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iatter to be about 89, of the todal, and it will decresase in the alleys asthe d
“hand fills up ($12).

Shimizu e al. {1963 a) have caleulated the behaviour of the electronio
apecific heat ab high temperatures nsing Hoare's N(F) curve, and evaluated
the drep below the Huear form that must scour sines the Fermi level js near
s maximum in N{&).  Their results are shown in fg. 33, They show that
ab about 10007 it should be about a quarter of the extrapolated low-
temperaturs value, and that this agrees roughly with the experimental
resulbs, 8o far ag they can be deduced by subtracting the Debye term from
the observations. Hxactly the same kind of caloulation for palisdinm
hs been: carred out, apparently independently, by Hindley and Rhodes
{10635, these authors state that the observed specific heat at high tem-
peratures cannot inelude so large an electronic term as a linear extra-
polation of the low-temperature terms would give.
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Messured suscepbibilitios of alioys of palladium with rhodiur and silver {Hoare
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Mackliet and Schindler (1963} have investigated v for Ni-Pd alloys, a
series for which 0-5d holes per atom is expected for the whole range of
concentration, with a gradual drop in the Curie femperature. The
unexpiained featurs of tho results is that y for an alloy with 209, of nickel
fies above that for pure palladium.
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Spin-orbit coupling in palladium and platinum has been investigated by
Friedel ef o, (1964), In platinum, in particular, it is clear that the spin—
orbit coupling is not broken down in the metal.  This was in fact suggosted
by Mot (1949) on the basiz of the observations by Cauchois and Manescu
(1940} and by Bearden and Snyder (1941) showing Shat the intense absorp-
tion {white line) at the x.-ray absorption edge cocurs for the Ly, edge
bub ot for Ly;. Bonnelle and Mande (1987) and Mande (1958 find &
white line for both Ly and Ly in palladium,

Pig. 33
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Wectronde specific heat for palladium at bigh temperatures (Rhimizn el al.
1963 a). (1) Caleulated from Hoare's values of N(E} (2] {bgerved
values, {3) Extrapclation of linear terms

The increase in the susceptibilisy of paliadium a4 low Temperatures has
recently been shown by Manuel and St. Guinton (1963) to be due fo ferro-
magnebic mpurities. Palladiumisnot antiferromagnetic {Abrahams 1862}
as was previously suspected.

0.1, Pallodium and Hydrogen

Of considerable interest are the properties of palladinm alloyed with
hydrogen; these are reviewed by Mott and Jones (1936, and some recend
results and a review of earlier work are given by Tuenchida {1983). One
may summarize earlier results by saying thab:

{a) The susceptibility of palladium decreases Hnearly as hydrogen is
added as if the electron wend into the d band.

(B} The limit of solubility is at about 80%, (atomic) of hydrogen.
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More recent work has shown that Pd -+ H separabes out into two phages,

of which one (according to Cohen and de Bergevin 1958) is nearly pure
palladium and the other approximately PAH,,, with bydrogen nueled
serupying octohedral interstitial sites.  Two lattice parameters have been
vhaervud (Smithells and Ransley 19358) and the linear dependence of meg-
natie mement on composition suggests the presence of two phases. Thoory
has thas to ascount for & minimurn in the curve plotbing free encrgy againet
conposition at & composition with 60% of hydrogen, with the hydrogen
sleckron vooupying il places in the d band and destroving the parva-
magnetinm,
For Pd+ H the two ranges of hydrogen eomposition for which a single
phaso s prosent are rather narrow ; they are wider when hydrogen is added
b Pd-dg alloys, for sxample to palladivm with 209, siiver, a3 i= shown by
Tsuchida's {16683} work,  One cap then observe & continuous decrease in
magnetic susceptibility in a single phase as hydrogen is added,  Tsuchida's
cvnelusion from his observabions is that the exira electron from hydrogen
bubaves just ke an extra electron that would be contributed by silver,

Burger eb ol. (1957, 1059, 1960) have investigated the offect of hydrogen
o adioys of palladiom with fron, cobalt and chrominm ; hydrogen here too
Las tho effeet of filling up the d band, though elements such as iron appesr
to yrodace localized moments,

We know now from theoretioal work reviewed in § 7 thas the sersening of
the charge of 2 hydrogen nuslens i 2 metal conld ocour either through the
formation of & bound state which is subtracted from the band, or by a pile-
i ot charge in the band,  The latter is wore likely to ocourif ihe d ensity of
w bigh.  Clearly, since hydrogen diminishes the suscephibility
il of inereasing 1t a3 a bound state with unbalanced spin wonld, the
btoer is what ooours,

Sinee it is $he d band rather than the s band into which the hydrogen's
slectron goes, and sinos & nogative head of solutiog only ovcurs when there
are vacant d places, it seema that sereening by d band slochrons must give
wuch lower energy than by s band electrons.  Although the d wave
‘ s mush be ls-like in the neighbourhood of the hydrogen nuclel, i
w8 that, as for Wi-AlL ete, this kind of soreening as desoribed in §7 for
slloys (g, 19} is enorgatically much more favourahle,
© may emphesive, then, that though according $o the considerations
tlusbrated in g, 198 the d slectrons will provide & chargs density round the
hyidrogen atom which is s-like and not dissimilar to that in the free abow,
the wpin densiby will be guite different, there being equal nurabers of

=
I
o,

clectrons with the two epin divections,

We have no convincing theorstical sxplanation to suggest of ths ooour-
noe of bwo phases in Pd+ H. The plot of féee energy agsinst composition
at the shacluio zere must appear somewhat as in fig. 34. A sharp turn-up
abround 609, is 60 be sxpected bocause the d band isthen full. A soncave
form of the surve for lower values of ¢ {as long as the d band is not full)
would mean that the heat of selution of hydrogen increases ss more

i
I
i
i

free onergy F agalr

20—

L33
w3
T
E
o
£ 1Op—er
B
ik
*

Ni

Cloeffivient y of low
Gupta el al. 1

O Kpesom 808

The dotted
band model ur




3 oub indo two phases,
. 1858) iz nearly purs
sith hydrogen nuclei
paramoters have been
r depondence of mag-
‘twopheses. Theory
ag free onergy against
a, with the hydrogen
lestreying the para-

en for which a single
en hydrogen is added
siiver, as is shown by
mbinnons decrease in
sadded. Tsuchida's
wbron from hydrogen
itributed by silver,

ze effect of hydrogen
1; hydrogen here too
s such as ron appear

that the sereening of
v either through the
ke band, or by » pile-
veeuy if the density of
2 the suscoptibility
need spin wounld, the

shich the hydregen's
Iy oceurs when thers
i slectrons must give
though the d wave
» hiydrogen nuelsi, 4
8 described in §7 for
rabrle,

2 the considerations
ge density round the
wh in the free atom,
¢ equal numbers of

uggest of the soeur-
against somposition
4. Asharpfurn-up
anfull. A concave
: & band is not foll
| INCTENSES BS TOOTE

Elecirons in Tronsiifon Meals 270
Wig. 34
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¥ree energy ¥ against concemization s of bydrogen for Pd-+H [schemsticl
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hydrogen is added. This may be due o the latbice expansion of between
2 and 29, which oeours as the hydrogen is added

£

§ 10, Hemoirro Hzar or Nicrun-Corrsr ALLoYS

This is discussed heve rather than vnder nickel and its alioys to smphasize
the contrast with palladium.  The specific heat was first investigated by
Keesom and Kurrebmaeyer [1040) snd mors resently by Guthrie of af, (1959)
end by Gupls e al. {19648}, whose results are shown in fig. 85, For 75, 80
and 90%, copper the specific heat was of the usual form 37 + o773, bus for
higher poncensrations of nickel thers were deviations which may be due o
interaction between reglons of abnormally high nicks! coneentration which

1 %
are ferromagnetio locally (Schrader 1981

Fig. 58
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Density of states of nickel and nickel-oopper slloys obtained from low tem-
persdure specific heats {Shimizn o of, 1063)

The rise In y wih inoressing nickel content iz uniike that observed in
gitver-palladivm.  duathrie of ol (1950 diseuss this effect i terms of
clustering, assuming that very small regions are fervomagnetic.  But this
seeras uniikely for low concentrations.  Friede! and his co-workers (Friedel
1044, 1956 5, do Taget de Unséeljan and Friedel 1958) have given an aliter-
native explanation, of which a summsry Is given In the review article by
Cohen and Heine (1938, p, 430). This is based o the concept of virtual
sbates, and may be explained as follows, following these authors. Let us
{irst neglect hybridization of therand dbands.  Thedlevel in atomic nickel
ighigher thep thatincopper.  Hubstituiing a nickel atom for a copper atom
in the metal is therefore equivalent to introducing a Jocsl centro of repulsive
pobential as far as the d electrons of copper are concerned.  This potential,
if strong enongh, splits off & focalized d state from the top of the d band.
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Fringing the eonduction band back inko the piclure, we soe that the localized
state must be degenerate with states in the conduction band. Ience, i
miab be a resonant level, or virbusl bound state, rather than a true bound
shate.  Dhsoffect is toinerease the density of stasesin aregion of energy given
by the lifetime of the resomant level.  If fhe resonsnt level liss noar the
Formi leval, 16 can cause s rapid inerease in v with ndckel eoncentration
such as is achbuslly observed. The large residual resisiivity and pars-
magnetism of the copper-rich Cu-Ni alloys can be explained sumilarty. _

Shimizu ¢ al. (1963 b) have calculated the desity of states for nickel and

Ors-Mi aliovs from available syperimental results on the bas 3

: s of the migid
hand model for the d band.  Their curve is shown in fig. 38, They »lso
cateulate the specific hest ab high femperatures using those vaiues.

Gunta ¢ ol. (1984 1) have investigated the low-temperatiure specific beat
.. P Tt i e £ W e TP,
of nickel-bazed alloys with Zn, Al Bi and Sb as well as Uu. They ?a{bh.@*,g
that for some of these allovs the difference betwsen thelr behavieur and
that of Pd-Ag may be due o a terma lnosr in the tempersiure due to

eoupling betweon looslized moments,

=

§ 1L, Arrovs or Trawsimrow Mursrs WiTH EeCH OTHIR

Tn this section we review the experimental observations of the electrono
specific heat of these alloys and the conclusions that may be drawn about
the density of states in the d band,

We have slready reviewsd the evidenee that nicke! and palladivm have
about 05 electrons per slom ln the s band and cobs
section we shall show that iron alsc has 0.9, For sl
ab any Tate, there is thus no question of very much transfer of electrons from
¢ to d bands. We are therefore dealing, particularly in iron—cobalb alloys,
with the density of stabes in a common d band containing & known number
of electrons.

T some eases (deviations from the Slater-Panling curve) it is known that
$he differences in the ficlds of the constituens atoms are such thal bound
states appoar above the d band,  Thess cases will be discussed in §13. in
this section we shall assume a common d band, though lucalized moments
may oeenr.  Whether the curves of y against /a give the density of states
for a pure metal (the rigid band hypothesis) is not yet cortain, though
some caloulations on this assumption, eg of high femperature specifie
heat, sre reasonably suceessful.

We may distinguish measurements in the first long period, in which
moments appear beyond iron, from those in the second, where they do not.
Tn the first long period, fig. 87 shows the measurements of y by Cheng ef af,
{1860). These have to he interpreted in terms of the model of fig. 14 for
the ferromagnetic alloys there are two d-band Fermi levels. We shali
interpred sl our results by assuming that the spin-down level remains at 2
fairly constant position ab the minfmum in N{F) as long as there are holes
in the spin-up band ; the rise in y that oveurs for Fe-Co for more than 30 %
of cobalt is explained by Gupta ef al. {1962) on the assurnption that st this
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{Hoare 19863).
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composition the spin-up band is full and so electrons from cobalt must go
into the spin-down band. The density of states curve of fig. 38, plotted
sgainst B, is deduced by Hoare (1863} on these assumptionst. For the

second long period, for which there are no moraents, Morin and Maita
{1962} have published a carve with a similar sharp minimum and maximum
in the plot of y against efa for alloys of Zr, Nb, Mo and To; thisis shown in
fig. 39, Van Ostenburg ¢f ol. (1963) have used these and other results to
give u densiby of sbates curve for 44 transition metals; this is plotied in
fig. 40,
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Density of states deduced from specific heat coefficient of certain alloys in the
second long period according to Morin and Maite (1563).

The curves afe by no means exsctly similar, but the following points
stand oub.  With inereasing /s there is a sharp drop iny st efa > 5-7. We
pannob give any particular theoretical significanice to this; the two lower d
sub-bands together with perhaps 0-9 4s or Bs electrons would contain 4-9
sleckrons per atom, and so the munimum must be balf-way across the broad

. " gub-band deseribedin §3.  Perhaps its presence depends on s—d hybridiza-
$ion. Bubits existence is shown by other properiies of these alloys, nobably

s fig. 37 as & funoti - . .
an magnetic int en{;?tizj 1 Wehave fdoleted the rising part of the curve for lazgs energios, for the reason
given sbove,
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their capacity to absorb hydrogen, as has been pointed out by the author in
ancther review article {Mott 1962).
heen measured by Jones ef al. (1861), and their results are shown in figs. 41
and 42, Shmilar results due to Jones (1864) for the second long period arg
shown in fig, 43, Tt will be seen that, just as in palladium, a high densiby of
gtates is necessary for the absorption of kydrogen and that when the parts
of the bands with high densiby are *full’, each hydrogen atom contributing

The capacity to sbsorb hydrogen has

one electron, the heat of solution drops and no more hydrogen will go in,

Ti MNb Mo
2.0 T

HYDROGEN ABSORPTION otomic ratio

TOTAL

O E 3. fl
4 5 &
ALEQY COMPCSITION  elecironfotom rabic
Hydregen absorption in alloys of titanium, niobium and molybdenum {atcmic
ratio), plotted against efa (Jones e al. 1961). 4 Ti-Mb, & Ti-Ho.

The same authors have measured the magnetic susceptibiliby v and their
sesulbs, together with others obsained by Van Ustenburg of al. {1983), are
shown in fig. 44, 1% will be seen that y also drops between the values of
58 and 57 e/a.  The Hall constant also shows o rapid change at this point
{{or refs. see Mot loo. ait. )t

We turn now to the peak in the curve of v against efa to the right of

chromium or molybdenum. For the firsé long peried there has been

+ Dempsey {1963) has given an interesting disenesion of bonding in the refrac-
$ory * hard metals *, such as compounds of the transition metals with boron,
sarbon and nitrogen, which show metaliic conductivity. Dempsey gives evi-
dence to suggest these elements give up their p electrons but not their s electrons
to the 4 band of the transition metal. The work of Lundguist #f of. (1902) on
the paramagnetic properties of the borides of transition metals is also relevant.
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controversy as te whether shis is due to the linear term which results from
interaction between lovalized moments (§ 7}, but the evidence is strong that
i ocours in ofl the long pariods {Ooles 1063),  Schrider {1961) has measured
the speeific beat at temperatures high enough for any term due fo moments

Fig, 43
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Atomie suseeptibility of alloys of Ti, Nb and Mo (Jones and MeQuilian 1962},
& Mo-Nb, ANb-Rh, & Mo-Eh,

o have disappeared, and confirms that the electronic specific heat Temaing
large. Nevertheless it is corbainly possible that, for the first long period,
part of the peal is due bo localized moments,  Figure 45 (taken from results
by Lingetbach 1858) shows the paramaguetic suscephibilihy of certain alloys
of chromium; the very sharp rise for Cr-Fe, Ur-Co certainly suggests

inoalized momentis,
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tocalized moments, Shimiza (1964} suggests that the form of the peak is
best given, assaming the validity of the rigid band model, by the vise in y
for Fe—(lo shown &b the extreme right of fig. 37, asing the explanation given
shove, He obbains in this way the following values o y in the pealk of the

{Cr-Fe alloys.

Colomn 1

Column 1.

v as deduced using values from Fe-Clo to give N{&} in
the peak fof Ur-Fe.

Yrom Schrader’s (1961} measurements ab high bempera-
fures, at which any linear contribution from localized spins
is likely to have disappeared.

Column III. 3 ss measured {cal/mole. degrees » 154y,
Feab. % i I FEE
169 1534 16-2 32
173 144 229 38
21 16-5 253 3
2i-8 163 247 28
234 171 258 32
Fig. 45

i} g. atom

Susceplibility X 1075 ¢

Concentration, at’hk

Atomic susceptibility of O alloyed with V, Mz, Fe, (o as » function of com-

AP,

position {(from Lingelbach 1958).

ZE
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The comparison is hardly conclusive, sinee Bohrider’s vesult liss between
the two interpretations. Shimisu's N{(¥) curve, using his interpretation
and Fallot’s values for the magnetic moments of the ferromagnetic alloys,
is shown in fig. 46.

That the sharp pesk is in some way associnied with a relatively smsll
conventration of Fe (or Mn) in Cr is suggested also by fig. 47, which shows y
a8 » Tunction of efa for V-Fe and Cr-Mn, sontrasied with the values for
Cr-Fe shown in fig. 37, The peak in this case is seon to be less sharp and
shifted to lower energies. The peak occurs also for ternary alloys of type
TiFe + TiCo and at about the same value of efa (Starke ef al, 1982), thongh g
rigid band behaviour (dependence on e/a only) is not observed ; neitheris it
for example for Co—Fe contrasted with Cr-Co {Vogt and Oehler 1963).

Weo shali now examine more carefully the behaviour of Fo-Co alloys,
meking use of the assumpiion introduced in §5 and already mentioned in
thia section that the spin-down Fermi level will remain in the minimum of
N{E) as long as there are holes available in the spin-up d band. When
however the spin-up d band s full, electrons will go into the spin-down
band. This model hag f$he following conseguences, {) aad (B) below, as
first pointed oub by Gupta st al, (1982),

{a) As cobalt is added to iron, electrons going into the spin-up d band,
the specific heat coefficient v will drop until that band is fall.  Hlecirons
then go inte the spin-down d band, and as soon as the spin-down Fermi
level moves out of the minimum y should rise again,  Figure 37 shows that
thisis just what happens; the minimum oceurs at 30%, cobalt, and suggesis
that there are -3 holes in the spin-up 4 band,

{5} The same model predicis that the magnetic moment will fnsorease
until the holes in the spin-up d band are full, and then decrease.  Figure 48
shows that this does indeed happen in Fe-Co alloys.

These vesults together suggest that there are about 0-8 holes in the spin -UP
band of iron, assuming always that any shift of the spin-down Hmit has a
negligible effect on the ooconpation nursbers of the two banda.

The numberof unbalanced spine infronis 2°1, assuming & contribution by
the orbital motion of 012 iy (Meyer and Asch 1961),  If the s band polas-
ization is — 02 uy, the number of unbalanced spins in the 4 band iz 2.3
it follows that the number of spin-down holes in the d band is 2.3 + 3= 28,
and the total number of holes 2:9, which leaves -9 electrons per atom in the
s bandt, This agrees with the estimate made by Hume-Rothery and
Uoles {18584) from an examination of elloy data,

The spin-down Fermi Hmit will be, enalysing the results in this way,
just to the loff of chromium (i.e. at e/a ™ 2-8 for & given spin direction); this
suggests that for pure iron the minimurn really is heve rather than whers it
appears in fig. 47,

1 ki the polarization of the s band deduced from the results of Shull is wrong,
this would affect thiz number. Thus s polarization of +0-1 gy wounld give
3-8 » eleotrons.
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With this model of iron-cobalt, it is fmportant to ask where the excess
moments are Hikely to Yeside in, say, an alloy of 309, Coin Fe. Wa assume
that the atoms remain neutral and that the pile-up of charge has the con-
sequence that [{ya [Pdr over an atomic cell and integrated over all d states
is Kikely o be unchanged in the alloy in either type of atom. Thuas cobalt
atoms cannot have move than two Bohr wmagnetons per sbom on them.
The Iron atoms have 20 holes, but in the pure metal their spins are not all
lined up; as the number of holes iz decreased by the addition of cobalt,
one van obtain about 2-5lined up, ss we have seen.  Thus we should expect
the extra moment to be on the fron atoms, The Mossbauer invesbigations
of Wertheim # al. (1964) and on neutron scatbering by Collins and
Forsyth (1963) indicate that this is so.

Fig. 48
2.»_.
k|
A
(2]
[
[}
Bl
[
= o FeMi
& Fallo
& Fally
% FeV
- @ FeMn
& Falr
7 B ]

number of 3d + 42 elecirona
Rumber of uncompensated spins in b.o.c. iron alloys (Crangle and Hallam 1983).

From the curves of this section, one can make estimates for iron of the
shift AH of the spin-up d band relative to the spin-down. From fg. 383
appears to be about 1ov. If on the other hand the peak in N(¥) is partly
due to localized moments, as proposed by Shimizu {1964), AF is increased ;
Shimizu, from the data of fig. 46, deduces AK =1-56ev. These values, as
alioady sbated, are less than that deduced from the band form of Wood
{1960), which is about 2ev, but as we pointed out in § 3, following Cornwell
and Wohlfarth (1962}, these values give too low a value of v, s0 the sstimated
band width and hence AF may be too large.
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Al these consideradions are based on the assumphion thab the spin-down
Termi level is unchanged in position in the Fe-Co alloys.. Inthe Fe-V and
Fe-Cr alloys, in which the moment drops as the last named olement is
added, the drop (in Bobr magnetons) is greater than the valuss of3 and 2
that this hypothesis would suggest; Nevitt and Aldred (1963) find — 3-288
and — 236 per atom added.  This would suggest that the spin-down Fermi
tevel moves graduslly bo the right ss vanadium or chrominm is added, as s
sonsequence presumably of a drop inthe ferromagneiic coupling.

The resistivity of iron-cobalt alloys is discussed in §14.7.
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Specific heat of cortain alloys with {O) and without {8} 10% of aluminium.

11.1 Effect of Adding Aluminiwm

Pessall ¢t al. (1964) have measured y for the body-centred alloys Cr-Fe
snd Fo-Co with the addition of 109, of aluminium. The results are shown
in fig. 49. The fach that the peaks sre not displaced is evidence that the
extrs cloctrons from the aluminiwm remain in the s band and do nob go into
the d band, so that these alloys behave like iron in this respect, if our moodel
of 8 is acoepled.

Also, as Professor Beck has pointed out to the suthor, if part of the peak
ab efas &5 is due o localized moments, 1t is surprising that this is not
affectod by the presence of alumininm.
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Tapan T
V1.2, Properiies of Chromiwm and Chromizm-rich Alloys §12. Fananac

The particular position of chromivm, with the Fermi level adjacent to a

sharp rise in the N(H) curve, would make it Likely that the slectronic Tn general the ma
specific heat coelfivient y would rise sharply with increasing temperabure, transition metal all
An analysis of this effect has heen given by Shimizu ¢ ol. (1962), who, {#) The Pauli sp
using the data of fig. 37, prediot a rise by about 4 a5 the temperature riges to : stabes ab the Fermi
300°K, and whose analysis of the experimental results shows thab the high temperstures
observed effect is even greater. This suggests that the peak in fig. 37 is where © witl be of 8
charaeberistic of & pure mebal, and not & vesult of alloying. Csalenlations putlined in §9 by th
sre now in frain to defermine whether Beol's peak (fig. 37) or Shimizu's isvel is near a peak
revised peak {fig. 46} gives the best agrooment, virtual stabes, the £

Similar caleulations for V, Ti and V--Cr and V-T4 alloys have bosn made
by these anthors (1963¢).  They also give a disoussion of the Knight shift
{ss0 below).  Van Ostenburg of of. {1963) have done the same for a number ; B0 g
of allcys of Nb-Tc and Nb-Ne,

Other facts about chromivm may be noted hers. Lomer's {1982}
ealoulation of the Fermi surface has already been mentioned. Faweett
and Griffiths (1562) have obtained from the anomalous skin effect estimates
of the Fermi surfane aress of O, Mo, W. On a two-band model with
spherical surfaces these would give 6-11 carriers for chromium and 0-08
for molybdenum and tungsten. Lomer’s surfaces are far from gpherical
and Fawecett and Grifliths think their results are nob inconsighent with
018, )

400

Yaa{107% 0okt [g sbom)

Recently Brands and Rayne (1962) have made low-field de Hass-van Tﬁ{hﬂﬁ?
Alphen studies of the chromium group transition elements; only for g
molybdenum do they find agreoment with Lomer’s model, For chrominm %__
the dissgroement is marked, prosumably due to the antiferromagnetic 200 ;Er;(qu:

B » B ¥ & Dy aw L™
ordering, known #o exist in chromium as well as alpha-manganase and 1
gamwma-iron (Corliss of ol 19588, Shell and Wilkineon 1953, Kaaper and
Boberts 19586, Abrahams ef ol 1982, Bykov of ol. 1959, Pacon 1981,

Overhauser (1962, 1963) has stressed that there is much evidence that the i
anbiferromagnetism of rhromium is not due to localized moments. The @i_ »

moment per atom is aboub §uy per atom, but the entropy yield on going 4
through the Néel point is (Beaument ¢f al. 1860} (-44 cal/deg, much less
than §Ein2 {(~600). Thereis no paramagnetic neubron seattering above
the Néel terperature. Overhauser therefore proposes a raodel in which Room temperature
above the Néel point the mets] rebains no localized moments, iust 52 in the
Bioner-Weohlfarth model of 5 ferromagnetic motal. Overbauser’s model is
sirailar to that of 8later (1951 ; see also Slater and Koster 1954} and Lidiard
{1953} in which one nses different Bloch wave functions o, for the twe-apin
directions, except that in his deseription the wavelength of the spin modula-
tion is not the lattice parameter, He refers to these oscillations 83 spin
density waves. Lomer {1962) has given reasons for believing that the kind
of Fermi surface shown in fig. 13 makes such spin density waves particularly
Hkely o oocuy,
The resistivity of chromium is discussed in § 14.7,
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§ 12, PARAMAGNETIC SUSCEPPIBILITY OF BODY-CENTRED Aizovs
) oF TRaNsrrIoN MarALs
In general the main confributions to the susceptibility of a paramagnetic
sransition metal alloy are: . .
(¢} The Pauli spin pavamagnebism. This depends on the ciiens{i}y 01.3
sta:i;és at the Fermi surface, and will full off wﬁh %e‘m;seiiamre, Ee;zgang@ a\
high temperatures according to a Curie-Weiss }m;v ixmf‘f [ {df ;* &};,
where G will be of the order of the band width but will he greatly m{; 1; sz
sutlined in § % by the exchange inferaction {molecular ?h?id}. if tho e}rb
lovel is near o peak in N{#), or if N{F) iz iner_ea.sed ab the Fe;‘m%éeve v
virbns! ghates, the fail off with temperaure will be even more Yapc.

Fig. 80
£00C
A%
a-pin
g e
g 400
&
@
o 200
e
1 ] :
0f 5 3 7

number of cuter elecirons

Reom temperature suseoptibility of b.e.e. alloys, showing the minmum tha
) . oeeurs for all three periods.

() The temperature-independent {}.rbitai pamﬁ:ﬁ%&g’r_{atxin;, hg;f bilz
theory of this a recent account as a}}pﬂeénte transition j;'ne a,f s;j Jas oo
given“ by Denbigh and Lomer (1963} “E% is not & }){opezjgf 19 gfi;ﬂpi{j{i p
surface but depends on interband fransitions from the wi ie m;;}v e
band, and is large when such transitions hzve ijff :?:;? ;; _% a,rgi;;,ﬁ o

ase in iransition metals. As stressed particularly by ! :
?i%r?jg 1;; thg)r? it may have a la¥ge offect both on parsmagnetism and

. . P
i i o)1 ; large, for
yperfine fisld in alloys particulerly if N(Z;) i not particularly large,




384 N.¥ Mot on

ingtance for chromium. Its magnitude is roughly proportional to the
product of the number of d electrons and d holes.

Both because of the molecular fisld and the orhital paramagnetism, we
do not expect any close parallelism between the susceptibility and the
specific heat as plotted against efa.  The magnetic susceptibility of some
paramagaetic alloys has been plotted by Tanigachi ef al. {1962}, Their
results ave shown in fig. 50.  The same miniroum oceurs as for the spacific
heats, butb the curves are dissimilar, probably on account of the influence
mentioned above of the molecular field and the orbital paramagnetism.

Fig. 51

number of gping
i

i
it

wumaber of 3d + 4 electrons

The number of magnetic electron spins per atom plotied againgt number of
3d-+4s electrons per atom for f.co. binary alloys of iron and nickel
(Blater-Peuling cwive; Crangle 1063).

Van Ostenburg ef ¢l (1963) have given s discussion both of the
sugceptibility of some of these alloys and of the Knight shift. Relovant
factors determining magnetic properties are, as we have seen

{@) The density of staies,

(8) The molecular field, which fogether with the density of stabes deter-
mines the spin paramagnebism.

{¢j The temperature-independent orbital paramagnetism.
The density of states can be obtained from the specific heats alveady
reproduced in this article as fig. 40. Thus for each alloy one has two
unknowns, the melecular field and the temperature -independent spin para-
magnetism, and the known suseepbibility and its temperature -dependence,
together with the densiby of states, from which to determine these. Thisis
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what these authors do.  They find that the orbital paramagnetism varies
by & factor less Shan two in the ailoy series Nb-Mo, and near melybdenum
where the spin paramagnetism is small contributes move than nalf the
wotel.  Most of the internal field which determines the Knight shift is due
i this ferm.

§ 13, Awomanies v PHE Srarsr-Paviive Curve

Tigure bt shows the Slater-Pauling plots corrected by Crangle (1863)
to give electrons per atom for b.e.c. and fo.c. medals; ceriain parts of the
ewrve have been diseussed earlier, and we discuss In this section the
anoroalies,

The well-known sanomalous behaviour of chromium, mangancse and
vanadinm in nickel is disoussed by Friedel (1988, 1882} in terms of hound
states. Friedel’s explanation is az follows. Buppose chromium is added
to mnickel; if chromium behaved like cobslt one would expech every
substitution of a chromium for a nickel atom to increase the number of
holes in the d band by 4 and henoe the moment by 4up. Bub if the four
extra holes were uniformly distributed, this would leave a large excess
negative charge —4¢ on the chromium atom, Waturally this would be
acyeened by the four holes, Bui even so, so strong & repulsive feld may
forrn bound shates above the d band and so above the Fermi surface.  These
states will be empty, and, by forming them, states are subiracted from thed
band for cach spin direction. Thus ten states are removed from the d
band b the same time as fonr holes are added (i.e. four electzons subtracted).
For stoms other than chromium, one must take instead of four the difference
between the atomic number and that for nickel. The magnetic moment is
thus reduced by the following amounts (in Bohr magnetons).

Per atom substituted  Perelectron (d + s) subtracted

CrinNi 10— 4=6 15
Vin i 10— 5=5 10
T n Ni 10-6=4 067
Crin Co 103 23
MninCUo - 10-2=8 40

The agreement with the slopesinfig. 47 isfair except for Co-Mn; theassurap-
tion that the bound state has room for ten electrons is of course open to
doubt, as Friedel points out, so these slopes are likely to be too great,
Chromium is snomalous, and Friedel suggests that the Jevel is partially
oceupied, in other words forms a virtual bound shate; he points out that
this slement gives an anomalously large residual resistance in nickel,

The model as it stands does not discuss the screening of the charge left
on the vanadium atem (for instance), which in nickel with the ernde model
te 45z, This must be understood in ferms of the model of fig. 19; the
surrounding nickel atoms have their d shells full and the ten orbitals must
penetrate into the atomic cell of the vanadium atom, with both d and &
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forms there, and in such & way as to produce five charges there. Since
by our assumption 10 states are pushed above the d band, this large pene-
tration must not infroduce any extra states into the d band. ‘Whether thia
can schually ocour may require further theoretical investigation.

Alternatively one can describe the whole phenomenon, as we have done
for iron and nickel with sluminium (§7), in terms of orbitals of Ligand field
type. Let ¢y, ¢y, be d orbitals for vanadium and a neighbouring niskel
atom.  We set up bonding and antibonding orbitals of the ype:

¢N§+a¢v } &,B( 1,
by +Bdy

which are orthegonal and, since ¢y has the higher energy, the first is

bending.  Bince sereening has to be provided by the first orbital:

Zlaft=5,
the summation being over the 12 nickel atoms that are nearest neighbours
and over the 8-5 cccupied d orbitals. The antibonding orbital is empty, so
no new states are introduced by the penetration.

Similar observations to those described above have been made by Chen
{1962} on Fe—Co alloys with sdmixture of Mn, Ni, Ca, T4, V and Cr. He
finde that manganese adds 2 gy, 10 the magnetism of these alloys.  Professor
Vogt (private communication) has pointed out to the author that mangancse
in cobalt produces a change in the moment of — 28 uy, Priedel’s model
failing here, and that 3puy is the magneton number for & free stom of
manganese withoub s electrons, Tt locks as if manganese is producing
bound states with loealized moments on the manganese atom, rather than
getting rid of its electrons as in Friedel’s model. The neutron results
mentioned below confirm this,

The bound state model implies that the distzibution of magnetic moment
will be widely diffused round the impurity in the case of the anomalons
impurities chromium or vanadium in nickel or cobalt; the momens should
be mostly on the 12 swrrounding atoms of the matrix, This seems in
accord with the observationst of Low and Collins {1963} snd Collins and
Low (1963) on the nentron atom form factor in Mi-(y and M-V in Mi-Mn
on the other hand the edditienal spin dus to manganese is looated on the
manganese atom. Colling and Wheeler (1963} show that for cobalt in
nickel the exéra spin moment iz on the cobals atomm, which can be reconciled
with the band model which is so successful for thess alloys by using wave
funotions 4, which have different amplifudes within the chromium atom
and in the sumrounding matriz, ,

Gerstenberg (1958} found an effect very similar to the ferromagnetic
behaviour of NIV when investigating the paramagnetisin of palladivm
alloyed with vanadium and titanium; fig. 52 shows his tesults, The
fact that vanadium and titaninm rapidly destroy the paramagnetisee by

t Apert from the moment on the neighbours thers is also one on the
vanadinm of —1-Zuy,
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adding elecirons to the 4d band suggests that a bound stfmte 19, forn-’gzé M};eve
the d band and five or four cleetvons per abor aice addad to it, . {Ed rovm,};m
again is apomslows, Kudietka-Artner and Arg’_@nt (1988} hnﬁ girnd a,i*
resuits for other alloys of palladium. The results ?f these anih?ri ?gu
shown in fig. 53 where susceptibility y is plotted against 2V, ¥ being the

Fig, 52
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number of electrons culside a closed shell, In palladium, as the table
shows, I i3 also the number of states subdracted from the d band when a
transition metal is added ; andif ¥ is taken as unity for silver, Vis here the
nutnber of electrons added. 1% i thus satisfactory shat y plotted against
x¥ Hes on the same curve for sitver as for the ofher clements.

The resiativity of some of these alloys is disensged in $14.2.

§ 14, Comprowmviry oF e Trawsirion Mavars
14.1. fntroduciion

Unless a transition retal shows ferromagnetism or antiferromagnetism,
its properties as a conducbor are not different in principle from those of
other metals. However, as we have seen, it is a property of many transi-
tion metals that part of the Fermi surface is mainly s-like, and thus is in &
region of k-space having a low densiby of states, and part is mainly d-like
and thus with a high density of states. These parts may or may not be in
different Brillonin zones; if they are, woe call them an s band and a d band.
A model first given by the suthor {19362, b, Mott and Jones 1938) in
which the current is assumed to be earried mainly by electrons in an s band,
but resistance mainly due to fransitions from the s 4o the d band (or, from
an 610 a d part of the Fermi surface), is still usefult whether the s and d-like
parts of the Fermi surface are in the same zone of not.  Recontly & good
deal of experimental evidence has been obtained showing the nsefulness
of the model, and this will be reviewed in this article,

The resistance of a metal is due to the following :

{@) Beatboring of electrons by phonons.

(6} Seatiering of eloctrons by Impurities or defects,

{c) Beattering ofelectrons by other electrona,

The last term {c} may be of particular importance in transition mebals,
and the effect can take place through two processes which are physioally
different, These are:

{i} The direet scattering of one elecion near the Fermi surface by
ancther. For a spherical Fermi surface this makes no contribution %o the
electrical conductivity, though it does to the thermal conductivity (Ziman
1960, p. 418). Fora non-spherical Fermi surface, a term in the resistance
proportional to T arises, as was first shown by Baber (1937) and this is
particularly large for transition metals,

(i) In ferromagnetic materials there is a term in the resistance due at
low temperatures to the scatbering of conduction eleetrong by spin waves
(also proportional to T'®) and at high temaperatures o rpin disorder.

These terms will be discussed later in this section.

+ Wilson {1038} criticizes quantitative aspects of the modsl, but states in hig
book (second edition, 1953, p. 271) that he believes it 4o be qualitatively
corrent,

14,
In thiz section we
Ainm is typicai. Th
see also Mott and Jo
slectrons of effective
are aboud 08 poy ale
in the ragistance is «
Fermi surface of the
some mesgure also
impurity scattering.
beosuse the density
This accounts in p
compared with ths
palladinm).

i1

Paza—Pr
=
-

Fxperimental valne:
{Coles amd Ta
tenyperatars.

Most of ths eard
the study of the e
alloys snd is sumom
peculiar to pallad
thorough investigs
Pd-Bhhasbheennw
model, though par
sondribution to th
paper, shows these
with a maximum)
the maximnm in -




allacium, as the takle
om the d band when &
for silver, ¥V is here the
that y plotted againss
r elements,

in§id.2

% Myrars

¢ andiferromagnetism,
rinciple from those of
perty of many transi-
a-iike, and thus s in s
i pazt is mainly d-like
my or may not be in
18 band snd a d band.
t and Jones 1838} in
elestrons in an s band,
» the d band (or, from
bether the s and d-like
ot Recently s good
wwing bhe usefuiness

in transition metals,
which are physically

10 Fermi surface by
@ eontribution to the
conduetivity {Ziman
er1a in the resistanoce
rer {1937} and thig in

the resistance due at
ebrons by spin waves
pin: disorder.

rodel, bub states in his
% to be gualitatively

Electrons in Transition Melals 399

14.2. Soafiering from an 8 fo 5 4 Band

Tn this seciion we shall tread non-ferromagnetic metuls, of which palla.
dinm is typicsl. The assumption made by the present author {1836a, b;
geo also Mots and Jones 1936) is that the current is largely carried by the s
slectrons of effective mass comparable with that of copper, of which there
are about 0-5 per atom in palladium for examaple, buf that the main term
in the resistance iy dne o transitions which these slectronz make o ths
Termd surface of the d band. Thess transitions ave due to phonons, in
some measurs also o sleciion-electron eollisions, and in alloys also to
impurity scattering. They have higher probabiliby than s-s transibions
because vhe density of states at the Fermi surface of the d band is high.
This aceounts in principle for the low conductivity o of these metals
compared with the noble metals (o/M©g? is 124 for silver, 13 for
palladivm}.

Fig. 54

I

TR T 26

at. 9, Bh ab. 9% Az

Fxperimental values of pops-pg (140 om) for palladivm.rich Pd-Rh snd Pd-Ag
{Coles and Taylor 1882).  py is the residual resistivily, paes that at reom
temparature.

'

Miost of the early evidence for the correctness of this model comes from
the stody of the electricsl resistance and thermoelectric power of Pd-Ag
slloys and is suramsarized by Moit and Jones (1936) ; briefly the phenomena
peeuliar to palladinm disappear as the 4 band is filled uwp. A recent
shorough investigation of the electrical resistance of these alloys and also of
Pd-Rk has been made by Uoles and Taylor {1982), which fully confirms the
model, thongh parsiculnrly for palladinm. rich slloys they find evidence of
conbribution bo the current from the d holes. - Figure 54, taken from thelr
paper, shows the temperature-dependent part of the resistance of these alloys,
with & maximum near palladinm, though not quite ab the same posibion as
the maximum in the electronic specific heat; the difference, according to
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these authors, is due to the mobiliby of the d holest, Figure 55 shows the
same quantity for the whole range of Pd-Ag alloys, whish drops as the d
band is filled up; the maxiraum ab about 509, silver ovcurs beoause only
for quite high concentrations of silver can silver cause s-d transitionsf
(Mot and Jonos 1936).

Wilson {1938) remarks that the s transitions novmally involve s
fintte change in k and will thus in pure metals disappear at low tempers-
tures§,  Une might expect, thevefors, that the resistivity g in the 7% region
would be abnormally low compared with that in the region where » is
proportional to 7. No such offect seems to be cbserved, but i may be
masked by the Baber term (see below), which does lead to large changes of k
af low femperatures,

It iz disappointing that nothing can at present he deduced from the Fall
effoct about the number of s electrons in these fransition mebal allovs.
Unfortunately, in the simplest alloy systern, Ag-Au, where the mumber of 5
slectrons and the stomic voluine remain almost constant, the Hall con-
gtant certainly doesnot. Thuse®{(sw*=1/Nec B, B=Hall const, N =niumber
of atoms per unit volume) is plotted for those alloys in fig. 58 {from Coles
1986).  Bimilar resulls fiom the same paper aze shown in fig. 57 for silver
alloys with divalent metals snd palladium, showing the cusp for the pure
metal. It is clear from these results that the Hall consiant depends
markedly on the mechanism of seattering, and on whether this is due $o
phonons or impuritiesl, Thus the elegant explanation of the measurements
of Hall effent in Cu-INi alloye offered by Schindler and Pugh {1953) in terms
of the author's s—d scatiering process in farromagnetios roviewed in §14.6
eannot be accepted, as realized by Sehindler {1558) when the resulis wers
vepested In Ag-Pd.  The original idea was that »n should be €2 per atom

T The carrent carried by the holes may be from 25 to 369 of the $otal {(ples,
private communication).

1 This is because we do nof expecs a high value of Ly |2 Na{Hp) at the Fermi
gurface within the silver atoms. That this is compatible with our screening
model ig explained in §7. Therefore the deviation from periodicity dus 4o a
small coneentration of silver does not make a proportional contribution to s-d
sogttering. For large concentrabions, however, both silver and palladium
stoms act as deviations from the mesn periodie fisld.

Chen (1962, 1963) and Chessin ¢f of. (1984) find very large contributicns to the
resistivity of nickel and of cortain ferromagnetic alloys (e.g. Fe Co} dus to 19,
of Cr, V, Ti, Wb and Tau. These are just the slements which, according to
Friedel {cf. §13), form a bound state sbove the d band of the matrix of nickel and
empty their eloctrons into it.  Chen ascribes these results $o the formation of &
virtual bound overlapping the Fermi surface; this is probably right for chrom.
ium, which gives the biggest effect.  Other contributing factors may be that the
geattering obstacle is large, and a-d transitions are possible in $he atoms which
are moodified by the obstacle. On the other hand, for nicke! and Felo {(with
srual concentration of bolh elements) we balieve the spin-up 4 band s full, s0
that only half the electrons can make s—d transitions.  Thus probably the virtual
state contributes the main effect.

§ In an intermediate range he predicts & variation as 79,

il of Ziman 1961,
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for ferromagnetic alloys st low tempovatures bec&.ﬂsi on}j;z }:m‘z:fi&twf? ,S
electrons could make s-d transitions, so that thfa ot‘;}er half only 1;} ouy %:m;:-
high eonductivity and make & significant centr;bx}ztmn to il’\e E‘ia, oons d,;;, .
(m the other hand, Pugh and his coﬂe&gues,‘in & series o épz}rpim {f}é
reforences see Khrlich ¢ of. 1964), have shown that this model works we

Tig. 55

Pass— Pa
108 dpfd

Temyeramre-daneﬁdence of resistivity of paliagménfsgggf}ali?}?ﬂazg};ﬁc&ﬁz
‘ rati - silver {Coles and Tayior 1062} apper
oncentration ¢ of silver (O 3 he o
?sféofd?‘? at 273° (0 em per degree), The lower ful}. curve shmw%?e
;‘ﬁ%ié‘);-ivity as measursd (,525;3} minns the residual resashvx@ Px. e
doited Line shows caleulated values of the same guanuity.

for Cu-Ni and Cu-Fe-Ni provided the concentration of Di.d;f, in tjgeagz%
is less than 75%; the effective number of electrons de@uce& l;DKIﬁ ‘heq th.e
constand rises from about (-25 to 0-5 as the temperature ?? fiazk;em r
(hurie temperature, as predicted. Th9 reason why the @ot? WO A o ,5?
for these alloys, and not for those of higher nickel concentrafion or Ag-rs,

is not known.
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14.8. Resistanee o High Temperaiures

The progent author has discussed the resistance of the transition metals
at high temperatures (Mott 1636a, b, Mot and Jenes 1938, p. 2885
Whatever the scattering is due to, if fransitions from an ¢ o a d band are
primarily responsible for 1/r (whers » is the time of relaxation), then 1j»
should be proportional to the average value of Na(E) over he range 2T ab
the surface of the Fermi distribution, The assuroptions are that the values
of ¥, W' and " for the d band are big vompared with these in the s band,

Fig. 56

100

éﬁtams’ﬁ %A

Values of n* from Hall ecefficient from silver-gold alloys (Coles 1958),
Then the conduehivity due to the s electrons is proportional to ;

df ..

Ny Y,

S

where 74 is the time of relaxation for the s electrons and JLE) the Fermi
distribution function. A simple caleulation, taking into account ihe
change of the free energy { with temperature, gives

'J’T2 - .
)+ = TP { =" o' N},
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Taking +~ 1/, which should be valid if s-d transitions are pradominant

~

23
bhs transition metaly
fones 1936, p. 289,
an s o a d band ars - 6
relaxation), then 1/r
over thoe range 27 ab :

18 are that the values ' V= const. /(B &)
t s in the his gi o - ?
< those in the s band. this gives:

this gives a term proportional to

T4 N has a parabolic form near the top of the d band, so that

L= (N T,

where &7, =H,— E,. If the resistivity is due to: phonon seattering and

the mean squared amplitude of the lattice vibrations is proportional to T\ &
registivity proportional to
T{1— A1
is to be expscbed.
Fig. 57
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< paper, is a rough approximation.  His intreduction of the idea that the d
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?wi’%ffmf are in three equal vones is probably not corvect,  His remarks on
}t;m;}{;r;} u;;h(;;};};ffq{;i;jz{,}ji,«sf’m-.) ~that Ty cught to be the degoneracy

> 5 band—seems to be based o1 5 misunderstanding

The evidence for the general corvectness of these ideas, however P
primarily frem the behaviour of alloys,  Coles and P«; vio )ifﬁ'?“} otk
on palladivm alloys has already bt‘“n mentioned | o {"'. T,
on pafladivm alloy Sl wioned : the resalts Bt well o a
e pal where pg 1s due 4o a-d &,(:atmzn;z_ caleuiated using the
2y curve deduced from the Sp{avﬁf" heat. The %nrm in A7 d’“
prominent in the alloys, modifving as it does the large imypurity sce “:}“r{*iy
Figure 58 shows the results of Conybears (1937) i()lz‘ zne 3? Ld*tt o,
,ng“.tefzdmzo ‘;mrf of the resistivity of several alloys of paliadium ;;gz{o?zt{f:
awide range of 7., It will be seen that the sormal behavic e et
represented by the 7% term ¢ f ;}M;;iﬁ;“h tjj‘j}:’ ?ﬁz{i{i}{j;ﬂ::;ﬁff themete!
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14.4 Flectron—Electron Collisions: Bober Scattering

This has already been mentioned in the introduction; the evidence for
its existence is perhaps nob yet quite certain}. The termin the resistance
proporfional to 7% can be derived qualitatively as follows.  Consider an s
clectron which is fo be soattersd through a large angle by a d electron.  The
enly d electrons capable of doing this ave & proporiion BT /Lg of the whole
number : the others would have to give more energy to the s electron than,
by the exclusion principle, the s slectron can acoept. Moreover, of all the
collisians possible for two isolated electrons, onty those in which there is
very little interchangs of energy can actually take place, and this introduces
snother factor &7/ (s

in the case of a parabolic band form implicity assumed here, with two
degenerany lemperafures Ly, La, Appel [1963) finds that the time of
relaxation r for such collisions iz given by:

i (EXTP

where v 38 the averags reladive velocity for alestron-hole pairs, s, {a are
tha degeneracy temperatures of the s and d bands and ¢ a cotlision cross
section of the order of the square of the screening radius.  The smail value
of { for the d band means that this term will be moreimportant for transition
metals than for obher metals,

No one seems to have discussed collisions in which the s electron makes
transitions to the d-like part of the Fermi surface on hitting a d hole, a
provess which ought o give an even bigger value of 1fr, or ovder (BT} /{4*
instead of (77 0s la.

An approximate 7% dependence of the electrical resistance has beoen
measursd below 10°% by de Haas and de Boer {1033} in platinum, by Just!
(1960} in molybdenum, and by White and Woods {1959) in a systematic
investigation on several transition mefals, particularly those with a large
elentronic specific heat. According to Appel the measured coofficzents
have the right order of magnitude assuming a total scabbering cross sechion
Qea =10 em?. Kondaorsky o ol. (1958) have found a term in 77 in the
resishance of ferromagnetic metals, but a term due to spin waves probably
accounts for at least part of this {(see § 14.5}.

Ono expects that, as the holes in a d band become non-degenerate, the
contribution from hole seattering should Batten out, asin fig. 58, The exact
form has nob been caleulated with any model, even for parabolic bands.

+ Wilson (1653) remarks that Baber’s explanation of a 7% term is ™ not very
convincing . Ziman (1060, p. 415) gives a diseussdon of the 7% term and
some comparison with ezperiment. Abrahams {1854) shows that it s
unimportant for alkali metals, Pelerls (1956) deduces the term {p. 133) and
considers that it may play o role In lmiting phonon drifs, Appel (1863) in a
recent note gives what he claims o be an exact formaula for » simple two-band
model, though T do not agree with his statement that the 7t term becomes
gmall at high temperatures.

AP, #e
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Whether the existence of this term as illustrated in fig. 59 is corpatible
with observations on the electrical resistivity of palladium, which does nob
show any mavked anomaly, is wneertain,  As mentioned previously, it may
compensate for the disappearance of phonon-induced s-d seattering at low
temperatures.  Owing to the peaked nature of the N{E) curve for palladivm
one might expect a drop in Ap below the 7% form at more moderate
teraperatures, say 5007,

14,5, Seatfering by Spin Woves

in ferro- or antiferromagnetic metals there i3 an additional term due to
soattering of conduction electrons by spin waves or spin disorder,
Voneoveki (1948) was the first to discuss this kind of soattering.  AS low
temperatures Turov (1955) first showed that in ferromagnetism the
resistivity due to this cause should vary as 77 at low femperatures, More
recent treatments are by Kasuya (1958, 1959), by Mannari {1959) and by
Goodings (1963) who discusses also s—d transitions caused by spin waves.

Fig, 59

T

Contribution Ap to $he resistance from electron—electron scatering (schezatic).

Albove the Curie or Méel temperatures theoretical work has been done by
de CGennes (1958}, de Gennes and Friedel (1058) and by Bussian workers
(cf. Abelsky and Turov 1960 and the swmmary in Fnglish by Vonsovski
1961}, A veview of experimental material has been given by Coles {1858},

Tn ferromagnetie transition metals, where a fairly large term in 7% due
to the Baber mechanism of clectron-hole collisions is to be expected, there is
ne way known to the author of sepavating the bwo terms experimentally or
of finding oub which is the most inportant, They ave physically quite
distines, the Baber term being due fo scattering through large angles and
the spin waves term ab low teraperatures through small angles only.

The rather complicated analysis which leads, at any vate approximately,
0 a resistivity proportional to 7% esn best be understood by eomparing spin
waves with phonons.  For phonons the resistivity is given as regards ifs
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variaion with tomperature by an integral of the type {Mott and Jones 1938,
p. 262, Peierls 1956, p. 118),

} 1B (L —cosf) 2rsindd, . . . . . . {4)
where J(#) is the chance per nnib volame that the elsctron is scatbered
through an angle 8. At low temporaiures T{8) is proportional vo 7' for ali
angles less than fmex, where Hnax = @pax by, 814 WHeTe gmax is the maxi-
sum phonon wave number g strongly cxcited ab the temperature 7. Bince
the energy of & phonon is proporiionsl 10 ¢, fmax I8 proporiional to T
13 follows that, when Jmex i small, (4) iz proportional to s,

Seattering by spin waves differs intwo ways, The frstis that the energy
of a spin wave is & quadratic funetion Jg? of ts wave number g, 5o thab

Brax = Gmax/ky ~ (LTI s

the variation is with the sguare root of 77, not 7. The second is that the
terrn (1~ 003 §) doesnot ocear,  Thisls hecause we are considering collisions
in which & spin wave is created or destroyed, and in these the spin of the
conduction eleetron must changesign.  Since in a ferromagnetio its chanes
of creating a spin wave is not the sarae a8 desiroying one it follows that the
times of relaxation of spin-up and spin-down conduction electrons ave not
the same,  The consequent solution of the Boltzmann equation shows that
small-angle transibions from k to ¢ ave nof nearly balanced by transitions
o i 10 §, as they are for phonons, and so the term {1-co8 8) which takes
aosount of thisis absent.

Tt £ollows then that the resistivity due to spin waves is of the form

91'{1231‘{
f T8y sin 08,

and with 1{8) proportional to 7' and fmax bo 7%, this is proportional to 1%,

1§ the Termi surface of the condnetion band is polarized, there iz &
minimum vatue of Ak by which the wave number of a eondnction sleciron
can change when the spin changes Jivectinn; this is of order pk,, whers
iy is the polarization of the conduection band.  As a very rough approxi-
mation, below g temperature Ty~ P8, there shonld be no spin wave scab-
tering of this ind, Fornicksl, if p~ 01, this ghould be aboub 6°5.  This
offect i troated in detail in the Russian work quoted above.

q the transitions discussed above, in which the spin of the sonduction
electron changes direction, the wave vectors before and after the collision
sre connseted by the equation:

R g0,
where ¢ i3 the wave vevbor of the spin wave created or destzoyed. Transi-
#ions mush also be possible in which there is no change of spin, and in which
the spin wave chaages its wave number so Phat
¥ +g-—g' =0
s wo shall show, ab the Curle temperature transitions withoub change of
spin are hall as likely as those with change of spin,  Atlow temperatures no
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thooretical treatment has been given, bub bhe resistivity should vary with 7'
as & higher power than 7%, beesuse the factor {1 —cos 3 will ooccur m the
integral {4) as it doses for phonons, Tt should thus be negligible in com-
parison at low temperatures, exeept at very low temperatures where change
of spin of the conduction eleotron caxnot sccur.

If, as discussed by Niira (1980} and Mackintosh {1963) an energy gap w
18 Introduced in the spin wave specteura by magnetic anisotropy, a factor
exp{~w/kT} must be introduced into the magnetic reslgtivity at Jow
temperatures.

The interpretation of the observed resistivity of rarc earth metals
remains cbscurs.  Thus Celvin and Arajs (1964) find that betwoen 4°% and
20%% the resistivity of gadolinium behaves like 477 with n=1373 + (-03.
4+ 1y in this metal follows the Bloch law T%2, but the authors quoted sbove
show that under certain conditions the relation Letween the enerey of &
spin wave and ¢ may be linear, in which case they conclude that » = 4 would
foliow.  They consider this to be the case in gadolinium.

At high temperatures above the Curie or Néel poinls, treatments
appropriate 1o the rare earths whers the spins are localized have hesn given
by Kasuya {1956) and by de Gennesand Friedel (1958), Do Gennes derives
formulae from a Helsenberg hamiltonian deseribing the interaction
tetween a conduction electron and s system with sping in a localized state,
and this method is of course valid whatever the value of the moments, We
shall give an alternative treatment in terms of scattering cross sections,
which shows rather siraply that collisions in which the conduction electron
changes its spin, and those in which it does not, make comparable
eontribitions.

In the theory of the elastic seattering of an electron by a hydrogen atom
{(Mott and Massey 1949), one introduces the amplitude of /() of the seattered
wave and that g0} of the wave that ocours when the two slectrons change
places.  Using antisymmetrieal wave functions, one finds the following
eellizion cross sections

8
i

gl
if the spins are parailel, and
lfE+ig P

if the spins are antiparallel.  The term |/ then corresponds o soatiering
without chauge of spin divection, the term |g [* 1o seatbering with change of
span direction.

Ina ferromaguetic materinl above the Curie temperature, half the sites
will be occupied by electrons with spin opposite to that of a given conduction
electron.  One might thus expect o term in the resistance proportional fo
419 P corresponding to processes in which the spin changes. For those
processes inwhich it does not, we can use exactly the same procedures as in
adisordered alloy.  Half the atoms scatéer s wave proportional 4o f~g,the
other half a wave proportional to f. The mean is f— g, with waves of
amplitede + g scattered from atoms of the two types. The ‘f,é}'m in the

resistance shouid
in which the spin

Coodings (184
tering by spin ¥
temporatures, 1
minimum chang

The sffects ¢
sondaotion elso
-
csmgsi;(_, : -4 prv
indeed it lanok«
phenomensa, =

28—
4
]
[/
i
;
7Ry
e
g.2F
g
Hiech

oF the resishay
the other ha
nickel to the
persture. 1
;Eecizmm Wit
transitions
giechrons wol
spin.  Bul,
slectrons wit




v should vary with 7
30} will noour in the
e negligible in com-
‘stures where changs

163) an energy gap w
ansotropy, a factor
¢ resistivity at low

" rare earth mebals
hat between 4°K and
with 7n=2373 + 3-03,
athors quoted shove
sen the snergy of o
wle that n=4 would
m.
points, fresbments
zed have been given
De Glennes derives
1g the interaction
in & localized state,
fthe moments, We
Ting orogs sections,
sonduction electron
make comparable

w s hydrogen stom
Fiyof the scattered
vo electrons change
finds the following

ponds to scatbering
ring with change of

sbure, holf the sifes
“agiven condustion
106 proporéional fo
ianges.  For those
ne procedurss as in
wwtional to f—g, the
tg, with waves of

The term in the

Hlecirons in Tronsitlon Metals 408

esistance shouid vhus be proportional fo ig 2 ov half that due to collisions
in which the spin changes.

(oodings (1963} has considered the effect of s—d trangitions due to scab-
tering by spin wavss, which he shows may be considerable at moderate
temperatures, though it must disappear at low temperabtires sinee o

minimum change of kis reguired, just as it is for phonons,

14,6, Resistonce of Nickel and Iron
attering of

The offecss described in the last arih-seciion, namely scat
will certainly exist in iron and mickel,

sonduction electrons by spin waves,

somplicatad probably at high teraperatures by strong Baber seatiering;
indeed it is nob clear whether at high femperalures the $wo are really separate
Some suthors (6., Weiss and Marotta 1958) ascribe the whole

phenomena.
¥ig. 60
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Hlecirical resistance of nicksl and patiadivm {Coles 1958),

1) in ferroxagnetics 1o this canse. Un

of the resistance anomaly (fgs. 60,6
) aseribed 1k 10

the other hand, Mott {1836 D) and Mott and Jones (1936
micke! to the change in the Ferms surface on approaching the (urie tem-
perature. The argument is as foliows. At low temperabures conduction
cloctrons with spins parallel to the divention of magnetization ¢a
sransitions bo the d band, since the spin-up 4 band is full,
electrons would have much longer meai free path than those with opposiie
Hhut, as the temperature is raised, e-d transiticons can §oout for

Spin. .
slectrons with either spin direction. Avcording to this raodel, nickel above

‘ot make
Thus these




Electrical resistance of iron, showing Curie, «fy and y/3 trang

resistance—temperature curve above t
suggested by Mott and Stevens (1957, aee alus Coles 1958).

50 impurities.  Suppose then one introduced 19 of Ruin Fe, 19
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the Curie temperature should behave Lke pailadiam. In fact, fig. 60
shows that it doos. This tends to suggost that the seattering by spin
disorder, though doubtless present, is not the main affoct,
other hand, we expect seatiering by spin diserder fo

than the change in the Fermi surface sbove the
TeASONS are

Forivon, on the
be more Important
Curie poins. The

(@) If our analysis in §11 is cotrest, ferromagnetic o-iron has & Fermd
surface both for the spin-up and spin-down sub-bande, Thus the sfech
predicted by Mott (1936 1) shonid be smaller,

{b) It is much more likely than for nickel that

coupied sping persigh
above the Curie point (§6),

{¢} The spin on each afom is targe {2 uy)

, 80 that scattering by spins
should be larger than in nickel,

Fig. 61

i ] § H 1 i
@ s A B BOO fe] fret ) 100
T oL

sition points
{Coles 1858,

The electrical resistivity is shown in fig. 81. 1t will be seen that the

the Curie temperature is relatively

fiat, suggesting a large spin-disorder torm.

A method of distinguishing between the two types of resistivity has been

The inoreased

resistance above the Curle temperature due to the greaber effoot of s-d
scattering should show both
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Ni, ¢he alloymng slernents being chosen so as to affect the band structurs as
Lttle as possible, (e would expect the Increase in rosistance Hp to be
selatively little atfected by temperature in iron, but to increase greatly on
going through the Curie temperature in g sokel.  Aceording to Coles (195%),
thix doses in fach 0OCUE.

Just above the Cuzle temperature of forromagnetic metals a considera-
tion of short-disbancs order has led Duk-Jeo Wim (1964) bo predict a drop
in the resistivity. This i sometimes observed, see for instance the work
on. gadolinium of Migh et ai. (3863}

We may comment hore 00 the curious fact that there i only a very srnakl
change in tho rosistivity for both iron and iron-chromivm alloys ab the
oy fransition point (Powell ¢ 41, 1981}, of oxder from 1 to 3%, according to
the concentrafion of chrominm. We have seen (§6) that feo iron at
Ligh temperatures s according to Kaufmann el sl (1963) a moment 1ot
vary diffarent from b.e.c. iron, and the same number of g electrons, 50 the
spin scabtering should be similar in the two phases. On the other hand,
s d transitions should be important, whatever +he mochanism of seattering,
and this resulb suggests that the densities of states sk the Fermi surface in
+he non-magnetic state cannot be very different i a and y iron.

14.7. Resistance of Chromivm and of 1 ron-Cobult Atloys

Chromivm has

{z) Alow density of states ab the Fermi surface {fig. 3T},

 Alow conductivity ; the values of o/ M8, at room semperature for
chromium and for neighbouring tpansision metals are as follows (Uerriteen

1966 :
il Y Cr ¥a Co Tu

al OB 065 O o9 094 165 9:0

Tf ghen the main pard of the Fermi surface of chromivm st asin fig. 13, the
s-like part must have a VeIy small area; one cannod explain the low
conductivity by ahigh probabiiity of g transitions.

These considerations May well be relevant to iron. Thespin-down Fermi

sarface in iron may e similar to chromium, the gpin-up to nickel, with
soparate s and d bands. If so, the ron-cobalt alloys are of particular
Ab about 309, of cobalt the spin-up d band is fall (§11). Thus
ecirons should have high conductivity because they cannot
make s-d transitions.  Thab this is =0 is shown by the measurements of
resistivity of these alloys made by Beitel and Pugh {1958) and ilusteated in
fig. 62. The actual figures for the difference defined by

interesh.
the spin-up s €

Ap = pase— £r1:

+ Recent caleulations DY Albmann (1064) have confirmed that molybdenum

has » Fermi surface of this form.
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which is 2 meagure of the regista;

sce due to seaftering by phonons, are as
foliows
Pergentagecobalt 14 35 60 0
Ap (relative) 852 3-57 3-48 381

Neibher the total resistance nor Hprises
tion increases beyond 309,
extra electrons from cobali

appreciably as the cobalt concentra.-
We interpret this as meaning that, since the

b are added to the spin-down band, by increasing
the density of d-like states at the Fermi sucface they can. only decrease the
conductivity of the spin-down electrons, which is small {83 in ch

TOTRIinm )
and, we sssmme, small coripared with the contribution from the spin-up
electrons,

i ks
g, 82
iy
|
2 2 20 °C
_Ep & 189 5%
£ Ii D 770K
i
&= H \
£1 5{“5
o
o
= 0
a,

mhé/ \\@ —
’/ AN

Pareent Cobalt in Jrop

Resistivities of iron-cobalt alioys {Beitel and Pugh 1058),

The total resiglivity will be affected by the superlattice formed as 5G9,
o, but according to Bato {1943} the effect on the resistivity is no¢ large.

In chrominm itself the resistivity is doubtless influenced by the anti-
fercomagnetism which may affect the Fermi surface by introducing super-
lattice zone boundaries. In fact, the resistivity ahove the Néel point at
310°K is about 209 less than the extrapolation of the values below {Arais
et al, 1963,

1.8, Resistonce at High Pressupes

The very great incresse ab pressures of the order 500 kbar of the resistancs

of potassium and rubidium {not sodinm), by faciors of the order of 50 a4
rooi temperatore, observed by Stager and Drickh

in these metals at high Dressures some overl

though the inerease does not set in «

than the us

amer (1963) suggests thas
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14,9, Flectrical Resistumoe of the Rars Bariths

We do not wish to give any detailed review of the electrical vesistance
of the rard earth metals, particularly in view of the recent arficle in this
icurnal by Rocher (1962). In wmost rare earths there is a considerable
contribution to the resistance from scattering by 4f spins (see §14.5};
moresver, entiferromagnetic arrangsments of sping can have a considerable
effent on the resistance by splisting the Brillouin zone for the conduction
electrons (Elliott and Wedgwood 1083), The spin-wave resistivity at
low temperatures has been mentioned in § 14.2,

We do however wish to disouss the resistivity of ytterblum, beesuse of
the condrast with that of transition metals, This metal s unique ameng
the rare earhhs in that the number of electrons in the £ band is non-integral,
Acoording to measurements of the magnstic properties by Lock (1887),
miost of the 4F shells are Full, with 14 electrons, though there ave s fow with 13
giving & momens and this is confirmed by measurements of Stewardson
{private communication) on X-ray absorption (see below). The confribu-
tion Lo the resistivity by spin scadtering is thus small.  As Rocher points
out, however (see his fig, 3}, the experimental resulbs of Trombe [1556) show
$hat under pressure the resistance rises by a factor 15 but st 800060 atmo-
spheres drops Tapidly to a normal value.  Rocher concludes, correctly in
ourview, that under pressure the cooupation number of the fband gradeally
changes from 14 to 13 per atom, but does nol go any further.  Heinterprets
the resistiviby as due te resonance of conduciion electrons ab the Fermd
surface with virtusl 4f states. This is not, in his view, the same g8 transi-
tions from the conduction band to the 4f band, which must also cecur, bat
s consequence of spin disorder. He considers that strong resonance,
accompanied by large phase shift, will coour for one spin direction rather
than the other, or differently for the $wo spin directions, so thad the motal
behaves kike a totally disordered alloy.

The main interest of this phenomenen from the point of view of this
veview, howeves, is that in the pressnre range 9-80 000 atmospheres there
mwust be & Fermi surface in the f band, but on reaching 15 electrons per
stom forther increase of pressude does nef cause a drop below 130 Hubbard's
eriberion (§ 4.2} for splitbing (AU < 1) iz clearly satisfied heve, as we should
expect, because the 4f band-width A is probably a few hundredths of an
electron volt,  Our assumption throughout this article iy that It is not
for the transition metals. The matter is digoussed further in the next
section.

§15, X-BaY ARSORETION
Tt has long been known $hat the Ly X-ray absorption of many fransition
metals shows 2 strong maximum (a *white line " in the fransmission) at the
ahsorphion edge, dus bo transition from the initial 2p level fo the vacant
states in the 3d band. Some early references are given in Mot and Jones
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1098)  Higy T i . j 3 i
{1938). Figure 83 shows sore Tecent vesuls due to Bonnellet on the Ly
edge of nicksel, iron and cobalt. )
o T : :
We shall in this article discuss fwo points about these results ; these are:
1, ' v i A 1. - . g
ag The fact that the lne appears gharper for nickel than for jron, and
much sharper than for chromium (fg, 63).
4) The line aovesrs af 3 £ bl 4 ; i
{8} The line appears af the edge and not below i, as i6 woeunld if an exciton
stads were formed.

Fig. 62

Fe

Magimum 1. Lot wmission

Ke-ray a‘bsarptlea‘ sosfficient p of chromium, iron and nickel, plotted on an
energy seale such thab the mazimum of the emission line iz bhe sarae for
2l thyee metals,

) The theory of Z-ray absorption in solids has been discussed parhiculariy
by Mott {1949 and Friedel {1954). The point to emaphasize is thas after
eiection the slectron moves in the feld of the laftice and in that of the
{reresned) positive charge left behind in fhe inner shell.  This can have

two offects,

4F 3 & 3 ~ Bat ta? 3
P am ?tné.ebued o .MmAe 3, Bonnelle of Professor Cauchoin’ laboratory for
making this curve aveilable. T
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{a) It may produce bound states below the bottom of the conduction
and: in non-mesals it cortainly will, and the absorption specirum then
sonsists of a series of lines leading to a series limnib; but in metals the soreen-
ing hy the conduction electrons is normally so great that this does nob
goour (Mots 1949y, However there {8 no roason why this should be so In
sil cases.

() It will cortainly affoct the transition probabilities, because the
wave function i, of the final state will be changed by the soreened positive
charge on the inner shell,

I the light of these consideraiions we can understend, in & purely
qualitative way, the diffsrence between nickel, iron and ebrombar shown
in fig. 63. For a sharp maximum in the ahsorption, 1t is necessary that
the positive charge should be very effectively scresned and provide
little perturbation of the final wave function ¢y Only then will ¢,
within the absorbing atom be d-like in the small range of onergies cocupied
by the vacant d states of the matriz (say G-dev in nickel, 1-Bev in on
perbaps rather more in chrominm). Now we have seen that when im-
puarities of different valency are infroduoed into nickel, d-screening resulés,
while s-sereening is the rule in iron, and d-screening ay well be closer
than g-screening.  In chromium with its low density of states, the soreen-
ing radiug should be considerably greater than in nickel or irom.  We think
it probable that the difference in the absorpiion line is due rather to this,
rather than o any difference i the range of energies ocoupled by the
vacancy ¢ states, which are probably not as big as those observed in
fig. 63

We turn now to the fact that the line is of the edge.  In the rare earhhs
bhiz is not 50, even in yiterbium where as we have seen there is a mixbure
of ioms in the states 4112 (about 19) and 40 Btewardson has found in
$his metal a weak absorption line corresponding to the transition Ackdf
(i.e. M) at an energy of 15+ 1 v below the ahsorption edget. Thisvesult
seetns to us very relevant to the question discussed m §§4.2 and 5, namely
whether the correlation energy [/ is large or small compared with the band
width A, T this case U7 will be the repulsive energy of two holes in th
4f shell, In the rare earths we can hardly doubt thas U/A> 1 in the
trangition metals, if 7 is soreened by s electrons 16 I8 not vet certalin,

The fach that in yiterbium one has o mixbure of lwo states 4f# gnd 4f*
does not of conrse mean that U/AT 1, it mesns that, talking inbo accound
soreening by the conduction electrons, the energy differance between ions
in the shates 4819 and 4f1% is comparable with the binding energy of the

11 am grateful to Professor Stewardson for informing me of these resulls
prior io publieation; they are expested to appesr in the Progesdings of the
Physical Soedety. The line is at the same frequency as in the oxide, and might
conoeivably be dus to confamination, Professor Stewardson does not believe
this to be 80, but even if it were, the true line whish must be there should be ab
approximately the same frequency as for an jon in the state 46%% in the oxide,
The impertant point is that the energy of the seansition is 15 ev below the adge.
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metal, so that the number of conduction electrons (5d and g} can fake
the value, normally non-integral, for which the total energy of the metalisa
minimae.  Bat it would be very surprising, in view of the ve v narvow 4f
band, if #we ¥ holes could coms into one iom, Le. if 482 exigted in the metal,
This willnotoceur i UjA s 1.

If this is 5o, let us cormdf‘r the absorption process.  An electron jumps
iroma the 3d level in an ion into the state 4515 leaving that fon in the state
3d7 41 The energy interval between the abb@ pHon line and the absorp-
ion edge represents that required to take this electron away from the hole,
saving an lon in the state 3448, The s wreﬂmx}g of this must be similay
to thai- for an fon in the state 3d% 4822 and the fact that the absorption
line i3 displaced by about 15ev from the edge shows that it does cost this
amount of energy to form this i ion, and that U is of $his order of magnitude,

Now let us contrast the sibuation in nickel. The shaorption process,
baking place say in an ion in the initial state 2p® 34°, leaves an ion in the
state 2p%3d*,  Since the process produces & line af the absorplion edgs,
She process costs the same ensrgy as o take an slectron %o the %‘-efmz
surface, leaving & sereened ion in $he state 2p33d%,  The energy reloased by
the s electrons in scresning this fon must be about the same as that for an
fon in the state 2p83d8.  Tn other words, it follows that the energy i
required 4o form an ion in nickel by brin, wging Fwo holes into one ion is
comparable with or less than the band width,
ghould be an exciton line 1067 below the adge,

We %ehsaw therefore, that the existence of these absorption maxima
which gecur at the edge in nickel and in other transition meta}b does give
evidence In de{hdf of a smali value of U/A for such states as 3d4n nickel.

On the other hand in insulators containing the nickel 88 ion one would
in all cases expect » strong absorption line below the series Himit. The Ly
and Lyi; absorption of nickel oxide has rooen iy been obaerved byt
Bonnetle and Jergensen and both show & splitting of the lne, which these
authors, correstly in car view, attribute to an effect of this kind.
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