital paramagnetism are evaluated in g7. In g8, by taking

account of the contribution from the orbital paramagnetism, interpretations are

given for the composition dependences of NMR shift of V5i, Nb93 and Tc99 in

V-Cr, Nb-Mo and Nb-Tc systems. In g9, a consideration on the condition of

ferromagnetism by the band. model is done in connection with the calculations

                   g2 Analysis ef Electronic Specific Heat

   Electronic specific heat, CE, of a transition metal is obtained from observed

specific heat, Cp, as follows :

                    CE=Cpn(Cp-C.)-CD, (2. 1)
where C. is the specific heat at constant volume and CD is the Debye specific

heat. CD can be calcuiated from the known Debye temperature, eD. The dila-

tation correction Cp - C. is written as

                    C,-C.=9TVbvi2/P, (2. 2)
where V, ai and P are atomic volume, thermal expansion coethcient and com-

pressibility, respectively. Asthe measurements of t3 as a function of temperature

are lacking at present, we use the following empirical formula,5)

                    CprC. := aTCp2, (2. 3)
where a is a proportionality constant determined from the values of cti, 6)P, 7)V and
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Cp at room temperature (cf. Appendix I on the validity of the approximation

<2.3)). For several transition metals the values of Cp-C., CD, CE obtained in

this way and the values, r(O)T and Cp8) observed are shown in Figs. 2AevQ,

where r(O) is the very low temperature value of 7: It is noticed that CE >r(O)T

for "plus group" metals and CE < r(O) T for "minus group" metals.

   Temperature variations of reduced values of r, r" (T) <ir(T)/?'(O)), for various

transition metals are shown in Fig. 3. It is easily seen that the r'<T) curves of

"plus group" metals lie in the upper region of the figure and those of "minus

group" metals lie in the lower region. In Table 1, the values of r* (8000 K) are

given together with the values of x, dx/dT and r(O), and it is found that r'ts (8000

K)>1 for "plus group" metals and r' (8000 K)<1 for "minus grottp" metals. In

order to make clearly visible the relation between r(O), z and r:', we show the

values of r(O>, x and r;' (8000 K) in Figs. IA-vC, respectively.

   It is concluded from above analysis, that the electronic specific heats of the

transition metals behave as the temperature dependences of them are consistently

interpretable by the band model. Therefore, it seems to be reasonable to stand

on the viewpoint of the band picture, at least, for such a problem.

                              g3 Fermulation

(1) Basic equation

    The Pauli paramagnetic susceptibility, ze, and electronic specific heat, CE,

as functions of temperature and magnetic field are formulated in the case of an

arbitrary density of states, v(e), in the following way. The total number of

electrons, ATb, is given by

                    AJb =2S i: v(e)de, (3. 1)

where <e is the Fermi !evel energy at OOK and ei is the energy at the bottom of

the band. Fermi-Dirac integrals are defined as

                    Fi(C) = S[i E'v(e)f(e)dE,

                              On
                    F,C"' (O = ocn Ft(Q,

where E2 is the energy at the top of the band and f (E) is the Fermi distribution

function,

                    f(e) =: 1/(1+exp( ek-T< )), (3. 3)
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whereC is the Fermi level at the

electrons with plus- and minus-spin

U are given, respectively, by

temperature T. Then,

at the temperature T

the numbers of

under magnetic

 the

field

N. = F,(CT -y dC ± ttH), (3. 4)

and

where Lt is the Bohr

the magnetic field H

M+N !- Ala,

magneton

 When H
and

== o,

tic

gV

T

is the shift

satisfies the

of the Fermi

 relation,

level CT

(3. 5)

due to

.F,(CT) - M   = o.
2

(3. 6)

Assuming

power of

ltH << leT

H2,

and expanding N± in terms of a we obtain, up to the

d( -= -(1/2)
F, (2)(g ri

F,(i)<gzi
(LtH)2. (3. 7)

(2) Magnetic sttscePtibilt'ty

   Magnetization is given

                   M==

Assuming

power of

;tll << kT

m,
and

by

rt(AL. - NH).

expanding N± in terms of H we    '
obtain

(3. 8)

up to the

M = 2Lt2 Fe(1) H rl- Lt` [ Fo(3) (Fo(2))2

3 Fo(1)

]H3.
(3. 9)

Then, the Pauli paramagnetlc susceptibility, zo, is wrltten as

zo(T, U) dM
dH

zo(T) (1 -F BH2), (3. 10)

where

zo(T) = 2tt2Fe(i), (3. 11)

and

B=Ef'e"

    2

 Fo(3)(
 Fe(1)

-3 ( ;:[2,l )2 ].
(3. 12)
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(3) Electronic sPeciL17c heat

   At the temperature T and under magnetic field H, the total energy of

electrons is

                   E = F,(CT + tiC + di) + F,(CT + dC - FtH)

                       -ptH(ATL,-Nm), (3. 13)
where the first and second terms are the "kinetic" energy of plus-and minus-spin

electrons, respectively, and the third term is the magnetic energy. Assuming

rtH<< feT and expanding E in terms of H, we obtain up to the power of H2,

                   E .. 2F, +[- FO 2i{)i(i) + F,(2) - 2F,O)](rtH)2. (3, 14)

Then, the electronic specific heat is given by

                            dE
                  CE(T, H)=- dT=CE(T) (1+DH2), (3. ls)

where

                   CE(T) !i r(T)T -: -;IF,(i)-(FF',((i,)))2), (3. 16)

and

                              tt
                   D =:: -u- EP(`;)T [2F,(o - 4( F,(2) - Foiitliiltli(1) .) +F,(3)

                       2Fi(1)Fi(3) + Fe(2)F2(2)

                              Fo(1)

                     + 2Fo (2)Fi ('){t( 2,l,;), Fo (3)(Fi('))2 - (tlm.7.2.,-) kis:'ww))2]. (3. 17)

In equations (3.9), (3. 11), (3.12), (3.14), (3. 16) and (3.17), Fi('i)(CT) is written as

Fi(n) for the sake of simplicity.

(4) Low temPerature exPansion etc.

   At low temperatures, expanding zo(T) and r(T) (!CE(T)/T) in terms of T,

we obtain up to the power of T2,

                   z,(T) - x,(o)[ i -t- {ii2L ( "i2ii:) -( ",'i,.C,e)) )2](feT)2, (3. nt)

and



26 ATsusHi KATsuKi
                    r(T) - r(o)[i -i- {L'L [-ill- :'iil;) -( ".'(S,g) )2](feT)2, (3. i6')

where
                        '

                    xo(O) -- 2It2v(Co), (3. 18)
                          2
                    r(O)=-n2fe2v(Co), (3. 19)
                          3

and

                    .(n)({;,) = (d'iv(e)/dd')s-co-

    If the Fermi level Ce lies at a minimum of the density of states curve, then

the temperature coefificients of zo and r are positive in a temperature range

where the expansions (3. 11') and (3. 16') are valid. Even if Co is not ata minimum

density of states, if the curvature of the density of states curve at Co is positive

and large enough, then the temperature coethcients of zo and r can be positive.

Therefore, it is expectecl that a maximum exists in the temperature dependences

of zo and 7, if the Fermi level is in the vicinity of a peak and there the density

of states curve is concave enough upwards. In a temperature range where the

expansion are valid, if the temperature coethcient of xe is positive, then also

that ofris necessarily positive (from this fact we have guessed thata metal

with positive value of dx/dT has also positive value of dr/dT) and if that of r is

negative, then also that of ze is necessarily negative.

    Formulae (3.11) and (3. 16) for xo and r are transformed as follows:

                    zo(T) :=i -2pt2Sv(e)f'(s)de, (3. 11")

and

                    7'(T) == - T-22[! E2"(e)f'(E)dE -I!sSi(ii)ffiEldd.i12], (3. 16")

where,

                                             e-C
                          of(e) 1 eXPmuleLT-
                   f'(E) !i a,. rm kT (1 + e.p ele-T4 )2

is a "pseudo" 6-function centering around the Fermi level, s"o. The function e2f'(E)

in the first term of Eq. (3. 16") has non-zero values in a certain region broader
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than the region where the function f'(s) in Eq. (3.11") has non-zero.val,ues,

because of the factor of e2 in the former. Therefore, the part of the density of

states curve which is effective in the integration forr is broader than that

effective for xo at a certain temperature. That is, so far as the temperature de-

pendence of the Fermi level is neglected, the behaviour ofr ata temperature range

reflects the behaviour of zo at a certain higher temperature range. Therefore,

if there is a maximum or minimum in x due to the band shape, there will be a

steeper maximum or minimttm in r at a temperature lower than the temperature

where z shows the extremum.

                 g4 Determination of Density of States Curves

    The density of states curves are determined from specific heat data at very

low temperature of some series of transition metals and their alloys on the basis

of the rigid band modei by means of the HoARE-MATTHEws-WALuNG's method.9)

    In a non-ferromagnetic case, by assuming that the shape of plus-spin sub-

band is quite simitar to that of minus-spin sub-band and by using the rigid band

model, there are following relations between the change in the number of elec-

trons (or holes), n, and the shift of the Fermi level, e, due to alloying (here the

origin of energy is fixed at a certain position in the band):

                    E=! i2 -l}-d(n/2), (4. i)

where v is the density of states as a function of n/2, which obtained from the

value of r of the corresponding alloy. By graphical integration of 1/v with respect

to n/2, v is determined as a function of E. In a ferromagnetic case, there are

following relations :

                    M/xt = n+ - n-,

                    n= n+ + n-,

                    r(O) :== r+ + r-
                                                                    (4. 2)
and

                    E±-!:' l dn.

where M and r(O) are the spontaneous magnetization and the electronic specific

heat coefllcient at OOK, respectively. By determining n+ and nH from the alloy

composition and the observed value of M, and by taking account of the similarity

of the shape of the plus-and minus-spin sub-bands, u is determined as afunction

of s.



28 ATsusHi KATsuiq
    In Figs. 4rw8, the density of states curves obtained in this way for Ti-V-Cr-

Fe (3d-b.c.c.), Fe-Ni-Cu (3d-f.c.c,), Zr-Nb-Mo-Tc (4d-b.c.c.), Rh-Pd-Ag <4d-

f. c. c. ) and Ir-Pt-Au (5d-f. c. c. ) systems are shown, respectively.

(1) Ti-V-Cr-Fe system (3d-b.c.c.)

    The density of states curve for Ti-V-Cr-Fe system is shown in Fig. 4, which

has been determined from the low temperature specific heat data of. b. c. c. Ti-

V alloys, V metal, V--Cr alloys, Cr metal, Cr-Fe alloys and Fe rnetal.iONi2) Fe

metal and some Cr-Fe alloys are ferromagnetic and the density of states curve

is determined to be consistent with the observed values of the spontaneous

rnagnetization. i3) The values of r of Ti (h. c. p. ), i4) Sc (h. c. p. ), i5) Ca (f. c. c. )i6)

and K (b.c. c.),i6) in some of which the crystal structure are not b.c.c., have

been used to determlne the shape of low energy part in the density of states

curve.

(2) Fe-IVi-Czt system (3d-fc.c.)

    The density of states curve for Fe-Ni-Cu system is shown in Fig. 5, which

has been determined from the low temperature specific heat data of f. c. c. Fe-Ni

alloys, Ni metal, NFCu alloys and Cu metal.i7,i8) Fe-Ni alloys, Ni metal and

some of Ni-Cu alloys are ferromagnetic and the density of states curve is dete-

rmined to be consistent with the observed values of the spontaneous magneti-

Zation. i3)

(3) Zr-Nb-Mo-Tc syslem (4cl-b.c.c.)

    The density of states curve for Zr-Nb-Mo-Tc system is shown in Fig. 6,

which has been determined from the low temperature specific heat data of b. c. c.

Zr-Nb alloys, Nb metal, Nb-Mo alloys, Mo metal, Mo-Tc, Mo-Re, Mo-Ru and

Mo-Pd alloys. i9) In spite of the fact that in this series Re is not a 4d-element, the

values of r of Mo-Re alloys are used for determination of the density of states

curve because the value of r for Moe.sReo.s alloy is close to that of the Moo.s

Tco.s alloy. Since the value ofrof Re rnetal seems to be too small and the

published value ofrof Tc rnetal seems to be too large,20) the values of r in

this range are interpolated from the data onrof Mo-Re, Mo-Ru and Mo-Pd

alloys. The values of r of Zr (h. c. p. )20) Y (h. c. p. )i5) and Sr (f. c. c. ), i6) in which

the crystal structure are not b. c. c., have been used to determine the shape of

low energy part in the density of states curve.

(4) Rh-Pd-Ag system (4dvl c. c. )

    The density of states curve for Rh=Pd-Ag system is shown in Fig, 7, which

has been determined from the low temperature specific heat data of f.c.c. Rh

metal, Rh-Pd alloys, Pd metal, Pd-Ag alloys and Ag metal,2i,22) The values of

r of Ru (h.c.p.),23)in which the crystal structure is not f.c.c., has been used

to dete･rmine the shape of low energy part in the density of states curve.
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(5) fr-Pt-Au system (5d-7C c. c.)

   The density of states curve for Ir-Pt-Au system is shown in Fig. 8, which

has been determined from the low temperature specific heat data of Ec.c. Ir

metal, Ir-Pt alloys, Pt metal, Pt-Au alloys and Au metal. 22'""24) The values of r of

Os (h. c. p. ), 23) in which the crystal structure is not f. c. c., has been used to de-

termine the shape of low energy part in the density of states curve. For comparison,

also the density of states curve for Rh-Pd-Ag system is shown by the dashed

line.

   As shown above, the shapes of the density of states curves determined from

the observed values of r of several series of transition metals and alloys are

complicated and quite different from that of free electrons (parabola). Therefore,

it is expected that for such a band the temperature dependences of electronic

specific heat and magnetic susceptibility will be considerably different from that

of free electrons (parabolic band).

                           g5 Calculated Results

   Calculations for electronic specific heat and the Pauli paramagnetic suscepti-

bility have been performed by making use of the density of states curves giveR

in g 4 and the formulae given in g 3 by means of the Nagoya University electronic

computer. Calculated values of the electronic specific heat coefficients, r, and

the Pauli paramagnetic susceptibility, ze, are shown in Figs. 9-s-20.

(1) Ti-ILCr-Fe system (3d-b.c.c.)

    Calculated results of r and xo for Ti-V-Cr-Fe system are shown in Figs, 9---

12. It is easily seen from these figures that the values of r and xe of an alloy or

a metal are not constant. Because of the complexity of the density of states

curve, temperature variations of r and ze are considerably complicated and

depending on the position of the Fermi level. It is noticed that the calculated

values of r and xo for V metal decrease with increasing temperature and those

for Ti and Cr metals and Cr rich V-Cr alloy increase with increasing temperature.

A minimum appears in each of the temperature variation curves of r and xo for

Vo.s Cro.s alloy and a maximum appears in each of those for Vo.76 Cre.24 alloy.

The extrema in r are sharper and exist at lower temperature than those in

corresponding xo. It is noticed that the behaviours of temperature variation of r

for these alloy system between OOK and 6000K resemble closely those of xo be-

tween OOK and 20000K. This fact supports the argument given in the end of g3 (4).

(2) Fe-IVi-Cu system (3d-yl c. c.)

    Calculated results ofrand xo for Fe-Ni-Cu system are shown in Figs. 13

and 14. The values ofrand zo for Ni rich Ni-Cu alloys, for which the Ferm.i
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levels are in the high density part of the density of states curve, decrease with

increasing temperature, and the values of r and zo for Cu rich Ni-Cu alloys, for

which the Fermi levels are in the low density part of the density of states curve,

increase with increasing ten:iperature. Some Ni-Cu alloys show a maximum in

each of the temperature variation curves ofr and ze. The maxima inrare

sharper and the temperatures at the maxima are lower than those in zo. AIthough

the Fermi Ievel for paramagnetic Ni lies in the high density part of the density

of states curve, a fiat maximum appears in each of the temperature variation

curves of r and ze, since the density of states curve is concave upwards at the

Fermi ievel. The temperatures of maximum in r and xo for paramagnetic Ni are

lower than the Curie temperature of Ni metal.

(3) Zr-Nb-Mo-Tc system (4d-b.c.c.)

   Calculated results of r and zo for Zr-Nb-Mo-Tc system are shown in Figs. 15

and 16. Also those for Zr metal, which has not b. c. c. structure, by making use

of the density of states curve given in Fig. 6 are shown in these figures by the

dashed curves. Because of the complexity of the density of states curve, the

temperature variations of r and xo are considerably complicated, depending on

the position of the Fermi level. It is noticed that the calculated values of r and

ze for Nb metal decrease with increasing temperature, and those for Mo and Zr

metals increase with increasing temperature. The behaviours of temperature vari-

ation of r for these alloy system between OOK and 6000K resemble closely those

for zo between OOK and 20000K

(4) Rh-Pd-Ag system (4d-LfL c. c. )

   Calculated results of r and xe for Rh-Pd-Ag system are shown in Figs. 17 and

18. For some alloys and Pd metal, Fermi levels of which lie in the neighbourhood

of a peak in the density of states curve, the calculated values of r and ze re-

markably decrease with increasing temperature. For these metal and alloys the

zo-i-T curves become almost linear at higher temperatures and the Curie-Weiss

law holds apparently at higher temperatures. It seems that this is due to the

narrow and high peak of the density of states curve at the Fermi levels. That

is, such a narrow and high peak of the density of states curve may be approxi-

mated as a localized state. Here, the apparent Curie constant will not be de-

termined by Iocalized spin moments as in the case of the localized electron model,

bttt it will be determined by the shape of the density of states curve and the

position of the Fermi levet.

   It is noticed that for Pde.g Ago.i alloya maximum appears in each of the

temperature variation curves of r and xo (minimum in that of zoL'), and the

maximum in r is sharper and exist at lower temperature than that of xe.

(5) Ir-Pt-Au system (5d-f c. c. )
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   Calculated results of r and zo for Ir-Pt-Au system are shown in Figs. 19 and

20. For some alloys and Pt metal, Fermi levels of which lie in the neighbourhood

of a peak in the density of statescurve, the calculated values of rand zo decrease

remarkably with increasing temperature. For these metal and alloys the zo7'-T

curves become alomost Iinear at higher temperatures and the slopes of these

curves are slightly slower for alloys with the lower concentration of Au or higher

concentration of Ir. It seems at first sight that the slopes of these curves corre-

spond to the number of holes in the d-band of these alloys. However, since our

calculations are based on the band model, it is concluded that a linearity of z'`

-T curve does not always mean the existence of localized moments and a slope

of zNi-T curve does not always correspond to a magnitude of magnetic carriers.

Several alloys show a minimum in each xo-i-T curve at a certain temperature

and a steeper maximum in the corresponding r-T curve at a iower temperature.

                         g6 Electronic Specific Heat

   Calculated results of electronic specific heat are compared with the experi-

mental ones estimated in g2.

(1) "Plus grouP" metals

   "Plus group" metals for which the calculations of electronic specific heat have

been performed are Ti, Cr, Zr, Mo and Rh metals.

  a) Cr metal

   Cr metal is a typical "plus group" metal. Namely, the estimated values of

CE of Cr metal strikingly larger than r(O)T cFig. 2C) and the value of r" (i!r/r(O))

are very large above the room temperature (Fig. 3). The calculated values of CE

and r are compared with the experimental values in Figs, 21 and 22. It is easily

seen from these figttres that the calculated results well explain the typical
  t+.character of CE and r of Cr metal. This suggests that the density of states curve

shown in Fig. 4, where the Fermi level of Cr metal Iies at the minimumdensity

of states and a high peak of density of states exists near the Fermi level, is

close to the real density of states of Cr metal.

   The estimated values of CE of Ti metal are larger than r(O)T below the

transition temperature (Fig. 2A) and r">1 (Fig. 3). The calculated values of CE

and r are compared with the experimental values in Figs. 23 and 24. Experi-

mental values of CE are somewhat larger than calculated ones just below the tran-

sition temperature and this disagreement may be attribttted to the phase trans-

ition.

  c) Zr metal

   The estimated values of CE of Zr metal are larger than r(O)T (Fig. 2H) and
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12i:>1 (Fig. 3). Calculated values of CE and r are compared with experimental

ones in Figs. 25 and 26. As the experimental values in these figures, we have

shown not only the ones shown in Fig. 2H but also the one which has been

estimated recently by FisHER25) from the data of ScoTT (unpublished work quoted by

FisHER) and also the one which has been estimated from the data given in refer-

ence 26. The agreements between the calculated and the experimental results

are satisfactory.

  d) Mo metal

    The estimated values of CE of Mo metal are larger than r(O)T (Fig. 2J) and

r">1 (Fig. 3). Calculated values of CE and r are compared with experimental

ones in Figs. 27 and 28. As the experimental values in these figures, we give

not only the ones shown in Fig. 2J but also the ones estimated from the data of

LowENTHAL27) above 10000K. The agreements between the calculated and the experi-

mental results are satisfactory.

  e) Rh metal

   The estimated values of CE of Rh metal are slightly larger than r (O)T (Fig.

2K) and the values of r' are almost constant and slightly larger than 1 (Fig. 3).

At 20000K, the estimated value of CE is slightly smaller than r(O)T and the value

of r'"' is slightly smaller than 1. Comparison between caiculated and experimentai

values of CE and r are given in Figs. 29 and 26. The calculated results well

explain the behaviours of experimental results. It is noticed that the fact CER,

r(O)Tin Rh metal is not due to the ordinary consequence of the band theory

that a parabolic band with a high temperature of degeneracy leads to a constant

value of r, bttt due to the fact that in Rh metal the Fermi level Iieshalfway up

a slope of the density of states curve and both tendencies of increasing and

decreasing r with incfeasing temperature are cancelled by each other. It is a

rather special case in transition metals that the value ofrare nearly constant

such as in Rh metal.

(2) "Mimts grouP" metals -
   ``Minus group" metals for which the calculations of electronic specific heat

l?ave been performed are V, Ni, Nb, Pd ai?d Pt metals.

  a) Vmetal ･ ･ ･   The estimated values of CE of V rnetal are smaller than r(O)T (Fig. 2B) and

r'i`<1 (Fig. 3). The calculated valttes of CE and r are compared with the exper'i-

mental ones in Figs. 30 and 31. The agreements of calculated results with

experimental results are satisfactory. The experi,mental values of r in V i[netal

show a minimum at about 5000K and also the calculated values of r show a

minimum at somewhat different temperature. .
  b) Ni metal
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   Although Ni metal is ferromagnetic, the estimated values of CE above the

Curie temperature are smaller than r(O)T (Fig. 2G) and r'"<1 (Fig. IC). Compari-

sons between calculated and experimental values of CE and r for paramagnetic

Ni metal (above the Curie temperature) are given in Figs. 32 and 33. The a-

greements between the calculated and the experimental results are satisfactory.

  c) Nb metal

   The estimated values of CE of Nb metal are smaller than r(O)T (Fig. 2I) and

r"<1 (Fig. 3). Comparisons between ca}culated and experimental values are given

in Figs. 34 and 35. As the experimental values in these figures, we give not

only the ones shown in Fig. 2I but also the ones estimated from the data of

LowENTHAL27) above 10000K. The agreements between the calculated and the experi-

mental resnlts are satisfactory.

  d) Pd metal

    The estimated values of CE of Pd metal are smaller than r(O)T (Fig. 2L) and

r:i`<1 (Fig. 3). The calculated values of CE andr are compared with experimental

ones in Figs. 36 and 37. The agreements between the calculated and the experi-

mental results are satisfactory.

  e) Pt metal

    The estirnated values of CE of Pt metal are smaller than r(O)T (Fig. 2Q) and

r"<1 (Fig. 3). The calculated values of CE andrare compared with experimental

ones in Figs. 38 and 39. The agreements between calculated and the experimental

results are satisfactory.

    As we have shown above, the calculated results of CE by making use of the

density of states curves determined from the low temperature specific heat data

of several series of transition metals and alloys on the basis of the rigid band

model well explain the characteristic behaviours of the temperature variation of

electronic specific heat of the transition metals. This fact seems to suggest that

the density of states curves determined in g4 are fairly close to the real ones

of transition metals. Therefore, it will be significant to calculate the Pauli para-

magnetic susceptibility over a wide range of temperatures'by making use of the

density of states curves, to compare the calculated results with the experimental

values of magnetic susceptibility and to estimate the values of the orbital para-

magnetic susceptibility and the molecular field coethcient for the transition

metals and their alloys.

        '                          g7 Magnetic Susceptibility

    The values of the Pauli paramagnetic susceptibility, xo, calculated in S5 are

considerably smaller than observed values of z. The differnce between calculated

ze and observed z will be attributed to the effects of molecular field, orbital
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paramagnetism and core- and orbital(Landau)-diamagnetism.

    Following reiations are assumed between ze and z :

                    l,J',.iSiPer,miCL cul 1

                    Xc == Xorb.+Zdia., ]
where ev, zorb. and xdia. are the molecular field coeflicient, the orbital paramagnetic

susceptibility and the sum of core- and orbital-diamagnetic susceptibility, re-

spectively. Since the effective mass of electrons in transition metals is generaly

large, the contribution of the orbital diamagnetism will be neglected,

   It is expected that the density of states curves determined in ss4 are very

close to the real ones, as shown in the discussions on electronic specific heat.

Therefore, it will be significant to estimate the values of a and zorb. for transition

metals and their alloys by comparing the values of xo calculated for these dens!ty

of states curves with observed values of z over a wide range of temperatures.

In these comparisons, we have neglected the temperature variations of cr, zorb.'

and zdia. for the sake of simplicity as these temperature variations are expected

to be small.

(1) Ti-ILCr-Fe system (3d-b.c.c.) ･L
  a) V-Cr alloys

    Temperature variations of x of V-Cr alloys are depending on the composition,

that is, the values of x decrease with increasing temperature in V meta128,29) and

in V rich V-Cr alloys,so) and increase with increasing temperature in Cr rich

V-Cr alloyseo) and in Cr metaL29N3i) In Vo.s Cro.s alloy, a minimum appears in

the temperature variations of x. 30) Calculated results of zo show such a tendency

(Fig. 11), although the calculated values of zo are considerably smaller than the

observed values of x. These disagreements are attributed to the temperature

independent orbital paramagnetic susceptibilities, zorb.. Assuming the relation,

                    X ==: Xo ÷ Xorb.,

and taking the values of xorb. shown in Table 2, we obtain an excellent agree-

ments between calculated and experimental results as shown in Figs. 40 and 41.

This fact shows that the molecular field is negligible in V-Cr alloys. Here, we

have neglected the effects of core- and orbital-diamagnetism. Composition de-

pendence of zorb. estimated for V-Cr alloys is shown in Fig. 42. The values of zorb.

and their composition dependence given in Table 2 and Fig. 42 seem to be

reasonable.
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Table Z Orbital paramagnetic susceptibilities, xorb., for

   V and Cr metals and V-Cr alloys.

35

Composition x.,b. (10'` emu!mole>

   V
Ve･7s Cre-2s

Vo-s Cro･s

Vo･2s Cro･Ts

   Cr

1. 78

1. 70

1. 70

L45
1. 35

  b) V-Ti al{oys

   Also the calculated results of xe in V-Ti alloys (Fig. 9) explain qualitatively

the experimental results that the values of x increase with increasing temperature

in Ti meta128･32) and decrease with increasing temperature in V metal and V rich

V- Ti alloys. 30) Assttming the relation,

                    x = (xoHi - a)-i + xorb. ,

and tal<ing the values of ev and xorb. shown in Table 3, we obtain ap agreement

betwee.n calculated and experimental results except for Vo.2sTio.7s alloy at low

temperatures (this disagreement is due to the phase transition of this alloy),

as shown in Figs. 43 and 44. Here, we have neglected xdia.. The valuesofa and

zorb. given in Table 3 are not always reliable. Probably, at least, the absolute

values of ev in Vo.s Tio.s alloy and in Ti metal will be smaller, and the value of

zorb. in Vo.s Tie.s alloy will be larger and that in Ti metal will be smaller than

the value given in the table. '

 Tabie 3 Molecular field coeilicients, cr, and orbital paramagnetic

' susceptibilities, xorb., for V and Ti metals and V-Ti alloys.

pmrm-T.M   Composition crCIO` mole/emu) xorb. (10-` emu/mole)

   V
Ve-Ts Tie･2s

 Ve･s Tio･s

Vo･2s Tie･7s

   Ti

 o. oo

-O. 32

-O. 80

-O. 10

+O. 82

1. 78

1. 85

2. 00

1.70

O. 73

  c) Cr-Fe and Cr-Mn alloys

   The values of x in Cr-Fe alloys are considerably larger than those in Cr-Mn

alloys with common value of e}ectron per atom ratio, e/a. For example, the
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value of z at room temperature in Cro.gs Feo.es alloy33,34) is abottt 1.8 times as

large as that in Cro.g Mno.i alloy,30) that in Cro.g Feo.i alloy34) is about 2.6times

as Iarge as that in Cro.s Mno.2 alloy30) and that in Cro.ss Feo.is alloy33,34) is about

5.3 times as large as that in Cre.7 Mno.3 alloy.30) This fact seems, to mean that

the effect of molecular field is the main mechanism of enhancement in Cr-Fe

alloys, while the molecular field is not so effective in Cr-Mn alloys.

   For Cr rich Cr-Mn alloys (e/a;s{6. 2, where e/a=6 for Cr metal), assuming

the relation,

                    Z == Ze + Zc,

and taking the values of xc shown in Table 4, we obtain good agreements be-

tween calculated and experimental values as shown in Fig. 45. The experimental

     Table 4 Molecular field coefficients, cv, temerature independent susceptibilities,

         zc, and enhancements of spin paramagnetic susceptibilities, zspin-xe, for

         Cr metal and Cr-Mn alloys.

Composition cr(10` mole/emu) z.(10-` emu/mole)
Zspin - zo(10-` emu/mole)

3000K 10000K

 Cr
Cro･g Mno･i

Cro･s Mno･E

Cro･7 Mlle･3

Cro･6 Mno-4

Cre･s ACIIo･s

o

o

o

O. 171

O. 148

O. 211

1. 35

1. 50

1. 76

1. 62

1. 66

1. 95

o

o

o

O. 6

O. 8

1. 8

o

o

o

O. 2

O. 2

O.4

values of z in Cre.g Mno.i alloy increase with increasing temperature above room

temperature.30) The calculated values of z for Mn 4.25 atomic % alloy show a

minimum at 1000K and increa.qe with increasing temperature above 1000K, and

those for Mn 6.4 atomic % alloy show a minimum at 4000K and increase with

increasing temperature above 4000K. If an uncertainty of the density of states is

taken into account, it may be concluded that the increase of z with increasing

temperature in Cre.g Mno.i alloy is due to the shape of the density of states curve

and the position of the Fermi level. The agreements between calculated and

experimental results are fairly good.

   For Mn rich Cr-Mn alloys (e/al6. 3), the effect of the molecular field must

be taken into account. By using the Eqs. (7. 1) and by adjusting the values of av

and zc to make agree the values of calculated z with experirnental ones at 3000K
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and 12000K, we obtain the values of a and zc shown in Table 4. The calculated

results by making use of these values of a and zc are compared with the experi-

mental results30) in Fig. 46. Agreements between calculated and experimental

results are good. In Cr-Mn alloys the values of xc are larger than that in Cr

rnetal as shown in Table 4. This will be due to the fact that as the density of

states at the･Ferrrii Ievels of these alloys is very larger than that of Cr metal

as shown in Fig. 4, many states with small energy difference will be combined

by the orbital angular momentum and zorb. will be large. In these alloys the

main mechanism of enhancement of z is the orbital parama.crnetism. As shown

in Table 4, the calculated values of zspin - ze at 3000K and 10000K are consider-

ably smaller than the values of zc.

   In Cr-Fe alloys, the effect of molecular field is predominant. Assuming the

relation,

                    z-i == zoLi - cy,

and tal<ing the values of a= 1.0×10`mole/emu for Cro.gs Feo.os alloy, a= O.66 ×

10`mole/emu for Cre.g Feo.i alloy, and cv=O.54×104mole/emu for Cre.ss Feo･is
alloy, the calculated values of z7i roughly agree with experimental values33,34) as

shown in Fig. 47.

Table 5 Molecular field coethcients, cv, for Cr-Fe alloys.

Composition cr(10` inole/emu)

Cro･gs Feo･os

Cro-g Feo-]

Cro･ss Feo･is

1. 00

O, 66

O. 54

  d) Fe metal

   Calculated values of zo for paramagnetic Fe metal by using the density of

states curve given in Fig. 4 increase with increasing temperature as shownby

curve (1) in Fig. 48 (b), whereas the observed values ofzfor b.c.c. Fe metal

decrease with increasing temperature above the Curie temperature.35) Curve (1')

in the figure is the value of zobs.mi + 1. 183 × 10`mole/emu for b. c. c. Fe metal.

   We have determined a new density of states curve for Fe metal. 36) This has

been deduced from the experimental data of r,iO,ii) and of spontaneous magne-

tization for b.c.c. 3d-group transition metals and their alloys37･38) and assuming

the rigjd band model. Here, only those specific heat measurements "Tere used

for which C/7LT2 curves were accurately linear and gave reasonable value for
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the Debye temperatu.re (accordingly the data of r for Cr-Fe alloys of Iower

concentrations than 30 atomic % Fe were neglected); the data of spontaneous

magnetization used in this analysis were eorrected for g-factor using the data

ancl relation (6) of reference 39. The new density of states curve, as shown by a

thick curve (2) in Fig. 49, differs from the old one given in Fig. 4 (shown by a

thin curve (1) in Fig. 49) particularly in not having such a pronounced peak at

an electron per atom ratio, e/a, near 6.4.

    The calculated values of zo for paramagnetic Fe metal by using the new

density of states curve show a maximum at about 11000K and decrease with

increasing temperature above the temperature as shown by curve (2) in Fig. 48

(b) (the Curie temperature of Fe metal is about 10400K). Curve (2') in the figure

is the values of xobs.mi+O.963× 10` mole/emu for b.c.c. Fe metal. The a-
greement with observation of z of calculated z corrected by taking account

of a molecular field by using the new density of states curve is much better

than that obtained by using the old one.

   The calculated results of CE obtained by using the old density of states curve

and by "sing the new one are shown by curves (1) and (2) in Fig. 48 (a), respec-

tively. Small circles in the figure are experimental values of CE in 6-phase Fe

estimated by the method given in S2, and curve (3) was obtained from the

smoothed and extrapolated curve of experimental Cp. 40)It seems that the agreement

with observation of calculated CE by using the new density of states curve is a

little better than that obtained by using the old one.

   Therefore, it will be conclucled that, at least, for Fe metal the new density

of states curve is more adequate than the old one.

(2) Ni-Cu system (3cl-f. c.c.)

   Calculated values of xe for Ni metal and NFCu alloys with high concentration

of Ni (}l40 atomic %) decrease with increasing temperature above room temper-

ature and those for Ni-Cu alloys with low concentration of Ni (;(l20 atomic %>

increasing with increasing temperature. This results qualitatively agree with

experimental ones. 35,4i-･45)

  a) Ni metal and Ni rich Ni-Ctt alloys

   Assuming the relation,

                    ze(T.)-i - a =: O,

for Ni metal and Ni rich ferromagnetic Ni-Cu alloys, we obtain the values of a

as follow :

ev = O. 96×10" mole/emu for Ni metal,

a = o. g9 × 10` mole/emu for Nie.7s Cuo.2s alloy

and
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ev ==i 1. 03×104 mole/emu for Nio.s Cuo.s alloy.

The value of z-i calculated by the relation,

                    zmi == xuLi - cr,

and by making use of the values of a estimated above are compared with the

observed values35,4i,42,45) in Figs. 50,51 and 52, respectively, for Ni metal, Nio.T･s

Cue･2s and Nio.s Cue.s alloys. Calculated values of zm' are smaller than the observed

ones above Curie temperatures, and calculated results do not explain the fact that

the observed x-i-T curves are concave downwards. Taking account of the effect

of constant paramagnetic susceptibility, xc, by Eqs. (7,1), we obtain better

agreements at high temperatures, Taking the values of a == O. 880 × 10`mole/emu

and zc =O. 71 × 10-` emu/mole for Ni metal, we obtain the curve (2) in Fig. 50.

However, in this case, x-i>O at the Curie temperature. Even though we take

into account a temperature variation of xorb. due to the temperature dependence

of zspin via spin-orbit interaction, the situation is not improved (curve (3) in Fig.

50). Taking the values of cr = O. 829 × 10` mole/emu and xc == O. 4 × 10-` emu/mole

for Nio.7s Cue.2s alloy, we obtain the curve (2) in Fig. 51, and taking the values

of ev=O.762×10` mole/emu and zc=O.6×10-` emu/mole, we obtain the curve
(3). The agreements with experiments become better at high teinperatures, but

zL'>O at the Curie temperature. Taking the values of ev=O.678 × 10` mole/emu

and zc=O. 4 × 10"` emu/mole for Nio.s Cue.s alloy, we obtain the curve (2) in Fig.

52, and taking the values ofa=O.622×10` mole/emu and xc=O.5×10-` emu/
mole, we obtain the curve (3). The agreements with experiments become better

at high temperatures, but x-i>O at the Curie temrepature.

    To obtain good agreements between calculated and observed values of z-i

above Curie temperatures for Ni metal and ferromagnetic Ni-Cu alloys, it seems

to be necessary to take account of the temperature variations of cr and zc.

Otherwise, the disagreements between calculated and observed results may be

attributed to an uncertainty of the density of states curve.

  b) Cu rich Ni-Cu alloys

   The values of x calculated by Eqs. (7. 1) from the calculated values of ze for

Cu rich (pararrtagnetic) Ni-Cu alloys are compared with observed values43'v45) in

Figs. 53, 54 and 55. Here, we take the values of a=O. 556×10` mole/emu and

xc =- O. 20 × 10-` emu/mole for Nio,4 Cuo.6 alloy (Fig. 53), a=O. 393 × 10` mole/emu

and zc==O.07×10-` emu/mole for Nie.2 Cuo.s alloy (Fig. 54), and cr=O.278×104

mole/emu and xc ==-O. 056 × 10-` emu/mole for Nio.i Cuo.g alloy (Fig 55).

   Composition dependences of cr and zc estimated above are shown in Fig. 56.

(3) Zr-Nb-Mo-Tc system (4d-b.c.c.)

  a) Nb-Moalloys
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   Calculated results of zo qualitatively explain the fact that the observed values

of z decrease with increasing temperature in Nb metal and Nb rich Nb-Mo

alloys, and inc'rease with increasing temperature in Mo metal and Mo rich Nb-

Mo alloys. 30) However, the calculated values of zo are considerably smaller thaR

observed values of z. Assuming the relation,

                    Z= Ze + Zc,

for Mo metal and Mo rich Nb-Mo alloys, and taking the values of xc=O. 544×

10-4, O.521×10T4 and 1.221×10-4 emu/mole for Mo metal, Moo.7s Nbe･2s and
Moe.s Nbo.s alloys, respectively, we obtain agreements between calculated and

experimental values30) as shown in Fig. 57. This meansthat xspin=zo or cr=O in

Mo metal and Mo rich Nb-Mo alloys. For Nb metal and Nb rich Nb-Mo alloys,

we obtain agreements betviTeen calculated and experimental values30) by Eqs, (7. 1)

taking the values of cr =] -O. 204 × 10` mole/emu and zc=O. 98 × 10-` emu/mole

for Nb metal, and cr ::=O. 260× 104 mole/emu and xc i=O. 94 × 10-` emu/mole for

Nbo.7s Moo.2s alloy as shown in Fig. 58.

   Several measurements on z have been made for Nb-Mo, :'O,46'w48) Nb-Re46) and

Nb-Tc49) alloys. These observed values of z at room temperature plotted to the

value of e/a are somewhat different from each other. We estimate the value of

zc as zc :=]O. 60 × 10-4 emu/mole for Mo metal from a comparison of calculated

value of zo at 3000K (xo(3000K)==O.28×10-` emu/mole) with the mean value of

observed z at room temperature (O. 88 × 10-` emu/mole). Using the values of zc

for Mo and Nb metals and Nbe.7s Moo,2s alloy estimated above and assuming the

composition dependence of zorb. similar to that for V-Cr alloys, we obtain the

composition dependence of zc in Nb-Mo alloys. This is shown by the smooth

curve in Fig. 59. If we neglect zdia., x¢ will be regarded as xorb.. These values

of zorb. are shown in second column of Table 9. If the value of zdia, in these

metals and alloys is similar to that in Pd metal, the values of zorb. are larger

than that given in Fig. 59 and in Table 9 by O. 21×10-` emu/mole. 50)

   The value of xspin for each composition is estimated in the following way :

in the Mo rich alloys (e/al5. 5) xspin =: xo, in the Nb rich alloys (e/a:iil5. 25) zspin

== (xomi-cr)-i, and in the intermediate range the values of zspin are obtained by

joining smoothly as shown in Fig. 60. Thus the value of zspin is determined for

each composition in the Nb-Mo alloys (Fig. 60). Values of the sum of zc and

zspin are shown in Fig. 61. These values roughly agree with observed values of

Z･

  l]) Zr metal

   Although the crystal structure of Zr metal is not b. c. c., we calculate ze by

making use of the density of states curve given in Fig. 6. The value of the
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density of states at the Fermi level of Zr in Fig. 6 has been determined from

the value of r in h. c. p. Zr metal. The experimental data of x in Zr meta130･32)

are somewhat different from each other as shown in Fig. 62. Calculated values

of zo are considerably smaller than the observed ones. Assuming the relation,

                    X= Zo + Zc,

and taking the value of xc == O.8× 10-` emu/mole, the calculated values of z lie

between the two observed data as shown by curve (1) in Fig. 62. The value of

zc==O.8x10-` emu/mole for Zr metal is somewhat smaller than that for Nb

metal (O. 98 × 10u` emu/mole) and this is reasonable. Assnming the relation (7. 1)

and taking the values of ev = -L 37 × 10` mole/emu and zc := O. 95 × 10-` emu/mole,

we obtain calculated values of x (curve (2) in Fig. 62) which fairly agree with

the data of TANiGuCHi, TEBBLE and WiLLiAMs30) between 3000K and 8000K. Above

8000K, the observed values rapidly increase with increasing temperature and

disagree with the calculated values. This behaviour will be attributable to the

phase transition occuring at about 12000K. 30) By taking the values of ev = O. 37 × 10`

mole/emu and zc==O.71×10-4 emu/mole, the calculated values agree vNTith the
data of SQuiRE and KAuFMANN32) between 3000K and 10000K (curve (3) in Fig. 62).

The calculated result is very flat compared with the data of SK below room

temperature. An extrapolation of the data of TTW seems to be flat below room

temperature.

   It will be concluded from the analysis given above that the valrte of zc of Zr

metal is between O. 95× 10L` and O. 71× 10r` emu/mole, that is, about O.8×10-`

emu/mole. Assuming the same value of xdia. == -O.21 × 10-` emu/mole for Pd

metal,50) the value of zorb. for Zr metal is given as xorb. = 1.0 × 10-` emu/mole.

On the value of ev we cannot draw any definite conclusion.

(4) Rh-Pd-Ag system (4d-f c. c. )

  a) Pd metal

   The calculated values of ze are considerably smaller than observed values of

z28･50･5i) (Fig. 63). This disagreement is mainly attributed to the effect of a

molecular field, Assuming the relation,

                    x"i == zormi - a,

and taking the value of ev == O. 724 × 10` mole/emu, we obtain a good agreement

of calculated result with experimental ones above room temperature as shown

in Fig. 64. Since zdia. =-O. 21 × 10m` emu/mole in Pd metal, 50) the value of zorb,

is estimated as xorb. == O. 21 × 107` emu/mole. This value of xorb. is considerably

smaller than that for V, Cr and Nb metals. This is reasonable, because it is

expected that the Fermi levels of V, Cr and Nb metals lie in the middle of the
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d-band and there are so many states which can be combined by the orbital

angular momentum that the values of zorb. in these metals are relatively large,

while the Fermi level ofPd metal lies in the vicinity of the upper end of the

4d-band and the value of zorb. is relatively small.

    Below the room temperature, the observed z shows a maximum at about

800K,50) whereas the calculatecl result of xo for the density of states curve given

in Fig. 7 does not show such a maximum. Following the RHoDEs' idea52) that the

density of states curve has a small dent at the Fermi level, the calculated result

shows a maximum. Such an example is shown in Fig. 65. That is, the density

of states is slightly modified to have a small hump at the position higher than

the Fermi level of Pd by 100(OK)fe where k is Boltzmann's constant. Such a

slight modification yields little change in the calculated values of xo (and CE) at

high temperatures. The positioR of the small hump in the density of states

given in Fig. 65 corresponds to the Fermi level of Pdo.g7 Age.o3 alloy. The calcu-

lated result of xe for this density of states curve shows a maximurn at about

500K. Therefore, to obtain a rnaxirnum at 800K, the position of the small hump

in the density of states curve must be higher than the previous positien, that

is, it will correspond to the Fermi level of an alloy with 5 or 6 atomic % of

Ag. If it was so, the values of r(O) for Pd-Ag alloys must increase with increas-

ing Ag concentration up to about 5 or 6 atomic %. But observed values of r(O)

decrease monotonically with Ag concentration. 22) If the cu･rvature of the density

of states curve at the Fermi level is larger than that in Fig. 7 and the position

of the Fermi level of Pd is farther from the position of the peak of the density

of states than that in Fig. 7, there is a possibility that the calculated values of

zo show a maximum at 800K without such a dent in the density of states curve

as suggested by RHoDEs. This argument is supported by the fact that the calcu-

lated values of xo for Pdo.g Ago.i alloy, the Fermi level of which is higher than

that of Pd metal by about O. 028 eV, show a maximum at about 1200K as shown

in Fig. 18. We have discussed in g3 (4) on the general possibility that in certain

case ze shows a maximum.

   It is possible, in principle, to decide which type of mechanism, antiferro-

magnetism or the special band shape, is responsible for the maximum in the

observed z in following way :

  1. neutron diffraction

     Below 800K, is the antiferromagnetic structure observed, or not ?

  2. specific heat

     At about 800K, is the anomaly of the specific heat corresponding to the

   antiferromagnetic transition observed, or not ?

Hitherto, there is no evidence to show that the maximum at about 800K in
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observed x is due to antiferromagnetism. That is, no antiferromagnetic structure

has been reported from neutron diffraction data, and no anomaly of the specific

heat at corresponding temperature has been observed. 53)

   As we have discussed in g3 (4), at a certain temperature the width of the

part of the band responsible for CE is broader than that responsible for z, and

it is expected that the behaviour of r at a temperature range reflects the beha-

viour of z at a certain higher temperature range. In fact, for Pdo.gAgo.i alloy,

the calculated values of zo show a maximum at about 1200K and (xomax - zo(O))/xo(O)

==O.94%, while the calculated values of r show a maximum at about 800K and

(rmax-1(O))/r(O)=2.0%(Fig. 66). Therefore, if the maximum at about 800K in

z of Pd metal is due to the band shape, it will be expected that a maximum in

r also appears at about 400K to 600K. In this case, observed values of r will

show a temperature variation as shown schematically in Fig. 67. It is, however,

doubtful that this maximum is observed experimentally or not. From the meas-

urements50) (zrnax-x(O))/z(O) == 3. 3%. If there is a maximum in r, it is expected that

<rinax-r(O))/r(O)i f3rv7%. From this value, the anomaly in the electronic specific

heat dCE is estimated as zi CE/CEft,3-v7%. As CEf"sO. 1 CD in this temperature

range, ACE/CpfvO.3-vO. 7%. This is too small to be detected at present.

  b) Pd-Ag and Pd-Rh alloys

   Taking into consideration the effects of the molecular field, the orbital para-

magnetism and the core- and orbital-diamagnetism by Eqs, (7.1) from the

calculated values of xo, we calculate the values of z for Pd-Ag and Pd-Rh alloys

with low concentratioR of Ag and Rh. Here, we take the values of a and xc

shown in Table 6 for each alloy. Calculated resnlts of x roughly agree with

experimental ones9,22,5i,54) as shown in Figs. 68ts-71. The values of cr and xc of these

alloys given in Table 6 seem to be reasonable comparing with those of Pd metal,

    Table 6 Molecular field coefficients, cr, temperature independent susceptibilities,

         xc, and orbital paramagnetic susceptibilities, zorb. for Pd metal and Pd-Ag

         and Pd-Rh ailoys.

Composition a(10` mole/emu) xc(10-` emu/mole)

   Pd
Pdo･geg Ago･o3i

Pdo･g27 Ago-eT3

Pdo･goi Ago･ogg

Pdo･sei Ago-t3g

Pdo･74e Age-26o

Pdo･g34 Rho･oa6

Pde-gei Rho'ogg

O. 724

O. 72

O. 716

O. 716

O.76

O. 72

O. 72

O. 70

 o
 o
-O. 072

-O. 072

-O. 22

-O. 23

 o
+O. 39

Xorb.SIO-1 emu/mole)

 O. 21

 O. 21

 O, 14

 O. 14

-O. Ol

-O. 02

 O. 21

 O. 60
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except for the too large value of zorb. of the alloy with 9.9 atomic%of Rh.

The values of zorb. in this table are obtained from the values of xc by the

relation, zorb, ==zc-zdia. where zdia. is assumed to have same value as that of

Pd metal, -O. 21 × 10"` emu/mole. 50) Negative value of zorb, izneans that the Landau

diamagnetism exceeds orbital paramagnetism.

  c) Rhmetal
   The experimental values of z of Rh metal rapidly increase with increasing

temperature and show a maximum at about 16000K28･50) (curves specified by HM

and by KTW in Fig. 72) The calculated xo is almost constant and shows a very

fiat maximum at about 12000K (curve (1) in Fig 72). If we determine the values of

cr and xc by making the calculated x given by Eqs. <7. 1) equal to the observed

values at OOK and at `Lhe maximum point, we obtain the values of at =: 1. 33 × 104

mole/emu and zc:=-3. 22 × 10"` emu/mole (curve (2) in Fig. 72). If we take the

value of cr == O. 7 × 10` mole/emu which is similar to that of Pd metal, the values

of xspin are obtained as shown by curve (3) in the figure. Although the maximum

in the curve (3) is more remaTkable than that in zo, curve (1), the experimental

curve is steeper than the curve (3). It may be able to make the zspin curve

steeper by a modification of the density of states curve, but in this case the

calculated CE will show a more rapid increase with increasing temperature and

the agreement between calculated and experimental CE obtained in S6 will be

broken.

   The temperature variation of observed z may be due to any effect other than

the spin paramagnetism, that is, probably due to the temperature variation of

the orbital paramagnetism or the Landau diamagnetism. From this point of view,

it is of interest to investigate the temperature variation of the NMR shift, K,

in Rh metal in relation to the temperature variation of z. If the temperature

variation of x is due to the temperature variation of xspin, the value of K will

decrease with increasing z or with increasing temperature, whiie if the temper-

ature variation of x is due to the temperature variation of zorb,, the valtte of K

will increase with increasing x or with increasing temperature (cf. g8).

(5) fr-Pt-Au system (5d-yC. c. c. )

  a) Pt metal

   Calculated values of xo for Pt metal are considerably smaller than observed va-

lues of x. 22･28t50)Assuming the relation (7. 1) and taking thev alues of ev == O. 74 × 10`

mole/emu and zc == -O. 15 × 10T4 emu/mole, we obtain a good agreement between
calculated and experimental results at high temperatures as shown by curve (1)

in Fig. 73, whereas this agreement does Rot hold below room ternperature.

Since the values of zdia. is estimated as zdia, = -O. 275 × 10-` emu/mole, 50) the value

of zorb. is estimated as xorb. ==O. 125× 10-4 emu/mole from the value of zc given
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above. Below room temperature, taking the values of ev=O.64×104 mole/emu

and xc = O. 2 × 10-` emu/mole, that is, zorb, == O. 475 × 10-4 emu/mole, we obtain

a good agreement of calculated result with experimental result between 2000K

and 3000K. In this case, the calculated values are larger than observed ones at

high and low temperatures (curve (2) in Fig. 73).

   The values of ev and zc estimated above are consistent with the values of rv

and zc estimated from the relation between x andNMR shift in Pt metal. 55) The

values of zorb. estimated for Pt metal are considerably smaller than those of V,

Cr and Nb metals. This wM be due to the same situation as that in the case of

Pd metal discussed in g7 (4) a).

   The values of a estimated for Pt metal are similar to that estimated for Pd

metal. For Pt metal the value of zo(O)mi=L120×10` mole/emu is much larger

than the value of ev, O. 64 tvO. 74 × 10` mole/emu, whereas for Pd metal the value

of ze(O)-i=:O. 783 × 10` mole/emu is slightly larger than the value of ev, O. 724×104

mole/emu. The fact that very dilute alloys of Co and Fe in Pd and Pt are ferro-

magnetic and the Curie temperatures are higher in the Pd alloys than that in

the Pt alloys, and the fact that very dilute alloys of Ni in Pd and Pt are not

ferromagnetic56) suggest that the electronic state of the impurity (localized or

itinerant) will closely connected with the magnetic property of the very dilute

alloy (ferromagnetic or not) and the relation between values of ev and xe(O)-i will

be important to determine the Curie temperature of ferromagnetic very dil"te

alloy.

  b) Pt-Ir and Pt-Au alloys

    Taking into consideration the effects of the molecular field, the orbital para-

magnetism and the core- and orbital-diamagnetism by Eqs. (7. 1) from the calcu-

lated values of zo, we calculate the values of z for Pt-Au and Pt-Ir alloys with

low concentration of Au and Ir. Here, we take the values of ev and zc shown in

     Table 7 Molecular field coethcients, cr, temperatureindependentsusceptibilities, zc,

         and orbital paramagnetic susceptibilities, xorb. for Pt metal and Pt-Au and

         PVIr alloys.

Composition cr (10` mole/emu) xc (10-` emu/mole) xorb.(10-` emu/mole)

p, ([l/7gh,gf.m,?l'

 Pte･gs7 AUo･o43

 Pto･sgg Auo･lol

 Pte･g44 Ii'o･oss

 Pto･goo Ii'o･ieo

O. 74

O, 64

O. 63

O. 62

e. 59

O. 60

-O. 15

 O. 2

 O. Ol

 O. Ol

 O. 19

 O. 04

O. 125

O. 475

O. 285

O, 285

O. 465

O. 315
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Table 7 for each alloy. Calculated results agree with experimental ones22) between

2000K and 3000K as showR in Fig. 74. The values of xorb, in Table7are obtained

from the value of zc by the relation, zorb. == zc-zdia. where zdia. is assumed to

have same value as that of Pt metal, -O. 275 × 10nt` emu/mole.

                              g8 NMR Shift

    In g7, we have estimated the values of the orbital paramagnetic suscepti-

bility, xorb., and the molecular field coefficient, cv, for several transition metals

and their alloys from the comparison betweeR the calculated values of the

Pauli paramagnetic susceptibility, ze, and the observed values of magnetic sus-

ceptibility, x, overawide range of temperatures. In this section, we attempt to

explain the NMR shift of V5' in V-Cr alloys and Nb"3 and Tc9" in Nb-Mo and

Nb-Tc alloys by making use of the values of zorb. and cr estimated in g7.

(1) V5i in VL-Cr alloys

    The composition dependence of the NMR shift of 'V5i in V-Cr alloys57･58)cannot

be explained by the usual theory for the Knight shift. 59) While the values of r

monotonically decrease with increasing concentration of Cr, the NMR shift of V5i

shows a maximum in Vo.4 Cro.6 alloy. We make an analysis of NMR shift of V5i

in V-Cr alloys assuming the following relations between the shift, Kv, and the

magnetic susceptibility, x, following the method of CLoGsToN et al :60)

                    Kv = Ks + Kd + K6rb. ,

                    X := Zs + Zd + Xorb. ,

                    Kb = axs,
                                                                    (8. 1)
              ' Kd=bxd,

and

                    K6rb. == Czorb.

where Ks, Kd and K6rb, are, respectively, the contribution to NMR shift from

the conduction electrons of s-character due to the hyperfine interaction (ordinary

Knight shift), from the conduction electrons of d-character due to the exchange

polarization of innercore s-electrons and from the conduction electrons of d-cha-

racter due to the orbital paramagnetism. xs +zd (=:=zspin) isthe spin paramagnetic

susceptibility, where zs and zd are the spin sttsceptibilities of the conduction

electrons of s-character and of the conduction electrons of d-character, respecti-

vely, and xorb. is the orbital paramagnetic susceptibility. a, b and c are propor-

tionality constants assumed to be independent of the atomic composition. If we

assume that the proportion of the s-character in the band is x for all V-Cr alloys,
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that is, zs =xzspin, then we obtain the relation,

                    Kspin = Ks + Kd == {aX ÷ b(1 - X)}zspin iii b'zspin,
                  '
and Eqs. (8. 1) become

                    Kv =:: Kspin + K6rb. ,                                                                 l (s v)

                    K6rb, == Czorb.,

and

The valtte of c is estimated from the relation,

                        2
                    c=z]g<rm3>.tom, (8. 2)

where L is Avogadro's number and 8 ==] <ru3>metai/<r-3>atom. In the case where

the d-character is predomiRant and the exchange polarization is large, the value

of b' is negative through b. In the other case where the d-character is not

predorninant and the exchange polarization is not so large, the value of b' may

be positive. Also b' can become positive through the fact that the exchange

polarization may involve the polarization of s-character conduction electrons in

which case b is inherently positive.

   By assuming that <r-3>atom=2. 3 a. u 6i) and g == 1, the value of c is estimated

as c=::52 mole/emu. The values of xorb. have been estimated in g7 (1) a), and

the values of zspin are obtained from the observed values of z by subtracting the

values of zorb. (xspin=x-zorb.). By making use of these values of zspin and zorb.

for V metal and the value of c--52 mole/emu, and by adjusting the value of b'

to make agree the calculated values of KV with the experimental value in V

metal, we obtain the value of b'=-30.6 mole/emu. Using the values of b' =i=

-30.6 mole/emu, c=52 mole/emu, zorb. for each composition of alloys estimated

in g7 (1) a) and observed x,29N3i) we calculate the value of KKr in V-Cr alloys.

The calculated results well explain the experimental results57,58) as shown in

Table 8 and in Fig. 75. Each of Kl]pin, K6rb. and KV is shown in Fig. 76. It is

seen from this figure that the contribution of the orbital paramagnetism is most

dominant. The fact that K]pin <O means Kd is more dominant than Ks. It will

be concluded that the NMR shift of V5i in V metal and V-Cr alloys are mainly

determined by positive K6rb. and negative Kspin, and the increase of Kv from

V metal to Ve.4 Cro.6 alloy is attributable to the decrease of the absolute value

of Kkpin due to the decrease of xspin, and the decrease of Ifu from Ve.4 Cro,6 alloy

to more Cr rich alloy is attributable to the decrease of I<6rb. due to the decrease

Of Zorb.･
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Table 8 The NMR shifts of V5i in V metal and V-Cr alloys, Kv, and the contributions
to Kv from conduction electrolls due to hyperfine interaction and exchange polariza-

tion, Kspin, and due to orbital paramagnetism, Kbrb.. AIso magnetic susceptibilities

are shown. xobs. and xorb. are, respectively, observed values of magnetic suscepti-

bilities, and values of orbital paramagnetic susceptibilities estimated in g7 <1) (the

values marked by *' are interpolated ones). xspin is the spin susceptibility obtainecl

by xspin= zobs. -xorb,. Both calculated and observed values of Kvare shown.

Here, the parameters are chosen as follows:c:52 mole/emu and bt= -30.6
mole/emu. Observed values of x are quoted from references 28-v31. 0bserved values

of Kv are quoted from references 57 and 58.

COMPOSitiOll Xobs. Zorb. Xspin
   10-` emu/mole

Kspin Korb,
    %

 Kv Kv Kv(calc.) (obs.) (obs,)

   v
Vo.g Cro.1

Vo.ss Cro.Is

Vo.s Cro.2

Vo.7s Cro.2s

Vo.7 Cro.3

Vo.6 Cro.4

Vo.s Cro.s

Vo.s Cre.s

Vo.4 Cro.6

Vo.3 Cro.7

Vo.2s Cro.7s

Vo.2 Cro.s

Vo.1 Cro.g

Vo.os Cro.gs

Cri.o Vo.o

Crl.o Vo.o

2. 96

2. 84

2. 69

2. 78

2. 61

2. 57

2. 46

2. 44

2. 39

2. 08

1. 85

1. 72

1. 83

1. 77

1. 74

1. 65

1. 78

1. 74*

1. 72*

1. 70*･

1. 70

1. 70:k

1.70*

1. 70

1. 70

1. 60*

1. 50 *･

1. 45

1.39*

1. 37*'

1. 35

1. 35

1. 18

1. 10

O. 97

1. 08

O. 91

O. 87

O. 76

O. 74

O. 69

e. 48

O. 35

O. 27

O. 44

O. 40

O. 39

O. 30

-O. 361

-O. 336

-O, 297

-O. 330

-O. 278

-O. 266

-O. 233

-O. 226

-O. 211

-O. 147

-O. 107

-O. 083

-O. 135

-O. 122

-O. 119

-O. 092

O. 926

O. 905

O. 894

O. 884

O. 884

O. 884

O. 884

O. 884

O. 884

O. 832

O. 780

O. 754

O. 723

O. 712

O. 702

O. 702

O.565

O.569

O. 597

O.554

o. 6e6

O. 618

O. 651

O, 658

O.673

O.685

O. 673

O.671

O, 588

O.590

O. 583

O. 610

O.565

O. 565

O. 591

O. 588

O. 612

O. 647

O. 647

O. 671

O.669

O. 623

O.589

O.567

O.551

O.551

O. 565

O. 600

O. 619

O. 663

O.663

O. 688

O. 671

O. 631

(2) Nb93 and Tc99 in Nb-Mo and Nb-Tc alloys

    We make an analysis of NMR shifts, KNb and Krc, of Nb"3 in Nb-Mo alloys62)

and of Nb"3 and Tc99 in Nb-Tc alloys. 49) Relations similar to Eqs. (8. 1') are assnmed

for KNb and K;rc. From spin-orbit interaction in atoms of 4d transition elements

SHiMizu63) estimated that (2/L)<r-3>aton,=96.82 mole/cm3 for Nb, 120.2 mole/

cm3 for Mo and 147. 1 mole/cm3 for Tc.

    For Nb93 in Nb metal using the value of c=95 mole/emu (gfsl) and the values

of zorb. and xspin estimated in g7 (3) a) andadjustingthe value of b' to get good

agreement between ealculated and experimental values of KNb, we obtain b' ==

-=- 8.71 mole/emu. The calculated values of KNb in Nb-Mo and Nb-Tc alloys by

making use of the values of b'==-8.71 mole/emu, c=95 mole/emu and the
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9 The NMR shifts of Nb93 and Tc9D in Nb-Mo and Nb-Tc alloys, KNb and
KTc, and the contributions from the orbital paramagnetism of d-electrons,

Kbrb. and from the exchange polarization and the hyperfine interaction,

Kspin. Also the estimated values of xorb. and xspin are shown. Both calcu-

lated and observed values of KNb and K'rc are shown. Here, the parameters

are chosen as follows : c(Nb) == 95 mole/emu, b'(Nb) = -8.71 mole/emu, and

c(Tc) =100 mole/emu, bt<Tc)= +9.45 mole/emu. Observed values in Nb-Mo
alloys under H== 15 KOe are marked by * (reference 62) and those in Nb-Tc

alloys under H = 14 KOe are marked by ** (reference 49).

49

e/a

5. 0(Nb)

5.1

5. 2

5. 225

5.25

5. 3

5. 375

5. 4

5. 5

5. 6

5. 65

5. 7

5. 75

5. 8

5. 85

5. 9

5. 95

Xorb. Xspin

    emu10-4
    mole

   Nb93 (calc. >

Kbrb. Kspin KNb
      %

6. 0(Mo)

l
i
]

O.980 l.159i O.931

O. 968 1. 1531 O. 920

         i
O. 950 1. 143i e. 903

O. 940 1. 138 F O. 893

O.929 1.0901 O.883
         I
         l       tNLj L         '         1
gl:!g8[2:5,lg･:gl

o. 762 o. 2sll ol 724

O. 683 O. 230i O. 649
         1
O.660 O.226I O.627

O. 640 O. 228          O. 608

O.615 O.245          O. 584

-O. 101

-O. 100

-O. 100

-O. 099

-O. 095

-O. 060

-O. 025

-O. 022

-O. 020

-O. 020

-O. 020

-O. 021

O. 830

O. 820

O. 803

O. 794

O. 788

O.791

O. 783

O. 702

O.629

O.607

O. 588

O. 563

         I
         l
         l-
O. 600 O. 280I O. 570 -O. 024 O. 546
         l

 Nb93 (exp.)
KNb* KNb**
    %

O. 83

O. 80

O. 81

O. 83

O. 80

O. 69

O. 73

O. 68

O. 66

O.68

O. 64

O.615

O.615

O. 58

O. 57

O. 55

O. 821

O. 801

O. 791

O. 699

   Tc9D (calc.)
Korb. Kspin
       %

K'rc

ITcgg <exp. >

' KTc**
   %

{

O. 601

I

I
I
I
:
E
I

E
i

(o. gso)(+o. 11e)(1. ogo)li

 O. 968 +o. log 1. o77 i

                  l
 O. 950 +O. 108 1. 058 l

   - - -･1                  I
 O. 940 +O. 108 1 048 i

 O. 929 + O. 103 1. 032 i

                  I･
 O. 896 ÷ O. 065 O. 961 li

 O. 850 +O. 027 O. 877 l
 o. 762 + o. o24 o. 7s6 I

 o. 6s3' + o. o22 o. 7os l/

                  lt
 O. 660 +O. 021 O. 681 '

                  l
 O. 640 + O. 022 O. 662 I･

                  !

                  l O. 615 + O. 023 O. 638 l

   -- - 1
 O. 600 +O. 026 O. 626 1
                  1

1. 058

O. 970

O. 780

O.546

values of zorb. and zspin estimated in g7 (3) a), are shown in Table9 andin Fig.

77 (curve (1)), where it was assumed that the values of xorb. and zspin are common,

respectively, for Nb--Mo and Nb-Tc alloys with common value of e/a. The curve

of calculated result is very similar to the experimental curves. A disagreement

between calculated and experimental results appears in Mo rich (or Tc rich)

range where e/a>5. 7. This disagreement may be attributed to the assumption

that the value 'of c is independent of the atomic composition. As a matter of

fact, the values of c may change with the atomic composition. If the constituent

atoms of an alloy have a tendency to adapt themselves to the surroundings and

to have similar values of <r-3>metai, we may make use of a larger value of c,
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for example, c== 105 mole/emu in the Mo rich alloy. If it is so, the disagree-

ment in the Mo rich range disappears (curve (1')).

    Such a behaviour of atoms in an alloy may make the value of c of Tc in the

Nb rich alloy smaller than the value estimated for the Tc atom. By assuming

c=100 mole/emu (6f,O.68) and b'= +9.45 mole/emu for Tc in Nb-Tc alloys,

which are obtained by trial and error calculation, and using the value of zorb.

and zspin estimated in S7 (3) a), we obtain the value of K･.pc in Nb-Tc alloys as

shown in Table 9 and in Fig. 78 (curve (1)). A good agreement between the

calculat,ed and experimental result is obtained. It should be noted that the value

of b' is positive in this case.

    A value of g less than unity means an expansion of the d-orbit in the metal.

This may arise from an increase of the number of s-character conduction elect-

rons which s:･ reen the excess charge of the atomic core of impurity atom. In

this case, the positive contribution to b' will increase and the negative one will

decrease. This consideration is consistent with the fact that e=:O.68<1 and

b'>O for Tc in Nb rich Nb-Tc alloys. The sign of b' is closely related to the

shape of the rce/a curve. For Nb93 with b'<O, the decrease of K6rb. due to

decrease of xorb. and the increase of Kgpin due to the decrease of zspin almost

cancel each other and the curve of KNb- e/a is relatively flat in Nb rich range.

On the other hand, for Tc99 with b'>O, the decrease of Kbrb, due to the decrease

of zorb. and the decrease of Kspin due to the decrease of zspin are added together

and the curve of K･rc-e/a sharply decrease with increasing concentration of Tc

in the Nb rich range. If we make use of an ordinary negative value of b', for

example, b'=-7. 17 mole/emu and a value of c=120 mole/emu, we obtain the

curve (1') in Fig. 78 which does not agree with the experimental curve satis-

factorily.

   The analysis on KNb in Nb metal is compared with that on the NMR shift

of V5i, KV, in Vmetal. The value of xorb. == 1. 78× 10-` emu/mole for V metal is

larger than that of xorb. =O.98×10-` emu/mole for Nb metal, while the value
of c := 52 mole/emu for V5i is smaller than that of c =:= 95 mole/emu for Nb"3, then

the values of K6rb, are almost equal to each other (K6rb, <V) =O. 926%, K6rb. (Nb)

== O. 931%). On the other hand, the values of zspin for V and Nb metals are almost

equal to each other (zspin (V)= 1. 18 × 10-` emu/mole, zspin (Nb) = 1. 16x10m` emu/

mole at room temperature), while the absolute value of b' = -30.6 mole/emu for

V5' is larger than that of b' = -8. 71 mole/emu for Nb93,then the absolute value of

Kg,i. for V5' is Iarger than that for Nb9S (Kspin(V) =: -O. 361%, Kspin (Nb)==-O. 101%),

Finally, Kv is smaller than KNb (Kv =: O. 565%, KNb=O. 830%).

  In conclusion, by separating z into zspin and zorb. and by making use of the proper

values of c and b', the NMR shift of Nb93 and Tc99 in Nb-Mo and Nb-Tc alloys
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are satisfactorily explained. The main contribution to these NMR shifts arises

from the orbital paramagnetism of d-electrons.

                      S9 Condition oi" FerromagRetism

   SToNER has been shown that the condition of ferromagnetism at OOK is given

by cv>{2fe2v(qo)}-i, where rt, cr and v(4o) are the Bohr magneton, the molecular

field coefficient and the value of the density o'f states v(.e) at the Fermi level Co

at OOK for the paramagnetic state. 3) In this case the spin paramagnetic suscepti-

bility x is given by z :=: (zoni-cr)-i, where xo is the spin paramagnetic sus:eptibility

without molecular field. At OOK, xo is given by zo(O)==2y2v(<o). If xo decrease

monotonically with increasing temperature, as seen in the case of the normal

band, and the condition cr>xo(O)mi is satisfied, ferromagnetism has. appeared at

OOK and there is a Curie temperature, where xo'i := ec

   In a certain case, where the shape of the density of states curve and the

position of the Fermi level are appropriate, zo shows a maximum at a certain

temperature, as discussed in g3 (4) and shown in the calculations on zo in 55.

It seems to be of interest to examine the condition of ferromagnetism by the

band model in such a case where the temperature variation of zo shows a maxi-

mum and the value of a is smaller than xe<O)-i but larger than the minimum

value of xeLi as shown schematically in Fig. 79 (a). In this case, as seen from

Fig. 79 (a), a<xo(O)-i at OOK and a>xe-i at the temperatures between Tc' and

Tc. At first sight, it may be expected that the metal shows paramagnetism

below Tc' and above Tc and shows ferromagnetism at temperatures between Tc'

and Tc; it looks as if there exist two Curie temperatures T2) and Tc', and that

the temperature dependences of the paramagnetic suseeptibility and spontaneous

magnetization show behaviours such as shown in Fig. 79 (b). But this is not the

case. As a matter of fact, the metal can be ferromagnetic under certain con-

ditions at OOK even if av<zo(O)rmi. This conclusion will be explained in the following

way.

   When the electrons in a band are spontaneously magnetized, we have the

following relations among the total energy, the Fermi Ievels and the spontaneous

magnetization, M, at OOK,

                    !11 v<c- )ds = !ilv(E)ds = M/(L,/t), (g. 1)

                    E:=: Si[ Ev(s)clc- -Si: Ev(E)clE -SctM2, (9. 2)

and

                    ."+-s"L=2,tt(vM, (9. 3)
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where E is the total energy in the magnetized state at OOK, and q+, 4m and qe

are the Fermi levels of plus and minus spin subbands in a magnetized state ancl

the Fermi level in the non-magnetized state, respectively. The condition (9.3)

is eguivalent to the condition,

                    dE/dM =O (9. 3t)
(cf. Appendix II (1)).

    The condition ct>{21t2v(･."e)}-` given by SToNER3) is equivalent to the condition

(d2E/dM2)M;o<O (cf. Appendix II (2)). This means that the solution M=:O is an

unstable solutioil and the energy of a ferromagnetic solution MIO become lower

than the energy of the state M:=O. If this condition is satisfied, the metal

becomes ferromagnetic at any rate. Therefore, SToNER's condition is a sufficient

condition of ferromagnetism for the electrons in the band. But this condition

is not always a necessary one.

   For a density of states curve shown schematically in Fig. 79 (c), it is ex-

pected the temperature variation of zo is similar to that shown in Fig. 79 (a),

showing a maximum at a certain temperature. In this case, even if a<zo(O)7i

(this means that (d2E/dM2)M-o>O, that is, the solution M=O is a stable solution),

if cr is not too small, there can be another stable solution MiO and it is expected

that the dependence of E on M is shown by a curve such as shown schmatically

in Fig. 79 (d). It depends on the detailed shape of the density of states curve,

the position of the Fermi level and the value of cy whether the energy at the

right-hand minimum where M¥O is lower or higher than that at the left-hand

minimum where M=O in Fig. 79 (d). Then, if the shape ofthe density of states

curve, the position of the Fermi level and the value of cy are appropriate, there

is a possibility of ferromagnetism of electrons in a metal even if ev<xe(O)-i, that

is, Eqs. (9.1), (9.2> and (9.3) have a solution, Mi¥O and E<O.

    In order to illustrate this possibility of ferromagnetism where a<xo(O)'i, we

consider a simple example where the density of states is given by v(e) ==a+bE2

witha>O andb>O, andwhere we choose Ce=O. In this case, ts"+=-･."-iiC,

                 t l.M == 2rt{a<+(b/3)g"3} and E == (1-2ctp2a)as"2 +{-2 - (4/3)aast2}bg` - (2avpt2/9)b2g6. In the

limiting case where M->O, we have E=={1-2cvpt2v(O)}y(O)C2 using v(O)==a. If(u<

{2pt2v(O)}Ti, the solution M=O is a stable solution. If, however, M is suMciently

large, E becomes negative because of the term proportional to ispt6. In this case,

the energy of the ferromagnetic state with MiO can at any rate be lower than

the non-magnetized state with M=O, although there may be no minimum of

the energy at M:¥O (the broken line in Fig. 79 <d)) because the band assumed

here is an open band. If, however, the band is closed as shown in Fig. 79 (c),
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there is a limited range of M, and E may increase again at larger values of M.

We then will have a stable ferromagnetic state even if a<ze(O)-i, if a is not

too small.

   It is concluded that there are certain possibilities of ferromagnetism in the

band model, even if a<ze(O)ui, if the shape of the density of states curve, the

position of the Fermi level and the values of cr are appropriate.

                               glO Summary

   It has been shown that the temperature variation of electronic specific heats

of transition metals shows a behaviour to be consistent with the correlation

between magnitude of r(O) and z and the sign of dx/dT, to be interpretable by

the band rnodel and to support an interpretation l]ased on the band model.

   Calculated results obtained by making use of the density of states curves

determined from the low temperature specific heat data of several series of

transition metals and their alloys, have well explained the behaviour of the

temperature variation of electronic specific heats of the transition metals. This

fact seems to mean that the density of states curves used in the calculations are

very close to those of the real metals. We have estimatedvalues of the molecular

field coethcient, cr, and of the orbital paramag-netic susceptibility, zorb., for

transition metals and alloys. Using the values of zorb. and cr estimated and the

values of zo calculated, we have explained the composition dependence of NMR

shift in several alloy systems, which cannot be explained by the usual theory of

the Knight shift.

    Examining the condition of ferromagnetism, we have shown that there are

certain possibilities of ferromagnetism in the band model, even if SToNER's con-

dition is not satisfied, if the shape of the density of statescurve, the position of

the Fermi level and the value of a are appropriate.
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                                Appendix g

    Recently, FisHER25) omputed C. from the Cp data of Zr metal by ScoTT (un-

published work quoted by FisHER) by the relation (2. 2) using the observed values of

the compressibility, the themal expansion coeMcient and the specific volume at

each temperature, and he estimated CD using the Debye temperature of 2960K

which was obtained from his data of elastic constant at low temperature. These

values of C.-CD, which correspond to our CE, are shown by curve (3) in Fig. 25.

To examine the validity of the approximation (2.3) to the Cp-C. correction, we

have estimated Cp-C. by the approximation (2.3) with a=:2.49 × 10n6 mole/cal
which is obtained from the valuesof Cp, P, ai and V at 3000K used by FisHER,

and we have deduced C.-CD using FisHER's e)D of 2960K. These values of C.-CD

are also shown by curve (3') in Fig. 25. Since the curves (3) and (3') are very

close to each other, the approximation (2.3) to Cp-C. correction will be valid.

                                Appemdix II

(1) From Eq. (9. 1), we have

                    mFt Silp(e)de=Ft!li' v(E)dE=M/2. (AII, 1)

Therefore,

                    d(M/2)/ds"±=±ptv(t."±). (AII. 2)

From Eqs. (9.2) and (AII. 2)

                    dE/dM -= SMC" ts".v(q.) + ddi-v"-v(."-) - aM

                           =::(2Ft)uni{(C+-ts"-)-2LtaM} (AII, 3)

Therefore, in the case of (9.3') we have (9. 3).

(2) Differentiating (AII. 3) with M and using (AII. 2), we have

                   d2ewdM2 = (2pt)-i( ddi" - -ddtT---- - 2Ltcu]

                           = (2It)mi[{2rtv(C+)}-i + {2ftv(."-)i]f-' -2Ltev].

Then,

                    (d2E/dM2)M..o=:: {2tt2v(Co)}-'-ct. (AII. 4)

From this, if a>{2Ft2v(Co)}"i, (d2E/dM2)M=o<O.
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Fig. 4 Density of states for 3d transition metals and alloys withb.c.c. structure. Fermi

    levels of the metals and V-Ti and V-Cr alloys are shown. Alloys are specified by the

    atomic concentration of Ti or Cr.

Fig. 5 Density of states for 3d transition metals and alloys with f.c.c. structure. Fermi

    levels of the metals and alloys are shown. For ferromagnetics, the Fermi levels of

    the plus-spin sub-band only are shown, since the Fermi levels of the minus-spin
    sub-band in the ferromagnetic alloys coincide with that of Nio.4 Cuo.6 alloy.
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(1) : calculated result of z ior V metal with cv =O and xc==-1.78×10-` emu/mole.

(2) : calculated result of z ior Vo.766 Cro,234 alloy with cr =O ancl xc ;:= 1.70×10-`

  emu/mole.

<3> : calculated result of x for Vo.sm Cro.4ss alloy with cr -- O and zc == 1.70×10'"`
  emu/mole.

  × and @ : observed values of z for V metal.28,29)
  O : observed values of x for Vo.7s Cro.2s alloy. 30)

  + : observed values of z for Vo.s Cro,s alloy.30)

Fig. 41 Magnetic
(1): calculated

  emu/mole.
C2}: calculated

  × : observed
  ge, O and +

susceptibilities

result of z for

result of x

values of z

 : obseyved

of Cr metal and a Cr rich V-Cr alloy.

Vo.2sg Cro.74i alloy with cv =O and xc =

for Cr metal with cr =:; O and zc = 1. 35×10-`
 fOr Vo.2s Cro.7s al]oy.SO)

values of x for Cr metal.29,30J3i)

1. 45 × lo-4

emu/mole.
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 42 Composition dependence of the orbital paramagnetic susceptibility for V-Cr alloys.

 43 Magnetic susceptibilities of V-Ti alloys.

(1) : calculated result of x for Vo.7sg Tio.241 alloy with ev =: -O.32 × 10` mole/emu and

  zc = 1. 85 × 10-` emu/mole.

(2) : calculated result of z for Vo.soo Tio.soo alloy with cv = -O.80 × 10` mole/emu ancl

  zc = 2. 00 × 10m'4 emu/mole.

(3) : calculated result of z ior Vo,24s Tio,7s2 alloy with cr == -O, 10 × 10` mole/emu and

  zc == 1.70 × 10-` emu/mole.

×, 0 and + : observed values of z for Vo,7s Tjo.2s, Vo,s Tio.sand Vo.:s Tio.7s a]loys,
  respectively.30)

 44 Magnetic susceptibility of Ti metal. .

the curve : calctilated result of x for Ti metal with cv =: O. 82×I04 mole/emu and zc==

  O. 73 × 10-" emu/mole.

× : observed valus of z for Ti metal. 2B)
            ,
 45 Magnetic susceptibilities of Cr rich Cr-Mn alloys. AIIoys are specified by the

atomic concentration of Mn. Experimenta! values are quoted from reference 30,
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Fig. 46 Magnetic susceptibilities of Mn rich

   atomic concetration of Mn. Experimental

Fig. 47 Reciprocals of the magnetic

   by the atomic concentration of Fe.

   references 33 and 34, respectively.

n O,4
=
E
v
×
!
o
E

t
e-o,,

T
R

a o

   Cr- Fe e               pvNPiLNO     XUi
              pu" -t)e
         <eb"S" . 7'Fb'sXg16%exp,

T,e

,esi;(:,','`l,l･;isl'lill;i]il/"'siE)ii,'g},,i"Xl]Q'Sb

' ,Fe,,T,O %.-""
....E,,s? ke,i,5,3,e,X.P,,,

    et

       Cr-Mn
       values

susceptibilities

  Experimental

O 200 400 600         Ternperature <"K)

         Fig. 47

   alloys. Alloys are specified by the

  are quoted from reference 30.

  of Cr-Fe alloys, Alloys are specified

   values, 0 and ×, are quoted frorn

3

.Lh

.m

-
no2
e

it.

8

wl
w
U

o
fA
e 1,3

..o

Aw'

o
E 1.2

"
o:
･cS 1.1

+
'pdi

n
.x'

To"

x

1,O

<Q)

 Fe
 CE

C3)
C3) (D
     r{2

e

o

io)'r

(b)

Fe

X5'

(2)

(1)

   (1') ..!
 p"------d'
-Ed

  (2').....!
-oopO.d-

aq
o 500 IOOO l500   feMperatutte COK)

    Fig. 48

Fig. 48 Electronic specific heat and ma-
  gnetic susceptibility for b.c.c. Fe metal.
(a): Electronic specific heat. Curves <1) and

  (2) are the calculated results of CE by
  using the density of states curves (1> and
  (2> given in Fig. 49, respectively. Curve
  <3) and Ois are experimental values.
(b) : xe-i and zobs."i + a'. Curves (1) and (2>

  are the calculated results of xgr'i by using

  the density of states curves (1) and <2)
  given in Fig. 49, respectively. Curves

  (lt) and <2t) are xobs.Hi + 1.183 × 10` mole
  /emu and xobs. -i + O. 963 x iO` mole/
                    '  emu, respectively.
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 49 Density of states curves for b.c.c. Fe metal.

(O : the density of states curve given in Fig. 4.

(2) : an improved density of states curve for b.c.c. Fe metal.

 50 Reciprocal of the magnetic susceptibility of Ni metal.

(1> : calculated result of zor'' in right-hand ordinate and zo-' - O.96 × 10` mole/emu in
  ieft-hand ordinate.

(2) : calculated result of z-i with a･=O.88×104 mole/emu and zc=O.71×10J4 emu/mole.

(3) : calculated result of z"' with cr == O. 88 × 104 mole/emu and t/emperature dependence

  of zc, where zc =:xc(o)(1 + O.903 × 103 xspin)2 and zc(o) = O.40 × 10-` emu/mole.

 The value of the coeficient e. 903×10B has been estiinated from spin orbit interaction
 in Ni atom.

@, × and ifa. : observed values of z"i for Ni metal.35,4i,42)
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 51 Reciprocal of the magnetic susceptibility of Nio.744 Cuo.2s6 alloy.

(1) : calculated result of zomi in right:hand ordinate and ze-i-O,986 × 10` mole/emu in
  left-hand ordinate, for Nio.744 Cuo.2s6 alloy.

(2) : calculated result of z-i with cu:=O. 829×10" rnole/emu and zc==O.4×10-4 emu/mole.

(3) : calculated result of z-i with cr=O.762×10` mole/emuand xc =:O.6×10-4 emu/mole.

ee and × : observecl values of xui for Nio.7s Cuo.2s 42) and for Nio.731 Cuo.26g 4S) alioys,

  respectively.

 52 Reciprocal of the magnetic susceptibility of Nio.4g4 Cuo.so6 alloy.

(1> : calculated result of xe-i in right-hand ordinate and xo-i-1.032×10` mole/emu in
  left-hand ordinate for Nio.4g4 Cuo,so6 alloy.

(2) : calculated result of z-t with cr =O.678×10` mole/emu and zc==O. 4×10m'` emu/mole.

<3) : calculated result of x-i with a=O.622 ×10` mole/emu and xc=:O. 5×10m` emu/mole.

× : observed values of x-i for Nio.4gi Cuo.sog alloy.45)

Fig. 53 Magnetic susceptibility of Nio,3g4

  Cuo.6o6 alloy.

  the curve: calculated result oi z with

   cv = O. 556× 10` mole/emu and zc=O.2×
   10-4 emu/mole for Nio.3g4 Cuo.6og alloy.

  @, × and A:observed values ofz for
   Nio. 3s6 Cuc. 614 45) Nio. 41 Cuo, sg a5) and

   Nio.3gg Cuo,6o143) alloys, respectively.
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Fig. 54 Magnetic susceptibility of Nio.:oo Cuo.Eoo alloy.

   the curve : calculated result of z with cr =O. 393 ×10" mole/emu and zc=O.07 × 10m`
      emu/mole for Nio.2oo Cuo.soo alloy.

   ew and × : observed values of x for Nio.22･f Cuo.77s4S) and Nio,2i-.6 Cuo.7s4a3) alloys,
       respectively.

Fig. 55 Magnetic susceptibility of Nio.ogg Cuo.goLi alloy.

   the curve : calculated resttlt of z with cr =O.278 × 10` mole/emu and zc == -O,056 ×
      10m` emu/mole for Nio.ogg Cuo,goi alloy. ･
   tw and × :observed valttes of z for Nio.n2 Cuo.gss45) and Nio,'-s.ls Cuo.Es2.43) alloys,
     respectively.

Fig. 56 Composition dependences of the molecular field coeflicient, cy, and the temperature

   independent susceptibility, xc, in Ni-Cu alloys.
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 Fig. 57 Magnetic susceptibilities of Mo metal and Mo rich Nb--Mo alloys.

    the curves : calculated results with cv =:: O and

      zc == O.544 × 10-` emu/mole for Mo inetal,

      zc == O.521 × 10"` emu/mole for Nbo.:s Moo.7s alloy,

      zc == 1.221 × 10-" emu/mole for Nbo.so Moo.so alloy.
     @ : observed values.3e)

 Fig. 58 Magnetic su$ceptibilities of Nb metal and a Nb rich Nb･-Mo alloy.

     the curves: calculated results with

      a･ == -O.204 × 10` mole/emu and zc == O.980 × IO-" emu/mole for Nb metal,

      (v=O. 260×le` mole/emu and zc := O.940 × 10"` emu/mole for Nbo.7s Moo.2s alloy.
     mp : observed values. 30)

 Fig. 59 Composition dependence of the orbital paramagnetic susceptibility in Nb-Mo alioys.

 Fig. 60 Composition dependence of the spin paramagnetic susceptibility in Nb-Mo alloys.
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Fig. 61 Composition dependence of the magnetic susceptibility in Nb-Mo alloys.
   the curve : sum of estimated xorb. and xspin.

   (C.)), × and ge : observed values of x in Nb-Mo alloys.90,46,47)
   @ : observed values of z in Nb-Tc alloys.49)
   + : observed values of z in Nb-Re alloys.46)
   D : observed values of x in Nb and Mo metals.48)
Fig' (ifi/e cl>I/caugliaet/rdC SreUsSuCeitPtoifbi//,tYinOfrl･Igrhitn.ehtaanila ordinate and z, + o.s× io-4 emu/moie in

     left-hand ordinate.

   {2) : calculated result of z with cy = -1. 37 × 10` mole/emu and zc == O. 95×10-` emu/
     mole.

   (3) : calculated result of z with a･ =O.37×104 mole/emu and ;tc=O.71×10"` emu/mole.
   @ and 0 : observed values.30,32)

Fig. 63 Comparison between the calculated result of ze and the experimental results of
   z for Pd metal.
   (1>: calculated result of zo.
   {2), (3> and (4) : experimental results of z.5i,50,2s)

Fig. 64 Reciprocal of the magnetic susceptibility for Pd metal. the curve: calculated

   result of z-' for Pd metal with cr =: O.724 × 10" mole/emu and zc = O.
    ×, tw and O : observed values of z-i for Pd metal.si,sO,28)
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 65 A modification of the band shape and the calculated results of zo for

  <a): Band shape. (b): Calculated results of zo.
(1) in (a): unmoclified band shape (just the same as that shown in Fig. 7).

(1) in (b): calculated result of zo for' the unmodified band.

(2} in (a) : a modified band shape.

(2) in (b): calculated result of xo for the modified band.

 66 Reduced values of calculat'ed zo and r for Pdo.g Ago,iT alloy.

{1) : calculated result of ze/x,(O) where zo{O> == 1.02 × 10m` emu/mole.

(2): calculated result of x/rl.O) where rr,O) ;== 17.7 × 10-` cal/mole deg2.

 67 Schematic diagram for the expected anomaly in r of Pd metal.

Pd inetal.
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 68 Magnetic susceptibilities of
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 69 Magnetic susceptibilities of

from reference 51.
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 70 Magnetic susceptibilities of Pd-Rh alloys. Experimental values, tw and ×, are
quoted from references 22 and 54, respectively.

 71 Magnetic susceptibilities of Pd-Rh alloys. Experimental values, tw and ×, are
quoted from references 22 and 54, respectively.

 72 Magnetic susceptibility of Rh metal.

(1): calculated result of xo in the right-hand ordinate and xo +O.4× 10-` ernu/mole in
  the left-hand ordinate.

(2) : calculated result of x with cr==1. 33 ×10` mole/emu and xc== -3. 22 ×10-` emu/mole.

(3) : calculated result of xspin with cr=O.7×10` mole/emu.
dashed curves : experimental results.50,2S)
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Fig. 73 Magnetic susceptibility of Pt metal.

   (1) : calculated result of x with cr=O. 74×10` mole/emu and xc= -O. 15×10'` emu/mole.

   (2) : calculated result of x with cr;:=O.64×10" mole/emu and xc= O.2×10-` emulmole.

    × and O : observed values.22,28)

Fig. 74 Magnetic susceptibilities of Pt metal, Pt-Ir alloys and Pt-Au alloys. Alloys are

   specified by the atomic concentration of Ir or Au. Calculated results of x are obtained

   with following values of parameters :

   cr =: O.64 × 10` mole/emu and zc = O.2 × 10-` emu/mole for Pt metal,

   a･ = O. 63 × 104 mole/emu and zc = O. Ol × 10-` emu/mole for Au 4. 3% alloy,

   cr = O. 62 × 104 mole/emu and zc = O. Ol × 10-` emu/mole for Au 10. 1% alloy,

   a･ = O. 59 × 10d mole/emu and xc == O. 19 × 10-` emu/mole for Ir 5. 6% alloy,

   cr =r O. 60 × 10` mole/emu and xc == O. 04 × 10-` emu/mole for Ir 10. 0% alloy.
   Experimental values are quoted from reference 22.

Fig. 75 NMR shifts of V5' in V metal and

 V-Cr alloys. O, @ and M are calculated
 values by making use Qf the observed
  values of x given in references 29, 30

 and 31, respectively, and the values of

 parameters, c=52 mole/emu and bt=

  -30.6 mole/emu. + and × are observed
  values,57,58) The solid line is obtained by

 smoothly joining the calculated points.

 The oscillation of the calculated values
 in V rich region arises from the oscillation

 of the observed value of x.29)



84 ATsusHi KATsuKi

1,o

o,s

.A O.6

*
w

-ll O.4
tb-

,-[
･op

-hih-.e..
    eh-ebeKeo be.utdiemuMtueXe

                  ×

lasN

O,2

ao

o

Kv

eqex    ethe..e e

e

"･-ts..iR...

    Xse       '-'"-h         exee

v

XeKSPkl

   ×%xv:k' d
i

v- 20   40 60
Cr concentration

  BO
(at,%)

cr

Qes

e>e o.

 Af
O.6

g ..
  .. o ath

o

-.o h    N     N
    {2)N

N

N

ktstb

(fi.)

XO
N

Cd}

'
t
'

o

o

oo

2

50
{Nul

5.5

%
ao
CMo)

Fig. 76 Fig. 77

 v"

t.o

O.8

O.6

 s
  s
(d}. ts

N

SCrc

(1 t}

N
 N
 N
{2) N

N
N
N N N

5.0

(Nb)

      5S

      %

Fig. 78

6P

Fig. 76 NMR shift of V5t
orbital paramagnetism,

interaction, Kspin.

in V

Kbrb.

metal and V-Cr
 and from the
'

alloys, Kv, and- contributions

exchange polarization and the

from the

hyperfine

Fig. 77 NMR shift of NbD3 in Nb-Mo and Nb-Tc alloys;
(1) : calculated result with c = 95 mole/emu and bi = -8. 71 mole/emu.

(li) : carculated result with c =='105 mole/emu and bt = -8. 71 mole/emu.

O : observed values in Nb-Mo alloys under H =: 15 KOe.62)

@ and (2) : observed values in Nb-Tc alloys under ll == 14 KOe.49)

Fig. 78 NMR shift of Tc99 in
(1) : Calculated result with

(lt): calculated result with

tw and (2): observed values

Nb-Tc alloys.

c = 100 mole/emu and

c = 120 mole/emu and
 under H=: 14 KOe. `9)

bt ==r

bt ==

+9. 45

-7. 17

mole/emu.
mole/emu.
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                                Fig. 79

 79 Schematic diagrams.
(a): Temperature variation of the reciprocal of the spin

  without molecular field, xe.

(b): Temperature variations of the reciprocal of the spin

  with molecular field (full lines) and of the magnetization

(c) : Density of states when zo varies with temperature as

(d) : Total energy E as a function of A4;

paramagnetlc

paramagnetlc
(broken line).

shown in (a).

susceptibility

susceptibility


