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§ 1. Ter PUrrosE OF THE ARTICLE
Tur aim of this article is to summarize our present knowledge of the band
sbracturs of the fransition mefals and of ifs effect on certain physical
properiies, in particulsr on ferromagnetism and electrical conductivivy,
The article will deal also with the properiies of alloys in which the fransition
metal is 2 major consbibuent, bub not in any delail with the properties of
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diluts sclutions of transition metals in other metals.  Particular attention
will be paid to the contrasting behaviour of nicke! and iron, both us Tegards
their magnetic behaviour and their alloys with non-transition metals, about
which some new suggestions are made.

§ 2. ConNQEPTs USED IN THE ARTIOLE

T all discussions we shall hope {0 make clear whether we are discussing
different models that can be used, for instance in the one-electron approxi-
mabion, or different physical states of the metal as represented by an exact
many-electron wave function,

Ag is ususl in the electron theory of metals, we shall start with the
itinerant electron model, which was first used for transition metals by
Siater (1936), Btoner (19368) and the autbor (1935,  In this model Bloch
wave functions ¢ foyz) are sed up, which have the form:

dr=uy foyziexp lkr) ],

the function w,{avyz) being periodie with the period of the lattice. The
functions ¢, are sclutions of a one-electron Schridinger equation:

VR 5 (B~ Vidyp=0,

where ¥ is a periodic potentinl.  States k for which & Hes below a limiting
Fermi energy i, are occupled ; tho surface in 4-space separating ccoupied
and unsecupled stabes is eslled the Fermi surface in the one-clectron
spproximation,

To form an approximate many-elestron wave funection for the whole
symber, it is necessary to write down in the Hartree-Fock approximation a
Slater determinant ¥, made wo from the wave functions o, of occeupied
states. To determine which states are cecupied in the Hartree-Fock
approximation, one oughd to minimize the energy Iategral [¥*H ¥ dyg,
where ¢ stands for all the spatial and spin coordinates of the electrons. To
50 do may lead to a different Fermi surface from that nbtained by equating
paramesters £, to a constant value, since in the Hartree-Fook eguation the
energy i not a sum of the parameters &,

To obtain a better wave funchion than the Slater determinand, the effects
of interackion between electrons must be introduced, snd in particular the
correlation between the positions of electrons with opposite spins. It is
not the purpose of this report to diseuss either the significance of the Fermi
surface under these conditions, or the way it is chenged by electron inter-
action or by inferaction with phononst. We shall assume that in terms of

T For phonons 14 iIs known that in normal metals a considerable change In
affective mass may result {Quinn 19680). We have at present no information
aboutb transition metals,
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an exact maeny-electron wave functicn, a sharp surface in k-space cxists,
which separates electron-like from hole-lke oxcitations, and that its
properties are similar to those obtained on the one-eleciran approximation
usnal in band theory calenlations.

The Fermi surface will lie in one or more Brillovin zones. Probably
it is only for the alkali and noble metals that the Fermi surface Hes in &
single zone, By definition the transition metals have o Fermi surface
lying in at feast wo zones; in some of them, for instance palladium, it is
probably a good approximation to sav that, near the Fermi surface, the
wave functions of states in one zone must be largely derived from (in this
case) 4d atorsic functions and in the other from Bs, fp, 5d, ete.  For all
transition metals parts of the Fermi surface will He in zones which, when the
lattice parameter i3 increased indefiniielv, tend to afomic siates with
principal quantum numbers ns and (n - 1d (n=4 for the frst long period,
ete.}). Thus copper is not a transition metal because much evidence shows
that the 3d zones ars full, so that there is no Fermi surface in these zones.
There is indirect evidence from the elecirical conduetivity that some of the
alliali metals may become transition metals in this sense under DIessire
{314.3),

it is only for the transition metals and rare earths, among the metals,
that ferromagnetises and antiferromagnetism cccur.  In ferromagneic
metals below the Curle temperature the numbers of electrons with spins
paraliel and antiparalle] to a fixed divection are fot the same, 5o that there
are two differing Fermi swiaces, one for each spin direclion.

Turning now to models or approximations, when considering the
eleetron gas in normal metals (Na, Mg, %n, perhaps Cu), s treatment that
has been applisd with sucoess in the last few vears is as follows.  One may
consider first the electron gas in the field of & uniform distribution of positive
chargs (jellium),  The Interaction hetween electrons can be considerad by
perturbation theory only in the case of high densities, so in general she
consequent correlation energy must be determined by other methods, on
which most work has been done.  But however the corvelation is treated,
it has recently proved very fruitful to treai the periodic potential as &
smaeldl pseudopotential, which can be handled by the methods of perturba-
tion theory, and thus to ohiain useful results about hand slructure, regig-
Sivities of solids and Bguids snd other properties {Jobnson and March
1963, Bradley ef al. (1962). Harrison (1963}, too, in his use of the OPW
method to determine elastic constants and erystal structure of polyvalent
metals, treals matrix elements of the type (k|V ') between OPW
functions as small, which comes $o the same thing as treating the potential
as small. A parsicularly useful development is that, in distortions in
which the volume is unshanged, one can fresd the interaction between
atoms as the interaction between the oscillating potentials produced in the
slectron gas by each ion.  For applications of this method o Hguid metals
see the paper by Johnson and March mentioned above, to elastic constants,
Harrison (1063} and to alloys, Daniel {1062),
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A treatmend of this kind is impossible for the d olevirons of transition
mesals.  The wave functions must be determined sither by the method of
Hight binding, by cellular metheds or by some methed which does nol frest
the stomic potential as & perturbation; also the correlation, which may be
24 Gr more important than in anormal electron gag, must be estimated by any
gaitable method, There is no approach ot present available as powerful
as the pseudopotential combined with perturbation theory has proved fo be
for non-transition metals.

Tt iz in the light of these remarks that wo mush view the conirast some-
times made In the Hlerature between the isinerant electron method and the
Van Visck model (Van Vieck 19531 The latter is, in our view, simply a
way of putiing covrelation into the isinerant description of a d band. A
clear-cut exampls is nickel, discussed by Van Vieck. Thismetalis believed
%o have from §-5 $o (-8 holes per atom in the & bands,  Thus, i 2 many-
slectron atom is made up of alomic wave functions, the d shells of some of the
atoms will be in $he state 3d'%, some i 34% and perhapst some in 348, since
the ground state of the fres atorn has the configuration 3d¥s®.  If we limif
ourselves to the first two, we might start with a modsl in which the 34°
state was localized on fized atoms, but sines the 3d° state can move freely
throngh the lattise, 2 band of ovonpled and unoocupied energy levels and a
Fermi Innds results feom this kind of model too,  We shall not discuss the
Van Vieck modst further in this artisle, though much of cur discussion of
the origin of ferromagnetism uges the concepta that he had made familiar.

The kind of localization that oscurs in the Van Vieck model iz not the
same 58 that which ean soour when the number of elocirons per atomie stade
ig integral. Wigner (1938) was the firet to give arguments to suggest that
s electron gas of sufficlently low density would "erystallize’ inbo an arcay
of localived electrons.  Molt, in a series of papers (1840, 1858, 1961, see
sise Anderson 1985 a), hias given arguments to show that an array of atoms
in it ground stabe, each atom with an integral number of slecizons, would,
a6 the density decrsases, go over sharply from a metallic to anon-conducting
state with no Fermi surface.  Binoe the latter state is noc-conducling it is
ressomable to call the state of sach electron “localized’.  In Mott's papers
it is suggested that these states, if not ferromagnetic, must be antiferve-
reagnetic with the period of the lattice, and in this case, as Blater {1861) has
shown, that the staie may be degeribed by Bloch-type wave functions
different for each spin direction, this being in 2 one-electron model an
aiternative descripbion to that using localized functions, but one which lsads
to the same Blater determinant for the many -electron function,  However,
in one dimension it is known that theory prediets no antiferromagnetism,
and Marshall {1955 has shown that in three dimensions antiferromagnetism
gecars probably only 3 the spin s greater than a Bohr magneton, so it is
unlikely that the absence of sonductivity s linked o antiferromagnetism,
Morcover the absence of conduttivity i non-metallic antiferromagnetios

+ Bes §4.2 for a discussion of this point,
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like Ni0O persists above the MNéel tempsrature. I is difficuds therefore 4o
escape irom the need to deseribe non-sonducting stab bes by localized wave
functions in certain sages. The problem has vecenily been considered
further by Hubbard (1563, 19645, b) and by Kohn (1964).  Kohn gives a

proot; parhaps uob qulbe rigorous beoauss of doubis about $he convergencs

i

@f the perturbation seriss used, that, for an awray of one-slectron stoms
,ﬁeréﬁ&@ by 2 sufliciently laﬁ’ge distance, the many -elechron wave funo-
sions W gri.. ry) for low. lyx g states {ie. those with and withoul spin
waves if the state i3 magnebic), jb, ve tbe following pro ope zi} i all the
coordinates excent one {r,) are h@iii constand aod r, iz displaced round &

] sy { — VA, whers #is & constant

N-t’

cireatar wire, ¥ fails off exponentially
of order given by

2 overlap eneigy integral/excitation energy

snd & is the number of atorms fraversed.  Under these conditions, in the
limif of large values of ¥, he shows that there can be no current, Tha"’" ‘VJEE
of sourss be no Foermi surface either.
Hu aba;‘d a?“‘at'd ) z’aa,rz"{}w ;‘:anu, sitherafaord {;h&mci@r, and &::
%

under 1;510 mf:& smee of the o%e{ @syaﬁm rmuﬁswzx zt between t >
on the same atom. I 4 is the band width, he coneludes ‘%’ﬂaﬁ ai {f‘,,-,.a
large enough, groater than shout &8, 1t will, The conclusions are therefore
similar; if the sphitting has Jesuz'feé she wave funciions are localized in the
sense that the electrons cannot carvy a current snd there is no Fermi surface,
This holds, of course, only if the number of electrons per aiorm is integral.

1% ie appropriate to treat the 4f efectrons of rare earth metals by many-
elechbron wave functions made up of localized states. In the many-
slectron wave fonctions for the whole metal, Keohn's criterion canmnot be ased
since one carmob take s coordinate v, and say that it refers to the 47 and not
tothe conduction electrons ;. but Lo ask whether there is s Fermi surface ina
Brillouin zone of mainty 47 character is & guestion with physical meaning,
Usually there  not, though viterbium appears fo be an excepdion, a
non-integral number of elestrons and & Fermi surface occurring in the 41
band.  There ave marked effects for instance on the vonductivity, CE hesre
vhensmena are reviewed by Rocher (1962) and in § 14,9 of this artiel

I the ¢ band of nickel and cobalb the number of (—.E cobrons is n{m»}iimgrai
and there I therefore certainly & Fermi wurface.  For iron, where the
number of magnedic carriers was thought 6 be integral or nearly se, it was
suggested by Mott and Stevons (1887) that the localized model might be
appropriate, but the weight of the evidenee now appears against it and ib
seems highly probable that the magnetic clectrons are in unfilled bands
which contribate to the Fermi surface.  The evidence for $his statement
will be diseussed in this article,

Othor formy of Ioealization which will he mentioned are the localized
stadbes ab irnpurity atoms (§7) and localized spins which peeur in magnetic
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maierials even when the oxistence of unfilled bands and a Fermi surface
makes the use of the itinerant electron model sppropriate (Friedel of al.
19613,

§ 8, Tuz Exprorap Fory or THE d Baxns

The present author {1935} was the first to propose a band structure for
the transition metals of the form shown in fig, 1, with a high density of stabes
in ad band {3d for the first long pericd), and ans band {4s in this case) with
low density of statos overlapping . As was realized at the fime {(of
Jones ef ol. 1834}, and as more recent calculations have shown very clearly,
it 18 not in principle possibie 40 separate Brillouin zones or curves plotting
energy against wave-number into zones or bands derived whelly from s, p
or d functions, even in the approximation of tight binding ; hybridization
is bound o ocour.  Figure 2 shows schematically the plots of B against &
for a 48 hand (conduotion band) and a 3d band, asz they might be obfained
by the bight binding or sny other method in which the wave functions for
the conduction band ars expansions of atornic functions of symmetry 4=,
4p, 44, but orthogonal to 3d.  Only along certain specisl linos of symmetry
in k-space can the two curves cross; along any other Hnes hybridization
will ceour, as shown by she dashed Hnes. Thus within any Brillouin zone
there may be regions where the wave funchions are mainly d-like and the
densiby of wtates low. This may oceur, t0o, on different regions of the Fermi
surface?, which is then likely b0 have the form shown in fig, 13 of this paper.

if however for all directions in Z-space the Fermi surface cuts the same
dg-like branch and the same 3d-tke branch, as shown by the dotted lines in
fig. 2{a) and {3), then the Fermi surface may le in two {or more} Britlouin
zones, one of which is 4e-like and one (or more} 3d-like. This is the case
in nickel aceording to $he model of Phillips (1964), and according to the
argament of this article for the spin-up electrons in fron. The simple model
of fig. 1 is then guite satisfactory.

Home of the most complete and aceurate caloulations of the band strue-
tures of the transition metals in the first long period are those carried out
by Professor Slater’s school at the Massachuselts Institute of Technology,
using the sugmented plane wave methodf. In this method hybridization
is antomatically included. Other authors {Fletcher 1952, Belding 1959,
Asdente and Friedel 1961, 1962, YVamashita ef ol 1863) have used the
tlght binding method for the 3d electrons, without introducing hybridiza-
tion with 48.  This approach, treating the 3d electzons separately, remalins
nseful particularly for the consideration of ferromagnetism. The reason
is that it may be quite a good approximation in a ferromagnetic metal to
treat the unhybridized & bands for the two spin directions as having the
same shape, bub separated by an electron volt or so along the energy axis;
but i would not always be a good approximation to shift the 4s bands by

1 Commpare Lomer’s (1062) paper on chromium, and Ehrenreich e al. (1063}
on nickel.
+ For references see Mattheiss (1864},
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ths same amount, Hybridization between 3d and 4s ought to be dons
separately for the two spin directions.

Another appleation in which it i still convenient to treab the ns and
the {n—1)d bands separabely is the theory of alloys, in which the extra
slectrons added when, for instance, nickel is alloyed with copper are pictured
as * going into the d band of nickel”.  In this review we shall continue to
use this expression rather than to say “ the elecirons go into states which
are predominantly s- or d-liks”,

Fig. 1
N{E) \ ood

——Farmi Level

P
el

Early mode! of the density of states ¥{#) In a paramagnetic transition metal,
with a 4 band of high density of states overlapping an & band.

Fig. 2
E )
-
! -
- - -
i
3

¢ and d bands in a transition or noble metal, with the energy of a state ¥ plotted
against wave number b, and the dotted line showing hybridization.
{2} and (&) show different forms that ocour,

We shall next discuss the form of the 4 band for the fwo most importand
strachures, face- and body -centred cubie, fizst of ail without s—d hybridiza-
tion. The first thing to note about many calenlations and experimental
obseivations of the density of states V(&) as a function of energy. or as a
function of the number of electrons per atom {efa), is that there is & deep
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minimum in the middle of therange.  This ocours, according to the experi-
ments of Beck (of. §13) at the University of 1llincis on body-centrad cuble
alloys, for values of &2 between 57 and 6, and thus jush before chromium
for the first long period and in an analogous position for the others. It is
important to understand in general terms why this should beso.

K e

Schematic plot of @ bands in a metal formed from atomic fanctions of symmetry
wy, wioy? without hybridizstion between them. The dotted line shows
the s band {Eveits 1962).

We first emphasize that the caleulated ‘d band’ (unhybridized with s)
actually consists of five overlapping bands with degeneracies ab cerkain
points.  Kxamination of caleulations using the method of tight hinding
{Fletcher 1952, Asdente and Friedel 1961, 1962) enables one to see that
these bands are formed as follows.  The five d wave functions of the free
afom consist of three with symmehry of the type ¥z, 2, 7y and two with
symmetry of the type a%-?, y32%  One cap, formally, sebup ti ght binding
wave fimetions without allowing hyvbridization between them?t. If one

T This was done by Jones and Mott {1837), whose estimates of the form of the
d band do not inchade this hybridization,
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does thia, Then st the centre of $he zone for body- or face-centred cubics
there arve thres degenerate bornding wave funclions e, with no nadcs
hetween the atoms) Tormed from the my funchions, and fwo antibonding
fanctions formed from x%-2%, with nodes between the stoms. Thus if one
nlots # againsh & in the Brillouin zons, starting at the centre and going In
any direction, one expects curves somewhat as skebched in fig. 3 by the full
Hnes, I now one allows hybridization belween Tonetions of symumely 2y
and 247, ote,, one finds the following patiern, which s shown in fig. 4.

{2} The two lowest bands src made up of bonding functions with =y
symmetry aé the contres of the zones and of bonding functions with Ry
symmelry at the boundaries.

i

lg omomengs

d bands after allowing for bybridizabtion between functions of symmetry ay,
%2 The s band is shown separately (Bvetts 1962},

{b) The two highest bands are'made up of antibonding 2%-y* functions &t
the centre, antibonding xy funetions st the boundaries,

{6} The last band is of bonding type with zy symupetry 2t the cenbrs of the
zone and antibonding with xy symmetry st the boundaries, and may thus
be broader than the others. A general patbern suggests fself, sherefors,
of two narrow bonding bands, with reem for four elestrons, two narrew
antibonding bands and a broad band connecting hers. One would thus
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obtain a density of states curve with a minimum in the middle. It is
admitted that all these considerations are gualitative, and depend on the
actual parameters, but they do give some indication of the reason for the
minimum which is such a marked feature of many experimental resulis and
computations. ‘Whether in any metal 3 minimum oceurs will depend on
the separation AW in energy of the points I';, and Iy, in fg. 3§,
compared with the width of the bands,  We shall give some evidence later
that the minimum does not ocour for Fo.¢. metals.

A further point of interest, particularly for the ferromagnetic metals and
their alloys, is the nature of the highest d states.  According to Fletcher
(1942} and also Phillips (1964}, for nickel (fe.c.) it ig at the centre of the
(2081 faces,  The energy is degenerate there, but of she two zomnes one has
much higher density than the other, the density of states being as in fig. 5.
The tops of the two zones are separated by spin-crbit interaction: this is
diseussed by Phillips (1964) who predicts o small separation (0:07ev) for
nickel and in detail by Friedel #f al. (1964).

Figure § showse the separate d bands caleulated by the tight binding
method for {body-centred) chromium by Asdentet and Friedel (1861, 1562},
These curves show very well a broad central band.  These bands also show
a cdegeneracy ab the highest point, which in this case is at one of the corners
of the zone,

When ene comes to consider the hybridization of the s and d bands and
the vesulting form of the sub-bands, there will of course be six sub-bands.
The lowest is s-like at the bottom, d-lke at the fop; the highest is d-like
at the bottom and s-like at the top.  The intermediate bands will be rather
thoroughly mixed wp.  Figure 7 shows a freehand sketeh of the way the
combination could oecur,

Figure 8 shows schematically the form of the density of states in the
six sub-bands; the curves are drav freehand using the plots of £ against &
shown in fig. 7.

Figures 0 {a) and 9 (b) show the total density of states for ivon, caleulated
by Comwell and Wohifarth (1962) and by Wohlfarth and Cornwell (1981)
from Wood's (1060} calenlations of £ as a function of k. They differ in the
number of points in the Brillouin zone for which caleulations of ¥ have been
made. The existenee or otherwise of these sharp peaks is a matter of
considerable interest?. to which reference will be made in this article,

The minimum in the 3d band, or rather in the 3d band hybridized with
45. which the caleulations show for the body-centred structure, has, as we
shall show, a marked effect on the physical properties of body-cenired
alloys.  The observations of specific heat and other properties suggest a
more marked minimum than the caleulations give (§11). On the other
handl. for fLe.c. alloys we know of uo convineing evidence forthe existence

t 1 am grateful to Miss Asdente for showing me the unpublished results she
had obtained on the separate forms of the sub-bands,
7 The general theory of kinks in the N{E} curve has been dizoussed by Van

Hove (1953} for phonon spectra and by Phillips (18536,
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Fig. 8

N{E}

£

Trensity of states for two d sub-bands at the top of the € band for alckel
{sohematiol. A small separation 5 iz to be expected due tospin—orbit
interastion.

N{E)
h'a

/
Y

Density of states for the five 3d sub-bands of chromium calenlated by Asdente
' and Friedel {1861, 1B42).
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of such a minimum, and the most recent calowlations for sopper do not i T
snow ope {Burdiek 1963).  Bardick’s N(&) curve Tis shown in fig. 10,

Wood (1960) has emphasized that wave functions of elechrons in the a0l
lower half of the d band, of bonding type, have o, reasonsbly large smplituds _

&

between the atoms; those in the upper

half, for which there are usually

T

4 . ~ - - - - o
nodes between the stoms and which are therefore of antibonding type, have =, o!
wave funclions much more like those of free atoms. A skeboh is given in i f
fig. 11, z

of

Fig 7
T
7 08

1

&=
i
S

e 1

L
o

Showing schematioally hyhridization of 3 and d bands {BEvetta 1062},
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¥ Hecently Spieer snd Berglund (1964) have made obgsrvations of photo-
smission from copper to determine the form and width of denaity of states of it of st
the d band in this metal, finding & width (3-8 ev) and form very similar fo {m) DPenzivy 2 s
that calovdated by Burdick. - {\1%"“ A
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{n) Density of stabes o af bady-centred iron, caloulated by Comwell and Wohlfarth
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2
I
§4. CORRECTIONS T THE FOBRM on tur d Bawps % Hybridization bejm-
4.1, Jome Bffects of s-d Hybridization 0 E;; situation H;i}z;i
. e 5-1ie 1T BOMe (U
The calenlations that have been made by the sugmented plane wave and B Z}‘; Fermi surface for
other mothods of the band forms for coppet and for the fransition metals 8 ' i:;(iifiea,tioﬁ% o Wom
show that, while it is usually possible o see which parh of the plot of & o fzqﬁiv pa r’;af the Fer
against & is the original s band, the effech of hybridization is substantial. Y :
Figure 12, taken from Segall’s {1661) paper for copper, shows the extent of
this hybridization. Near the Fermi surface in sopper, therefore, the values
of & for a given value of & are considerably rossed by the admixiure of 3d.
In certain dirsctions howsver, notably (111), symmetry properties prevend
this admixture between 45 and the higher 34 branches, as the figure shows ; 1 ¥
the two curves oross and thersfore in these directions the energies are not
raised; of course at the wone boundaries they will not be raised anyhow.
Fig. 10
s0-
30
e )
® P
= i M
gg P
== !
] 1 ! 5
g i H
£ 3 : ' : - . o
g ; F Plob of radial wave
&4 i : : atomic wms,
20-4 : | hand, the ot:’iﬁ
: The dotted lir
0 ,:‘ Z £z D34y .:_ lower Bﬁergy
/ Lol . for the state :
; L e — - : between atom
9 e by . S — band and tha
¢ = ENENGY +,939 {4 KroBERGS) 0 e _
Density of states for copper, calculated by Burdick (1963). Not all the s The s-d hybrids
bend is shown, and the s and 4 bands overlap in the usual way. cohesion of copper
~are empty. Ibisp
ghe r'ijsmg of the energies at points other than ab the zone boundaries - the well -known dis
and in the ;

{HLY directions certainly contributes to the distortion of the noble metals and
Fermi surface which has as ite consequence the touching of the (111) faces E Wigner—oeits met
of the Brillowin zone by the Fermi surface in copper {(Pippard 1957) and e tions of. Mot 196
the other noble metals {Shoenberg 1960, 1962), sinee electrons from other 5
regions near the Fermi surface find states of lower energy near the {111)
directions. The raising may be even greater in nickel or pailadium sines
the d band is higher, which way lead to the Fermi surface of the conduction
band even in nickel (with 05 electrous) touching the zone boundary (cf.
Phillips 1964 and §8),
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Hybridization between s and d functions is Likely in some metals fo lead
40 o situation in which parts of the Fermi surfacs, in one Brillouin zone, are
g-tike in some directions and d-like in others. This coocurs for instance on
the Fermi surface for chromium which Lomer (1862} has calculsted using
modifications of Wood’s wave fumetions forivon.  Tigure 13 shows schema-
tioally part of the Fermi surface as estimated by Lomert,

Fig, 11

041

atomic units. The curve marked ¢ iy for the highest stale in the 4
band, the others (o, b) for decreasing values of the energy perameters,
The dotted line is for the free atom. It will be seen that for the states of
lower energy there is only a small dip in the values of 4 between atoms;
for the state of highest energy, on the other hand, whers there ig a zero
hetween atoms bhere is little difference between the wave function in the
band and that of the free atom, which iz shown by the dotted line,

Plot of radial wave functions ¢ for d band electrons in non (Wood 1560}, In

The s—d hybridization of occupied states will cerbainly contribute to the
cohesion of copper, if as Segall’s caloulations show some hybridized states
are empty. 1t is possible that this hybridization is sufficient to account for
the well-known discrepancy between the observed cohesive energy of the
noble metals and the contribution of the s electrons caleulated by the
Wigner—Seitz method (Kambe 1855 ; for a review and some other sugges-
tions of, Mott 1962). It may also account for the eohssive properties of
the transition metals,

Tn spite of the probably rather large effect of s-d hybridization, we shall
in this article suppose that 15 is a useful first approximation fo calenlate 8

+ For molybdenum detailed ealenlations by Albmann (1964) also confirm this
formm.

A7, 28
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end d bands separately ; Lomer {1982), Phillips (1864} stress this. Onecan
then shift the d band-—or that part of it which contains ferromagnetic
stectrons—up and down on the energy scale as the magnetic moment varisst,

4.2, Some Effects of Dorrelotion in the 4 Bond
A% the firae of writing, there is considersble uncertainty about the offocs
of eorrelation botween clectrons in the d and s bands, and the guestion iz of
major iseperbance for our interpretation of many phenomens, partionlarly
ferromagnetism,  The point 2t isgue is the following. There must enger
into any theory of the ensrgy of o transition metal in the atomic or metallic
state an indegral of the fype:

e [, Mrd b M rad (88 ra) b, (ry) (e} dor dir

Here o, 4, ave atomic orbitals {or in the metal Wannier orbitals) for twe
electinne on the some alom, either in the same d orbital (r =n"} or in differont
4 orbitals {n#a’). In the first csse ibo infegral represents the energy of
electrostatic repulsion between two slectzons with antiparallel spins on the
same abora, n the latber case for electrons in different orbitals with either
spin direction,

Asg emphasized n different connections by Van Vieck (1953), Andevson
{1961) and Kanamori (1863), this integral is of order 10ev, and thersfore
lorge compared fo the band widik (o, 4ev).  Ttis sharply to be distingnizhed
from the intrg-atomic sxchange energy J

of == [, Mr G, Bl (B r o d () b (e by by,

which s order 1ev, and which gives the difference in the energies of two
sloatrons In stales ¢, b, on the same afom, when they have thelr spins
paratiel and snfiparallel, the former state lying lower (Hund’'s rule).

Of the published diseussions of the effect of so large a value of T, Fiubbard
(1963, 19645, b} has shown most clearly that the effect of a value larger
than the band width would bo to split & band containing sn integral number
of slastrona per atom inte a nomber of sub-bands, each contalning ons
slectron per atom, and with no Fermd surface and making no contribution
£ the condustivity. This of course is just what doss happen to d bands
in mest oxides; pure nickel oxide, for inshance, iz an nsulator ab low
tomperatures,  Transition metals, on the other hand, have a non-integral
number of 4 electrons, and $his is possible because of the presence of the s
electrons which can and do fake up » noun-integral number oo, Metallia
nickel, for instance, might be made up of ions in the states 343, 8d% and 34¥
(Mot and Jones 1938},

Now if the sffect of 2 large integral U is the same 22 15 would be in the
absence of the s slectrons, the state 3d° must be almost completely absens

+ Phillips and Mabtheiss {1983) find that for nickel the shift AF, for the s
band is comparable with that fur the d band,
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beeause of the large repulsion U7 between the holes. Kanamori (1983}
treats nickel on the assumption that this is s, comparing the sibuation
with nuclear matter or liquid helivin., Other authors, whose work is
reviewed in the next section, ascribe ferromagneiism in nickel to the
intra-stomic exchange integral J within lons in the state 3d%  Whether
{7 is greater or less than the band width A is thercfore & matter
of considerable importance.

If U7 is o be brought down fo a value of (say) 1ev, when it can have litile
effect, this can only happen through the screening action of the s elecirons,
Kanamori {1863} and in a rather different connection Anderson (1961)
(sze §7) state rather categorically that it cannot. Herclng {1960; see
also footnote on p. 223 to Van Vieck 1853) has taken the opposite point
of view. Although the matier cannot be considered as setiled and there is
1o conclusive evidence one way or the othert, we think i probable that the
former authors are wrong.  Our reasons are as follows.

In nicks! we know thationsin the states 3d*® and 3d® are present, although |

the energy reguired o take an electron from & nickel atom in the state 3d'9
to form an ion in the sbate 3d%is about 6 ev, That the repulsive energy U
does not prevent this must be because of s-screening. It is lmportant to
remember that in the metal each atom tends to remain neutral, so there will
be very fow s-electrons on the lons in state 3d%, but about one per atom
{not 0-5) on the jons in the state 3d%  The atiraction bebween the ions and
these additional s electrons must compensate for a considerable part of the
10 ev or 5o of repulsive energy represented by U.  If an ion is in the state
308, there will be two s slectrons sereening i5, and since in the atom 3d% 452
is the lowest stabe, it would be surprising if they could not sereen out most
of the repulsive energy in the metal too.

The belief that s-sereening cannot do this has arisen presumably because
the radius of the d shell is about 0°4 4 {fig. 11}, while the screening radius
calenlated in the convendional way for about 0-8 free electrons {e.g. Langer
and Vosko 1969) gives a larger value, about §-7 4, so the piled-up charge
round the 3df fon cannot compensate for the self-cnergy /. Hubbard in
fact using screening by free elecirons gets rid of about half the 10ev, Bus
the use of free electrons in #his context cannot be adequate. 1t is character-
istic of the tranaition metal atoms that the penelration of the 4s electrons
inbe the d shell does lower the energy sufliciently for the states 3d% 45® 3d% 487,
3410 in nickel or 347 482, 342 451, 34® in coball to e within 1 {0 2ev of each
other. We think this is probably s6 in the metal. The atomic cell will
remain -sutral and round an ion in the state 3d% (in nickel) the orbitals
of the two s electrons with sntiparallel sping will both penetrate the d shell
in such s way that their interaction with the nuclear charge will compensate
for {/.

Van Vieck 1953, in & footnote {(p. 223) in which he refers to Herring's
views, gives essentially this argument. We consider then that if a transition

T Execept perhaps that of §15 of this article.
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metal had a single state, e.g. 3d74s', isolated by o large energy interval
from those of other configurations, the d band would behave like NiQ with
no Fermi surface ; if 3d%4st and 34 alone are close together one shouid get
amon-integral number of d electrons, and thus a Fermi surface, bub possibly
with strong vorrelation; but that the proximity of 348 45? enaures that the
correlation energy is small.  But whether it is amall enough to prevent U
from having the effects predicted by Hubbard and Kanamorl remains
uncertain.

Tgr the rare sarth metals, on the other hand, a value of {7 even after
sereening very large compared with the 41 band-width certainly exists and
has the expected consequences, Thus most rare earih metals have an
integralnumber of 4felectrons per atom.  Thee vidence that weshallreview
in § 14.9 suggests that yiterbium is an exception, and thaé the number can
be varied by pressure. However, it does nof vary smoothly through an
integral value and at the integral value the Fermi surface seems to
disappear, just as Hubbard’s work would prediet. In §15 we shall give
evidence to show that here the screened repulsion between holes is great
enough to prevent two holes from heing in the same ion,

§ 5, Tur OrioIy or FERROMAGNETISM

Some recent dizcussions are due to Herring {1860), Friedel of al, {1061),
Ruljgrok (1963), Anderson (1063 a, b}, Brooks (1963), Mattis (1883) and
Kanamori (1963). On these, fo & greater or less extent, the following
discussion is based,

Tn any discussions of this problem it ig convenient to distinguish between
different kinds of material:

() Non-metals, for example salts and oxides of the rare earbhs.

(b) Metals (e.g. rare earths) in which the magnebic carriers are properby
deseribed by electrons in localized states in the sense of £2, as they are in
case {a).

(¢) Ferromagnetism due to dilute solutions of {ransition metals in other
metals (e.g. manganese in copper).

(d) Metals such as nickel, cobalt and iron in which the ferromagnetism
is due o electrons in a partty filled band of strongly 3d-like character.

Tn case (@), that of non-metals, Anderson’s (1963 %) recent discussion I8
lluminating.  He first makes the case that, since these maferials are non-
conducting and have no Fermi surface, the magnetic carrers must be
deseribed by localized wave fanctions in the sense of the ideas put forward
by the present author (1944, 1663 and hy Hubbard {1863)) and described
in §2. On the other hand, these localized functions should not be the
simple wave functions of the free jons. bus the functions of ligand field
theory which are hybridized with the Zp orbitals of the swrounding oxide
jons.  These hyhridized orbitals extend farther from the ion than the
wave Tunctions of elevivons in s free fon, and thus allow overlap at large
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distances. Anderson then discusses the exchangs interaction J; between
two localized orbitals i, ¢, in a potential Vir), which is given by

3
S
- 2 5% [T
Jy= ffm"; Ary o oy g (g™ i)
fry~ryl

—Z ey s {eyyde | d* (v} Vilyin) dr, {1}

If the orbitals are orthogonal, the second ferm vanishes and oJi; tanst be
positive, giving ferromagnetic interackion, since the integral is the mean
value of efr;, integrated over the charge distribution ¥y, IE the
orbitals are not erthogonal, the second torm way lead to antiferromegnetic
interactiont,

Anderson argues thet in the sense of the Hartreo-Fock approximation
one mouet use orthogonal orbitals for elestrons with parallel spins, bub nob
for those with antiparallel spins for which $he functions P{r) yis} for spatinl
and spin coordinates are orthogonal anyhow. Thus if the configuration is
antiferromapnetic, we may assume non-orthogonal orbitals and seek 1o
minimize the energy by forming Wannier type funcions of form
gt —r)4af{r—v,) and treating ¢ as an adjustable parameter. The
result, a combination of exchange of type (1) and direct interaction, is the
‘superexchange’ emergy. On the other hand, if the interaction is ferro-
magnebio, direct exchange between orthogonal localized orbitals is all that
one has o consider.  Oue has to ask, as for ¥ » which arrangement gives
the lowest energy. Ferromagnetism is fikely to cceur, then, if the overlap
integral is smaall for reasons of symmetry, as for instance when & d S+ orbital
averlaps & d, orbital, and antiferromagnetism otherwise.

In insulators the magnitade of the interaction must f2i off exponontially,
though its sign will in general osciliate with distance at large distences
{Bloembergen and Rowland 1955).

In cases (b} and (2} the magnetic sloctrons are vsually freated as localized,
while the conduction electrons are not - case {c) {dilute alloys) is discussed

+There is an interesting theorem published with acknowledgments 1o
" Wigner by Lieb and Matiis (1982} stating that two electrons in their ground
state in any field must have zero spin; it follows that T, must have zero apin
for ol interatomic distances. It iz well known that the exchange integral
between the two (non-orthogenal) atomie functions Wlr—ry), d{r—r,), used in
the London-Heitler approximation s negative. On the other hand ons could
sbart with two localized orthogomal orbitals of Wannier type
b (rmry) e (r 73}
and ’

hlr—rdmah (v —n),
which would give a positive overlap ntegral and imply ferromagnetism,  Since
Wigner's theorem shows $his o be wrong, the tolal energy corresponding to this
function must clearly be higher and # thus is 2 less good approximation o the
true wave function of the ground state. This simple example illustrates the
pitfall which may srise through qualitative discussions of the sign of exchange
integrals based on Wannier functions.
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further in§7; in case {b) (rare earths) we have given reasous in § 2 (absenoce

of 5 Fermi surfacs in a 4f band) for cousidering it sssential fo use localized

funetions. Some interaction may oocur through the hybridizetion of the

4f orbitals with the orbitals of the conduston electrons, in the same way
a9 in saltz of the rave earths with the Grbitaia oi the anions. DBrooks
(1963, p. 14) gives a qualitative discussion of this, bul we do not know of any
guantitative work.

Undoubtedly, however, a very important paré of the interaction is the
oseillating term failing off as ® mtro@ zoed by Rudermen and Bistel (1954},
Yosida (1957}, Blandin and Friedel (Ez 84); this ecours vis the conduchion
electrons, depends on the existence of & I‘@rmx surface and g a conseguencs
of exchangs or other interaction between the locslized magnetic carriers and
the conduction electrons. The argument is as follows. Any local per-
surbation spplied to the wave functions of an electron gas, which produces a
phase shift in the Bloch functions i, mdu},mg those at the Fermi surface,
will produce an oscillating variation of charge density which falis oif with
digtance ¢ from the perturbation inversely ss some power of . If the
perburbation has a reoment, then the charge densities in these oscillations
for conduction electrons with the two spin directions will differ from each
other. Ifthe momentisdue toelectzons (notnuclel), the caseis thattreated
by Yosida (1957) and investigated in greater debail by Wollf (1960), in
which the phase chift is due $o emhange interaction, This givesrise o an
interaction snergy which falls off with distance B between two elementary
magnets ays {2k, K}, where

Filxy={zoosr—sinzfa?, {2
and where &, 1s the wave number a4 the Fermisurface.  Since this funetion
oscillates, the interaction between a pair of elementary magnets may be
ferromagnetio or antiferromagnetic,

Case (d), which includes fron, cobalt and nickel and their alloys, forms
the main subject of this article. Here the carriers are electrons in unfilled
d bands in which there is a Fermi surface, the saturation moment Per aborn
in unite of Pa is normally non-integral and the confribution of orbital
momenbum is small,

Tt is in this feld that the greatest uncertainty Hes, There is fivet the
question of the mavné‘mde of the correlation energy ©/. This has been
dizeussed in §4. Treatments by Slater ({1936), Friedel (1955) and
implietlyt Phﬁhm (1964) assume that it s not large enough 1o prevent two
carriers {elestrons, holes) from eoming ondo the seme abom, s0 that the
origiv of ferromagnetism is the intra-atomic exchange coupling rosponsible
for Hund’s rule. Hanamori (1063) and Hubbard {1063, 1864+, b) and
Gatzwiller {1964) take the f}p@@s%@ point of view and find the origin of
ferromagnetism in the strong repulsive energy bebween olectrons with anti-
parallel spins. In their fmaiyhus, the tendency to ferromagnetisme arises

+ Phillips states “we soncluds that the order-ol-magnitude agreement
obtained by Siater is sti the best guide 7.
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because electrons with antiparaliel spins, since they cannot move onto the
same atom, have less volume to move in, so their kinetic energy is increased,
Electrons with parallel spins are of course prevented from moving into the
same orbifal in the same atom by the symmetry of sheir wave function, but
this does not affect their kinetic energy (e.g. R am,.  Hubbard,
asstming a large value of U, finds the quantity AZ (to be defined below) due
to this cause to be about O-Bev in nickel, which is the same as we shall
obtain from intra-atomic exchange, and so on these grounds one cannob
distinguish experimentally between the two mechanisms,

This section is written on the assumption that U is small for nickel, and
some of the arguments might be affected if this were not the case. For
cobalt, as Hubbard points out, the states 348 and 34° muss be prasend in any
caseif the number of holes in the d band isless than twot, so theintra-atonic
exchangs interaction in the ions in the state 3d® must contribute fo the
ferromagnetism whether or not a large repulsive energy {7 excludes 347,

The second uncertainty concerns the proper desoription of moments
which can persist above the Curie temperature in the band model; this we
shall discuss later in thissedtion.

We turn now to the deseription of ferromagnetism as duo to exchange
interaction within the atom.  We go back first to the treatment of Slater's
early paper {Slater 1838), and introducs an energy W for each pair of
electronsy, which is the difference between their energies when they arve
parallel and antiparalicl, both electrons being in Bloch states normalized
to one electron per atom and their wave numbers k being unchanged. The
state with spins paratlel will always have the lowest energy (Hund’s rule),
so there is here a tendency to ferromagnetism, which will acour when it
can overcome the increase in the Fermi energy which will result from a

magnetic momens.  The condition for ferromagnetism is§ (see for example
Triedel et al, 1981):
W N(E e 1, I £ 3

where v is the atomic volume, If condition {3} is satisfied, either the
electzons or holes in the d band will all be Hned up, as in nickel, or an

T If the large negative polarization of the s band whish we refer to below is

confirmed, the number of holes in the d band must be almost exacty two.

Sinee cobalt shows a large value of y and other properiies of an incomplete

band, it follows that 17 is small enough to avoid splitting the band in the sense
of Hubbard’s work. In other words, the cobalt jons cannot all be in the state
348, and since the number of holes is integral, there must be a comparable
weight of 3d7 and 34%. Thisis perhaps the strongest evidenee against any large
valne of 7 inhibiting the presence of any of the three states for cobalt,

TH will depend on the kvalues for the two electrons ; in this kind of
discuszion some kind of average must be nnderstood.

§ This is really the condition that the energy is lowered by a smaell pelarization
ab the Fermisurface.  The condition for a large moment will involve the valne
st N (E) over a congiderable range of B! (3) has been generalized for this caze
by Shimiza snd Katsuki (1064) and Shimizu {1964},
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equilibrium is reached such that o small change in the moment is oxactly
halanced by a small change in the Fermi energy, as in iron. Shimisu
(1864} gives for (3) for nickel and iron 1-28 and 1-13 respectively.

This model, taken Iiterally, is the pure collective-electron treatiment in
which no deseription is given of the localization of the spins in space. Its
conseguences, particularly as regards the Carie ternperature and behavionr
of the metal above it, have been worked out in detail by Btoner {1847 and
Wohlfarth (1949 &), This work will be reviewed in the next section. It has
however been, criticized by Friede! ef al. (1961} who believe that condition
{3} is the condition for the existence of lotafized moments which can be
coupled antiferromaguetically as well as ferrornagneticaily ; the possibility
of either sign of coupling follows also from Mattis’ (1863) work. We
bellove thai this interpretation of (8) may be correet, and shali reburn %o
it later om.

However, we shall firet consider ferromagnetism at the absolute zero of
temperature.  Condition (8) cerfainly suggests thal ferromagnetism shounid
ho confined to fransition metals, for which N(E,) Is large, while W may not
be correspondingly small because of intza-atomic coupling, as we shall zee
below. There may in fact be some correlation between a high value of
N(E,)and the oecuarence of fervomagnetism ; thus Wohitfarth and Cornwell
relate the ferromagnetism observed in the Se~In alloy system (Matthias ef
al. 1961) bo the first peak in the caculated N{F) curve reproduced in fig.
5 (k), thongh the argument is not very cogent since $hese alloys are hexa-
gonai,

Tngbead of W, it is convenient to iniroduce the guantity AF, which
represents on & fignre such as fig. 14 fhe shift along the energy axis of the
spin-up band relative $o the spin-down band when the magnetic intensity is
satarated, or in other words the energy required o reverse the direction
of the spin of an electron with wave function /i, without changing its wave
number. AK is the value of this quantity at the absolute zevo of tempera-
ture, where the magnetic infensiby has its maximuom value. In terms of
the quantity W already defined, if this is the same for ali pairs of electrons:

AE =W,

where n is the excess number of apins per atom pointing in the direction
of magnebization. In terms of the ‘molecular field” H of the Weiss
phenomensclogical theory:

LF =2ug H,

Tn Wohlfarth's terminclogy AK = 2L, in Matsly’ AF =24,
Some of the most important papers estimating AE are those due to
later (1936), Van Vieck (1983), Friedel {1435), Phillips (1684 and
Threnreich ot ol {1963),  As applied to nickel, very varving results PANgIng
from 0-5¢v 0 2ev have been suggested. We think, following Slater,
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Friedel and Phillips, that if AF is mainly due to intra-stomic coupling and
the effect of U is not large, AE should be the product of :

{a} The energy differenice W, between the states of the froo atom
for which two spins of elecizons in an incowplete d shell are parallel or
anbiparailel

{6) The chance that an electron with given spin finds itself on the same
atom as snother electron with & gpin which may be paraliel or snfiparaile!
10 it

Applying these ideas 4o nickel, one has to consider the stabes 34%4e of
thefree atorm, Relevanistates are 5% in which the two d holes have paraliel
spins, '3 in which they are sotiparaliel and in different orhits, and (G in
which they are in the same orbit.  Their excitation energiest are:

Btate Wave number Hlectron volis
Ty 02218 32
R 13821 il
e 22102 1-9

Thus 1-1ev is the energy W, required to reverse a spin if the clestrons are
indifferent d orbitals.  As there are 0-5d holes per atom, the shance that a
given hole finds #self in the same atom as snother one—ie, in an lon with
configuration 3d%, may be taken to he 05 i it is assumed that shmple
stafistical considerstions are valid. This would give:

AF B x bl == (-380v,

This sesms in rough agreement with Phillips’ (1984} sstimate and with
deductions from expsmiments on alloys based on the rigid hand model
(548, 16}, bub rouch less than that (2ev) of Bhrenreich of al. (1883},

For iron, with two magnetic electrons per atom, an electron will normally
find more than one other electron on the same atom with the same spin,
and we should expect 55 o be greater than the intra-atomic coupling, and
thus greater than W, , 1. greater than 1-1 if the valne of W, is comparable
with that in nickel. Experimental estimates of AF range from 1 0 2ev, as
we shail see below§.

T Compare Slater {1838, table 1},

1 This would be correct if only states 3d8, 3d¥ and 34% were present ; the
welghts of the three states wouldbe §, 1§, Friedel (1955, formula 15} gives the
statistics if it is asswmed that o 4 shell can eontain any number of holes, Thiz
we eonsider to he unlikely because only a positive charge equal or less than e
can be screened by penstrating 4s orbitals.

§ In the atomie spectra of iron states with the configoration 3d® ¢s? and 337 48t
have energies ciose together, but the state with cenfiguration 3d° has ensrgy
4 ev higher {Moore 1952}, If we are right (§ 11) in aseribing 0-0 s clectrons per
atom to iron, this means that 3d® must he present in the metal. But owing to
its high energy its weight must be small, and =0 the weight of 349 ranst be small
too, which would imply a large correlation energy in this metal,

In cobalt 34" 487 is the ground state, with 3d5 4s! very near to it and 3¢° with
an excitation energy of less than 2 ev,
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These crude estimates assume oifectively that the slectrostabic inter-
avtlon belween carriers, that we have denoted by [V in §4.2, when soreened
by s electrons is small enough not greatly to affect the weight of the state 348
in mickel. As we have already stated, Kanamozl (1963) and Hubbard
{1863} assume just the opposite, as does in a different connection Anderson
{1861y, We have already given reasons for believing that lons with the
comfiguration 348 are unlikely to be absent in mefallic nickel, as 3d5 48"
i the lowest statein the free atom . The best experimonial esbimate of AF
{of. 8} is somewhat below (-55ev, and this may be due to the effest of 7
in cudting down the weight of 3d%

The polarization of the s band by the maguetization of the d band is of
interest in interpreting the ohserved magnetization. Two terms affoct if,
and their signs are opposiie

it

{g) Exchange coupling bebween d and 8 elecirons, whish givea polariza~
tiom in the divection of the magnetization, in the sense of Hund'srule. Thus
in {atormic) nickel with configuration 34® ¢s it needs about &35 ev to reverse
the spin of the s electron relative fo the magnetization of the 3d shell. An
anaiogous effect must exist in the meial.

(%) Due to 54 hybridization, the energy of the Fermi surface is iikely
to be raised, as aiready explained in §3.  In ferromagnetic metlals, sinos
owing to the exchange interaction AE the spin-up d band Iies higher on the
energy scale than the spin-down band, hybridization will push the spii-ups
hand to higher energies than the spin-down.  Thus clecirons willmove over
into the spin-dewn band, giving polarization In the oppesile dircetion to
that of the d electrons,

The total polarization toay thus have either sign, Ity magnitude s
not yot certain. Tt has of course a large effect on the total effective mag-
netic feld at the nuclous (Marshall 18958) but thers ave obher comparable
terms, notably the terms, usually negative {Goodings sud Heime 1560)
due #o the distortion of the inner s shells ag o consequence of exchange
interaction with the magnetic electrons.  As vegards its magnitude, in
nickel Phillips (1864} following other authors sstimates it to be +0-1uy,
leaving 08 uy, for the d band. For iron {Shull and Yamada 1862, Shull
1963} and for cobait (Moon 1963) give evidence from neutron diffraction
that the 4s sloctrons earry a negabive moment (e, antiparailel to d
electrons: of — 021 up and — 28 pyg in the fwo cases. The evidence
comes from sn analysis of the spin-up electron density fowards the
boundaries of the atomic cell. This is thought to be due to the =
elecirons, and Vosids-type oscillabions are uniikely to produce any
reversal in the interior of the. atom. Recent experiments on positron
annihilation (Mijnarends and Hambre 1084), confirm this order of negative

&

+ This is not ac in palladiom where the first state 408 532 lies about 2 ev above

the ground state 449 and nearly as much above the lowest state with con-
figoration 4d?® 55t Professor Vogt has suggestad to the author that this may

i £ 3 g R - . . S i wengake )
acoount for the absence of ferromagnetiam or antiferromagoetism in this mebal,
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polarization for ironf. The estimate given by Denlel and Friedel (1963) of
+0-12 py seems therefore incorrect, and for the pure metals the following
values seom plausible (In units of ugy):

Moroent (obs) Moment{s) Momens (d)

Ni 06 01{7) 05
‘o 17 03 2
Fe 22 ~0-2 24

The next question we have to ask is whether the exchange interaction W
18 abways large enough fo ensure that the magnetic carriers (elecirons or
hioles) in the & band 2!l have their sping oriented in the same direction, o1 in
other words whether the spin-up 4 band is fulll,

This of course is not necessarily the osse; polarization may be partial.
Home of the most direet ovidence comes from the study of alloys, to be
veviewedin§11, Innickel however polarization of the d band is complete ;
Phillips (1964}, foliowing Thompson ¢ . (1964}, gives evidonce that the
top of the fuil & band for spins parallel $o the field is &1 ev bolow the
Fermi surface (the experimental results suggesting a term exp {— AW/&T)
with AW =01 ev in the curve plotbing saturated magnetic intensity againgb
). Iniron, on the other hand, it has been suggested by many authors§
that the magnetization of the d band is %ot saturated, and the evidence now
seeris conclusive, as will be shown subseguently in this artisle. The
evidence to be reviswed in § 11 shows thas the density of states in body-
centred iron is roughly as in fig. 14 with the Fermi level for electrons with
spin-up and with spin-down a8 shown by the vertioal lines. The ‘molecular
fieid” 1g strong enough or in other words W is large enough to push the spin-
down Fermi level to a point in the minimum in the ¢ band, but no farther,
To push i through the mintmum would take a large value of W, because
to do so would ralse the Fermi energy more rapidly than in a region of high
density of states. The condition for an equilibrium of this sort to exist is
the following. Let B, F; be the energies of the spin-up and spin-down
Permisurfaceinfig. 14.  Thus the energy required to take an electron from
one fo the vther, with change of spin, must vanish, so that -

A=W =5, —E,.

T Shirane ef of. (1963), in a Missbauer study of iron-rhodivm alioys, conclude
that in these slloys the s electrons may have positive polarization.  The Teason s
that according o neutron diffraction daka, in alloys with sbout the same
concentration of bobh metals, the iron carries & moment of 32 pyy contrasted
with & maximum valae of 28 uyy in the sompsrable alloys of Fe—Co or Fe-Ni.
if our model Is correct, the d electrons cannot contribute move than about
3 sy, 50 the s electrons must be making & positive contribution.

1 Obviously the question may only have meaning in the approximation to
which s and d bands are separated.

§ Stoner (1947, p. 20 of his review article), Wohlfarth (1049 a), Friedoel
(1054). Coles and Bitler {1956) (the explanation given there of the proporties of
Fe-Al cte. is not in secord with that given in this article), Mott (1662)
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This may be writien:

B
W= (5, - B f ; NiE)AE,

¥
where ¢ is the stomic velume. If N(F) is small over a range of B,
the numerstor will Increase proportionately more rapidly than the
denominator as ¥, enters this region, so the right-hand side will incroase
and may become ognal o W, even though the ineqguality {3} is sadisfied at
the Fermi surface,

Fig, 14

NIES

E

fchematic density of states N{H) for body-centred transition metals, with spin.
up and spin-down Fermi levels marked for iron.  The point A marks the
ppper 1mit of the d band.

To show with & simple model how this might work out, we take for ¥(E)
for each spin:
s N{fy=4, H>H
=8, H<i,

where 4 5. Suppose that in the paramagnetic stato there is one electron
per atow with B, > B, Buppese that in the forromagnetic state the spin-
dowmn Fermi limit is at v eloctrons per atom to the low energy side of By,
the spin-up 2-v $o the high energy side, so that the moment is (2T 2v)uy.
A siraple ealoulation shows the condifion for equilibrinm to bs:

2
:’é" =
The right hand is positive, this being the condition (3] for ferromagnesism.
There will be an equilibrium if the quantity in the square brackets is positive,
and thus if B is amall enough., Morveover, if W and 1/4 arve comparable, »
is of order B/A and thus small; the spin-down Fermilimitis held aba small
distance frorm 7, In the vegion of small N(F),

FLo1 T
Wt g mEW =2
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In the f.o.c. alloys thece is no experimental evidence thai any sharp
minimur exisls, or that the metal or most of its alloys are normally other
than saturated, though a depariure from saturation certainly occurs in
face-centred Ni-Fe alloys for a proportion of irow above 78% atomio as we
sia,hai see below.

Ve turn now to the guestion whether condition (3) is in fact the condition
f(}i" ferromagnetism, or whether 16 is the condition for the formation of
localized spins on each lattice site, which may be 60&';)19@_ ferro- or antiferro-
magnetically, as frst suggested by .Frie(?m g al. {1881}, see also CGautier

{(1843),  Their arguraent is as follows.  They consider the effect of intra-
aHOTIG X ,,scmg@ coupling W within ove don on the cloctrons described by
Bloch wave functions 4, in the pama!;"’ occupied 4 band, Y the con-
dition (3} is s&uzbfwuy their conclusion is that ¥ will nroduce a local nolar

tion; thatbis to say that locally ¢, near the Fami level a-!;a’i! have diffierent
vafues for spins upand down, T bey suggost that the excess spin density
shonld oscillate in the way already deseribed as Toiiemug from Yosida's

work, though quantitatively different hecause we bave to do with a d band,
Fig. 15
Ay

A

e 25

A

Change in excess eleatron density Ap for a given spin divestion as a function of
distance from the moment {Friedel a‘ al, 1961). A denotes 1k

The type of oscillation s shown o fig. 15, the wavel englh should depend
on 2k, whers &, iz the (Ly( aged) wave number at uh e Fermi surface.
Wo refor fo the infograted moment as the moment on the ion.  Betwesn

these moments there will be an oscillating inberaction of Yosida tvpe

transmitted W the 4 electrons themselveos as well as the g electrong, and
whit %‘ the ufrh not given guantitatively by ega. {2}, may have sither signt,
The conseguences of the mods! are:

{1y The interaction may be either ferromagnetic or aﬂtlfm'mmag rebis,
the former being Tavoured by a small value of k. This conclusion is also
obtained by Mattis (1963},

PR AN A1
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sge coupling W, In which case we would expect coupled

T Giovannind ef ol (1964) point out $has the amplitude and phase of oseilla-
;p:;n«w cound a localized ”nagnat ¢ moment will depend on the exchange energy
between the Bloch orbitals 1 no such effoct is indluded in this analysis.
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spins to survive at high temperatures ; they probably deiniron, and notin
chromivm where the entropy x,}%smgo on going through the Néel point i
mall {¢f. §11.2), The persistence of moments will be discussed later in

&

$his arbicls.

I these considerasions are correct, the positien of the minimum in *é;h{%
N{E) eurve, or the botsom of the nd in the ahsence of a minimum,
should debormine tho size of the individus] moment, whether the ma %@1‘! alis
i{a}‘r@m&g:}e‘tzc or antiferromagnefic.

The case of face-centred fron and s alloys is relevant 4o these
considerations. Haee-cenired fon has Deen discuesed by !w}twman ef {éZ
{19638) and by Weiss {1963, 1364}, nocor
slectronic states, o ferroma i

T R
-
93

;

tiz one with

stom, stable atb high femperatures, and at low te’?(mwat%émf« an anbiferro-
E‘“

magnedio state with morcent am}ui 95y Both can be stabilized by
suitable alloving,  According io Weiss {1(}{;43 the atomic volums of %?m
anbiferromagnetic form s 6% smaller than the fervomagnetic.  The
sroaller moment of about 05 uy haes alse beon observed by neubron scat-
tering in several austenitic {{oo) sleels by \am@m and Fiokart (1964),
In terras of the sbove model the large moment {38 4y, which ‘ﬂ« ing account
of orbital momend and the g—f&ct@x means 27 carriors) suggests that the
minimum in N{F} near chrominm which Beck’s $11) show so
clearly for the boeo. allovs may be absent or less marked for the fe.c.
structure and unable to prevent o E he holes in the d band from lining up.
We shall find later thero are 2-9 holes per afom in iron and if the ¢ band
polarization is —O0-2uy 28 In a-dvon, this just fits.  The smeaell moment
{0-3 uy) suggests that there must be a *aynjnmzm i N a small way
below the paramagnetic Fermi surface in fc.o ivon to siabilize 1. W
imphicitly assume that the relative number of 5 and d clecirons is litls
changed by the change of sbructure, which ean produce changes only in the
form of the d band which have a small effect on the energy (see Mott 1063},
Face-cenfred ivon is discussed further in the nexd section.

§ 6. Tur Hryror oF TEMPERATURE OX THE INTENSITY oF MacxnTizarion

In ferromagnetic insulalors, which can be freated by & Heisenberg spin
hamiltonian, the first exeitations of the system are spin waves, and in
genoral the magnetism behaves at low temperatures ket

F=I (1 —aT® ),

HMagnetic anisobropy howsver can produce an energy gap w in the apin-
wave spechrum., so that {1, behaves like 7% exp (- w/#7) and in cortain
circumstances as 1'% (Wiire 1860, Mackintosh 1962),  These suthors discuss
the behaviour of ferroinagnetio rare esrth metals in this TEEDOTE.

+of. Mott and <§")YJPb {1934}, van k{rnne‘.qunk and ven Vieok (1958} Also

t s work of ﬂyaw {1958} on the interaction of apin waves giving the next term

n the series iz well koowsn, together with other derivations by Oguchi (1060)
am’é Heffer and Loudon (é,i}my
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On the existence of spin waves in metals, the first phenomenclogioal
appreach was due bo Lifshitz {1948) and Herring and Kittel (19513, More
recently ldwards (1062) and Matbis (1963) have given s description which
shows clearly that low-lying spin waves do exist and that the sbove formuls
is valid %oo for metals, There is also direct experimental proof dus o
Lowde {1058) and Sinslair and Broekhouse [1860) of the existence of spin
waves in ferromagnetic metals from inelastic neutron scattering, and from.
spin-wave resenance work [Tannenwald 198613,

The dissppearance of ferromagnetissm as the temperature is raised is nod
only due Yo spin waves, however; there is bound $o be st low temperaturss
an additional berin in 7~ 7 of the fovm Bexp {— AW /LD, where AW is the
energy required to exoite electrons from the full (apin-up) band to the Fermi
level of the partially erply spin-down band; for nickel according to
Phillips (1984} AW is C-lev. Iniron & Wwill be zero and this term in J,— 1
cannot be present in this form, sinee in metals such ag iron there are, a8
already stated, holes in d-like bends with both spin directions. For such
mebals Thompson of ol. {1864} found that the berm exp (- AW/ET in [~ 1
isvepinced by onein T2 They consider that experimental work by Argvle
ef of. {1983) is consistent with this,

In the colloctive slectron freatm nt the quantity AF defined in the lash
section is related divootly to the Curle temperature &, In the caleulations
of Bsoner {1247} and Wohlfarth {1848 a, 1951}, if we write in Wohlfarth's
notation:

B0 = AT,

then 8 is the Turle Semperaturs & if the band-width is zero.  For the aase
of nickel and nickel-copper alloys Wohifarth {1549a) finds that, for the
sofual band width, € ~ 16, and to glve agreement with experiment for the
Curie tempersture, 48 should be about 0-2ev. A convenient formuls
connecting 9 and &' is that deduoed by Wohlfarth {1951) for 2 rectangular
hand form with a density of states N2« up to some Hmiting value, where it
vanishes; thisis:
Q= g fln {1~ o, /B8,

which tends to 8@ = 8' us £ tends b0 zevo, but otherwise gives @< &',

There are severs! srgamends however against the collective-electron
treatment as o descripbion of what happens s the material approaches the
Curie tereperature ; these apply with particnlar fores foiron. They are as
follows:

{2} AF deduced from variouns experimental svidence for iron appsars
betwesn two and three $imes t0o great to accound correctly for the Carin
semppersbure sccording bo the formulas above.  Fornlokel with the smallest
estimatos of AK the dissgreement is not serious.

{6} The analysiz made by Bofman o al, (1958) of the entropy associated
with the transition throungh the Curie ferpperature gives 06 NLinZ for
nivkel and NEin3 for iron.  Theso are the valnes to be expocted from s
Heisenberg model, ard bear no partioular relationship to those expected

from the collectiy
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from the eollestive model, which as we have zeen involves both AZ and the
band width., Though the vaiue for nickel is probably unreliable, that for
iron iz less so and wey be significant,

{c} If the main contribution to A is infra-wlomic, it scems physically
plausible fo suppose that one can desbroy the femomagnetism withous
destroying theintrs-stomic coupling.  This arguraent applies with partica-
lox strength 4o iron, but if AF for nickel dopends on the weight of 3d%45% in
the many -eleciron wave funchion, Shers is no reason why this weight should
be greatly changed on going through the Curde temnperature.

{d} Neutron scattering in iron above the Curle temperature shows the
axistence of moments (Bhull ¢ ol. 1981, Lowde 1856, Kiliots 1658, Ericson
and Jacrob 1980, de Gennes and Villain 1860).  This means that there are
regions having a moment extending over 5 volume larger than the latbice
paraneter,

{2} The investigations of Waohtel and Urbaln (1962} show no ohservabls
change of susceptibility ot the melting points of nickel and cobalt.  Though
the susceptibility in the usual band theory should follow the Curie-Welss
law at high enough temperatures (Rhodes and Wohifarth 19838}, one would
probably expect on the band theory some effect of melting .

We believe therefore that, while the collective-slectron caleulations of the
Curle temperature 1may be an approximation $o the fruth for nickel, they
require serious revision for iron.  We do not have o proper theory, as ves,
asto how thisshould bedone.  The qualitative work of Friedel, Leman and
Olszewski {(1961) suggests that she localized momenis they desoribs might
interact through a Yosida-twpe interaction and be ireated by a Heigenberg
hamilfonian and persist at high temperatures, but what happens will
depend on the ratio bebween inbra-atomic coupling and coupling between
neighbouring atoms, a8 appears also from Mattls’ {1963} work, ¥f the
intra-atomie coupling W iz large compared with the Yosida-type coupling
between the oscillations of fig, 15, moments greater than uy will persist,
and this will he true in iron; if not, they will not persist.

The following model is designed to show how the existence of a Fermi
surface 15 consistent with a Heisenberg mode! and {for iron) an eniropy
inerease of Nkin 3 on going through the Curie point.  Suppose that we take
an idealized model of ivon, in which there are $wo magnetic slectrons per
atom, and that we describe them by Bloch wave functions o, in which the

b-values all lie in two of the sub-bands of the d band.  We suppose that the
overlap between atomic orbitals is small, so that the method of tight binding
is wppropriate.  Then the band width will be determined by intograls of the
sype:

~

j POV vy dr,

where o, ¢, are atomic wave funobions on adjacent atoms. Wetake as an

+ The mors complicated behaviouwr of iron ohserved by Wachtel ef al. may
depend on the existencs of two moments in gamma.ren as suggested by
Weiss {1064).

AP, 20
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empirical faet that this ntegral is of the same order as AE due o intra-
atomic coupling.  With this model the spin waves and Curie temperature
are appropriately treated by the Heisenberg model. This is because $he
Slaber determinant formed from the functions ¢, is identical with Shat
formed from {orvhogonalized) localized funciions of Wannier type, And
she Heisenberg exchange inegral, of type

"
;o ; 3 ;
P H e T (€8 hlra) (e e diey

is s order of mugratude smoller than AF when the overlap is sraall.

U course some of the occupied states J, are nos in the two top sub-bands,
but it may be a good coneepbual pioture bo stard with the Hejsanberg mode
as above, and infroduce some holes into these two sub-bands and electrons
fin anobher d sub-band. The ferromagnetic coupling could then be of
Yosida type between the coupled magnetic electrons via these electrons
and holes as described by Friedel ef al. (1961}, possibly via the s slectzons
too, and partly due to the direct interatomic Helsenberg coupling, though
this is unlikely to be large enovgh to be the main cause of ferromaguetism,

A model of bhis kind may give a qualitative deseription of the properties
of iron. Tt alivws the magnstic electzons 0 be in a zone in which there is a
Fermi surface; but she erdropy on going through the Curie point will be
approximately &% In @ with some smalier additional term due to the change
in the ¥ermi surface, and the intra-atomic coupling 18 not hroken down ab
the Curic temperature.

The guestion of the persistence of localized moments is partieniarly
interesbing In connection with face-centred iron. We have already
mentioned the work of Weiss {1964) and earlier papers which propose that
face-centred iron can exist with two electronic arrangements, antiferro-
magnetic with a small moment (0-5uy) and ferromagnetic with a large
moment (28 ug). The former is the one stable ab low temperatures and has
the lower atomic volome (by about 691), but by alloving with sufficient
nickel or palladium theorder can bereversed.  Asthe tempoerature is raised,
Weiss considers each atom ag having its own moment, with one value or the
other, and the number of atoms having the moment with the higher energy
as being given by a Boltzmaon factor.  Welss (1968) gives a description
of the thermal expansion of invar in terms of $hie model,

As regards the reason for the existence of two alternative momenss, the
model of Friedel of ad. (1961) would lead one to suppose that the lower
moment wonld gecur if there were & minimum in ¥ () sibuated at a value
of efa of about 7-0; this would stabilize the moment al about 05 e
We have no independent evidence to show whether this minimwm exists.

The model is useful in explaining the results on the magnetic moment and
Carie tempersture of the Fe-Ni alloy system shown ater in figs. 22 and 23,

7 Btuart and Marshall (1060) have calenlated the exchange integral and find
it zo0 small by a factor TG to explain ferromagnetism in metals, though it has
the 7ight sign.
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Figure 22 suggests that iron atoms remain in the ferromagnetic state with
moment 26y untit the coneentration exceeds about 0%, of iron, when
probably small mements and antiferromagnetic coupling setin.,  This may
produce non-saturation, or some antiferromagnetically aligned moments
{Gupta e ol. 1964).  Figure 23 shows that the Curie temperature beging to
drop for alower sonceniration of iron ) thisisin Waiss's view becanse a3 5he
temperature is raised some of the iron atoms switch to the lower moment
with antiferromagnetio coupling.

Hatherly et al. (1984) have measured the energiss of spin waves of long
wavelengih i a range of iron-nickel alloys, using 2 neutron small angle
seattering technique.  They interpret their results in terms of 3 Heisenberg
hamiltonian with constant moments and exchange integrais between iron—
iron, nickel-nickel and iron-nickel. They find the former o be negative
{antiferromagnetic) in the fo.o. structare,  This is not In accordance with
Welss's interprefation sketched here, in which the large moment in fo.c.
iron 15 coupled fercomagnetically,

There is some evidence about the range of the coupling between moments,
which comes from measurements of internal magnetic fields in alloys, for
instance by the MOssbauer effect. Friedman and Nicholson {1983) have
measured this for a series of iron-aluminium alioys, and have detectod
several different fiolds at iron atoms corresponding to sites surrounded
by different numbers of aluminium atoms. Wertheim o af. (1464) have
investigated the range of interaction in iron alloys of type Fe-X, where
KTV, Cr, Mn, Co, Bin, Al Ga or 8n. Megsuring the internal magnetic
fleld at the iron nucleus by nuclear magnetic resonance, they find that this
depends on the nature and number of nearest neighbours and next-nearest
weighbours only, thus suggesting a rather short-range interaction.

§7. Anovs: TEE R1GID BAND AND OTHER APPROXIMATIONS

The rigid band approximation assumes that, in an alloy system such as
Cu-Zu or Un-Ni, the form of the density of states curve, ¥(¥) as a function
of #, does not change over a wide range of corposition though of course
H{E} changes due to the change in the electron-to-atom ratio (efal
The approximation is known to break down in many cases. For our
consideration of transition metals, we have to ask -

{a) Does N(F) changs for an s band?

{6y Dioes N(¥) change for & d band?

{e) Do the relative energies of the s and d bands change!?

Cases in which divergencies from the rigid band approximation may oconr,
not particularly relevant o transition metals, have been discussed by
Cohen and Heine (1958} and by Raimes (1062). More relevant to this
paper are certain concepls relating to dilute alloys. There is first of all
the question of whether, at the impurity, there is an unbalanced spin
moment. This can occur when a transition metal is dissolved in & non-
transition metal or for one transition metal dissolved in another.  In terms

2C2
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{{f a model, one can describe such a situstion in terms of Bloch wave funa.
Gions ¢, which extend through the lastice but which, in the neighbourhood of
zife impurity and for a certain range 3% of £, have different amplitudes for
apin up and spin down.  This treatment was put forward by Friodel {1958)
and developed by Wolff (1961); obviously it leads in ganeral to a non-
integral value of the moment.  Alternatively one can describe the slestrons
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Plot of moment of iron atom, denoted on the diagram by p, in Nb-Mo containing
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at the impurity by a localized wave funstion (Anderson 1981), which Hself
will have an integral moment (in terms of §%) but by polarizing the electrons
in the neighbourhood near the Fermi surface it too will produce a non-
integral moment. There is no sharp physical distinetion between the two
represenbabions,

For a matrix which is not a transition metal, manganese in copper is »
case where the impurity has a spin, nickel in copper a case whers it does not.
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Isclated moments slso appear in dilude solutions of iron in certain transition
metbal alloys,  There is some indication that a high density of states N{H,)
inr $he & band of the matrix inhibils these mornents,  Thus fig. 16 shows the
vesulis of Matthiss ef ol (1963} on the moment of 1% of iron in Nb-Mo
ailoys: the susceptibility is aleo shown, and it appears that the momens
appears as the susceptibility {end hence N{fy)) drops. We know from
other evidence putforward in § 11 that y drops ataboubela= 5-8.  (logston
ef al. {1982 have followed up thin work; their fig, 2 {nob reproduced here)
shows that there are no moments in the alloy series Nb-Mo-Be-Bu
between e/a=7 and ef/a= 82, which iz just whove this series absorbs
hydrogen {see fig. 43), indicating high T (&),

Apart from a value of ¥ (F) nof $oc high, the ocondition for the appearance
of moments is probably complicated and has been disoussed by the anthors
guoted above and by Bubl and Fredkin (1963) and White and Clogston
{1963). Friedel. who assumes that the wave functions ¢ of the mairix are
large in the impuriby over an energy range 8¥, considers that if W is the
exchange energy gained when the electrons are lined up with spine parsllel,
the condition for o moment iz that 88 < W, This fitg with the cbeerved
facb that the sxistence of moments in prevented by large NLE.), al any rate
i 8¥ is near the Fermi surface, since a high density of states in the malrix
will increase 38, Wollf emphasizes that moments are formed more casily
¥ 8H inpear the Fermd surfnce,

Anderson’s treatinent, using lovalived wave funclions, shows that fhe
energy of the localized state can be split into two states on sccount of the
repulsion I/ {§4.2) between elecirons with antiparaliel spins within the
opurity {e.g. ron} stom.  An unbalanced moment with this model oeoars
only if one state is sbove and the other below the Fermi surface. The
resonsnee energy V with the ‘conduction’ electrons, in this case probably
those in the d band of the matrix, is of the same type that leads to s-d
hybridization in the one-electron model; by introducing this guantity he
ohiains a width of the level:

A= { Vi, NI,

and a sondition for 2 moment that U/rA should be somewhat greaber than
unity, depending on where the two states are situsted relatively to the
Fermienergy, High densiby of states in the metrix thus inhibils moments
in this modsl to0.

A controversial point in Anderson’s work, and one in which as he
emphasizes it differs from Friadel’s, is that the splitfing is dus o the slestro-
static repulsion U, not the oxchange energy. This musié be correct if

T Bee also the work of Childe ef al. {1863) who show that mengansse, iron,
piekel and cobalh do not in general give localized moments, but decrense the
suseentibility, in venadium-based solid solntions.  With iron, moments sppear
a} high concentradions, and in V-Fe, Lam el of, (1883 find moments above ahout
259, of iron. '
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U, sereening by s electrons notwithstanding, is large compared with the
intra-atomic exchange energy. We have given reasond in §§4.2 and 5 for
doubting whether this is so in general, though fron may be a special cass,
The agreement that Anderson gets with experiment depends on taking ¥
about Zev, whick may be too large for states near the top of the d band,

Another interesting peint that we shall net Hisouss hers is the ocenrrence
of very large moments, of up to 12 pp, 1 dilute solution of iron in alloys
containing palladiam (Gerstenberg 1958, Crangle 1980, Cable of o/, 1963).

Turning now to less controversial matbbers, the interaction between
moments via the condustion electrons has already been mentioned; an
interesbing and important point is that, due to $he random values of the
distance between moments, it can give rise to a term in the specific heat
Huear in the temperature at low temperatures, bub disappearing st high
temperatures (Marshall 1940, Kim and N agacka 1963, Alexander and
Anderson 1964},

A quite different possibility in terms of a one-slectron model is that an
bmpurity may cause a bound state to appear below the Fermi distribution,
a possibility that was first diseussed by Friedel {see Friede| 1884}, A
repulsive field also may cause statos to appear above the d band, and this
concept iy used in § 13 for an explanation of divergences from the Slater—
Pauling curve.  These bound states exist in the one-eleciron APDPTOXIma-
tion, and their description is analogous to that of Wollf (1961} mentioned
above, in terms of a many-clectron wave fanction, the guestion whether a
bound state exists does not admis of a precise answer, A bound state may
contain one electron with an unbalanced spin, or an even nurmbeor of clec-
trons with 1o resulbant spin moment, or no electrons if the state is above 5 d
band as in the discussion of § 13. Conversely, an unbalanced moment doss
nob imply & bound state below the band.

Finally thers is the important soncept of *virtual bound states’ intro-
duced by Friedel (for a recent review see Friedel 19623, Here the Bloch
funetions o, of electrons with energies in the conduction band, or in a
relatively broad d band, are thought to resonate with a narcow d or £ lovel
of an impurity. ie. to become d- or flike in the impurity. The mathe-
matical formaulation is similar to that of Wollf {1961) for unbalansed spin
moments, but in some of the cases discussed by Friedel there is no such
moment. This resonance will lead to an enhancement of H{EY over s
narvow band of energios 85, of order 1 or 2ov for a d state and 0-0% ov for an
Tstate, and a considerable phase shift for the wave fonctions Ji, inthisrange.
If 8% overlaps the Fermi energy of the metal, one sxpecty, in the absence of o
momenh:

(@} Aninorease in the specific heat coeficient v {of. the discussion in § 10
of Ni-Cu), together with an increase in the Pauli spin paramagnetism,

{b) A considerable residual electrical resistance dus to the phase shifts
of the functions .

{¢) Alarge thermoeleciric power because the phase shift is sensitive 4o
energy.
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Friedel has discussed particularly aluminium -based alloys of the trans-
tion etals i these terms.  There is here no moment, becanse of ghe high
density of occupied states near the Fermi sarface In Shis trivalent metai i

We turn now to cases in which the form of N(&) for an s band may not be
attered much by alloying, but may be shifted on the energy seale.  Con-
sider fivet she case of a-brass, Cu-Zn. The wave functions , must have
larger amplitudes round a zine atom than elsewhere, 1o ensure that the
vharge on the zine atom is serecued. A first sight it would be surprising
i ghis did ot deastically alter the band form ;. but this has been discussed
by Friedel (1854), who concludes that to a first approximation, ie, one
that treats the sereened Held as a perturbation, it does not.  Friedel how-
ever shows that the band would be shifted to lower energies by the sereened
field round the zins stoms, and has proved she remarkable theoven that,
certain approximations, the extrs slectrons added will keep the
of the Fermi surface unchanged. The situstion is Hlustrated in

This theorem will be used in this article s discussing allove of

We turn now 0 alloys of one fransition metal with ancther,  The evi-
s

denece reviewed in § 11 suggests that many transition metals have about 005

Fig, ¥7

N{ED
MM”"‘%\\ -
T %
Y .
A
£

Lrensity of states in copper and Cu-Zn, or iron and Fe-4l, aceording to Friedel's
theorem, The dotted line appliss to the alloy, and the shaded ares
shows the volume on the diagram cceapied by the electvons added,

T Friedel's article (1962) shows clesrly the relationship between the existence
of & moment and the density of states at the Fermi level in the matrix.
Thus in Pd4-H, with the d band full and oniy 5 s electrons per atom. one
obtaine moments on & wider range of transition metals than in any other metal,

¢ There is some experimental evidenice of the correctness of Friedel's theorem:
It would imply that in Cu-Zxn the addition of zine wonld not change the position
of the opticel absorption edge which eorresponds to a transition from the d
levels of copper to the Fermi surface.  That this is 8o has heen shown in recent
meastrements of the cptical constants by Lettingron (1964), who finds also
that for transitions to the top of the s bands the frequency does vary with
composition as expected.
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to 09 electrons in the s band, not differing too much, so that in the alloys
there should be a common s band, and the d band will refain 2 position on
the energy scale such that on alloying there is little overfiow of electrons
from z to d or vice versa, What happens to the d band, or whather it is
‘rigid’, iz by ne mesns obvious. Bometimes, when uobalanced spin
moments coour or deviations from f’%}? Blater-Pauling curve {fo be
expiained in §13) due to bound stabes, it certainly does ”m»t remain rigid.
If the atoms are close togother in the periodic table (a.g. Ur-Fe, Fe-Co), it
is often assumed fo be a reascnable approximation to treat the band as
rigid, In recent theoretiea] investigations Beeby {1964} and Stern {1964)
have examined this problem, snd it ssems probable that under these
conditions it is legilimate to treat & plot of v against composition, as
in 11, a9 giving correcily the density of states. We shall refer again to
this problem in later sections {cf. §9).

Finally we coms to alloys between transition metals and non-transition
metals (e.g Wi-Cu, Pd-Ag, Ni-Zn, Fe-Al Ni-Bl or Fe-Bi). Here the
nwmnber of elootrons in $he s band is different in the two constituents, 05 4o
9 for the transition metal, I, 2 or 3 or 4 for the obher metal. Il o well-
known fact that nickel and palladiom on the one hand and iron on the
wther behave very dﬁﬁeyeziﬁyo Wickel and palladivm behave sz i the
relative position of the d and # bands remain unchanged, so that the extra
sleetrons (0-3 for eopper, 25 for aluminium} go into the d band, thus
vaducing the number of holes there and veducing the monent on surrounding
stoms. The simple rigid band model of this phenomenon was frst give
by Mott (1835).  This bohaviour is t0 be expected if the relative position on
the energy scale of the 3d and 4s {or 4d and 58) bands are unchanged by
stloying. Foriron alloyed with aluzninium or silicon, on the other hand, as
emophasized by Stonsr (1947} and by Hume-Rothery and Coles {1954,
the fran atom seems to keep its moment, so that the non-transition medal
acts a5 a diluent, The experimental evidence is reviswed later in this
r’fé??e CUoles and Bitler (1858) tried to explain this in terme of the non-

turation of the moment in fron, suggesting that the extrs elecvrons might
go Into the d band without producing any additional moment; Mott and
Stevens (1957) suggested that the elecirons carrying the moments in ron
wers in localized states as in the rare earthbs, and so were unaffected by
alioying. Neither explanation now appears correct. In fach, in view of
Friedel's considerations which fig. 17 ]

™

17 illustrabes, the behavieur of iron
now sesns sasier 5o explain that that of nickel.  Theargument is asfollows :

Tob us sed up & model of an iron-shuminium alloy in whish the extra fwo
{or 9-1) 5 clectrons confributed by aluminium, over and above the 4-8 o7 so
in the irom 8 band, go into the s band and serve o soreen the charge on the
slupindiam stom., Then, according to Friedel's theorem ilustrated in
fig. 17, thers is no change in the energy of the Ferma surface.  There will
therefore be no transfer of slectrons $o the 4 band if the mean energy of tha d
bund {2 unchanged by alloying.  Bué this ks Just whai one would expect, i
the electrong in the d band of iron do oot penetrats much into the alumintum
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stom, A wave fanction for an electron in the d band of iron, in the neigh-
hourhood of an sluminiam asom, willlock asin fig. 18] within the aluminium
aom i will be Je- or 8p-like, but the ampltude will normally be small.
"Thus, as regards the energy of the d electrons, the strong screened attractive
fieid of aluminium will hawve little effect.

Fig. 18

\VARVS :

Fe Al

Suggested form of the wave function in the d band of iron near an slominium
atom in Pe—Al

Fig. 19

Suggested form of the d band wave function near an aluminium atom m Mi-AlL

Tf this is the correst explanation for fron, the gunestion arises of how to
explain the properties of nickel or palladinm.  Friedel (1954) has emg}hasizgd
that in ¥i-Al Ni-Zn, eto. the excess charge on the non-transition atom 18
‘seresned by d electrons | since the excess electrons are observed fo f%ﬁ up
holes in $he d band, it must mean thas sereening by electrons in the d band
ieads to lower energy than screening by electrons in the s band.  Butb this
pannod mean that electrons providing the sereening charge cither stay oub-
side the non-ivansition atom {eg. alominium), or thet therc aze d-like
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electrons within it.  The wave functions within the sluminium atom must
appear as in fig. 19; in confrast to fig. 18, the amplitude within the
alumininm atom is now comparatively large, but with s-fike symmebry,

What we are saying, then, is that in the neighbourhood of an aluminium
atom the 3d state is a localized state above the top of the d band of the
surrcunding matrix; orif the diluent is sopper or zine, the dstate is a fully
otcupien, one below the 4 band of the matrix. In neither case does the
diluent add to the number of states in the surrotinding nickel matrix.  Buj
We are suggesting that none the less penetration by d band wave funotions
of the type illustrated in figs, 18 and 19 can be—and in nicke! and pelladium
ig--sufficient to screen the axcess charge on bhe non-transition stom.

if this model is correct for nicke! and palladium, we have o ask why iron
behaves in one way and palladium in another.  Ifthe d electrons penetrate
the foreign {non-transition) atom, she presence of this atom will affect the
position of the d band Fermi limit as well as that of the s band, and in an
unknown way. It may be more logical to ask, thersfore, whether s-
screening or d-sereening, as we have deseribed fhem, give sercening with
lower energy. One possibility is that the 4 to 5 electrons in antibending
states, with high values of N, that one has in nickel and palladiom may
be effective in sebting up d-sereening without great distortion of bthe wave
funstions that would cost much eirergy, while the absence of go many of
these electrons in iron favours s-screening. It would be interesting to
investigate in detail such series as Fe-Cot, Fe-Ii to see where
from one behaviour to the other occurs.

An alternative modef has besn suggested to the snuthor by Dr. Marshall,
which has the advantage of showing why both nickel-like and iron-like
behaviour ean ocour.  In this model, instead of treating the s-sereening
round aluminium as a pile-up of charge in the 4s band, one treats the ip
slectrons of aluminium ag fitting onto the 4s electrons of iron, and the 3s
sbate as being to a first approximation a sharp loealized level, with wave
fanction f(r).  We also take the twelve surrounding nicke! or iron atoms ag
having localized d levels with wave funciions Fulr)yn=1...12, Thenany

pair of functions g and f will combine together to form two orthogonal
functions:

the chan ge

F+ af, g+ ﬁf H
as n tigand field theory. Tf there is an ensrgy difference between the fwo
states, «, £ will normally be small. Tn the metal, probably, the criterion

T Uertain We-—Co alloys with wp to 10%, aluminivm wers investigated by
Coles and Bitler (1856)) the transition APPERIs 50 occur between 20 and 359
cobalt.  This supports their model, according to which the electrons go into the
d band bub with balansed sping.  We reject this model hecause it is dificult
to see why cobalt should hehave differently from iron, and on account of the
y-values discussed in this article (§ 11).

Chen {1962} finds $hat the addition of copper to Fello has an offect near to
dilation on the morent, but this s to he expacted if iron, cobalt and copper have
almost the same number of eloctrons in the s band.

o
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which has most effect on the energy wiil be that the sluminium stom has to
be nsutral, or in other words that there should be two 3s electrons in
aluminium. The constants «, § will fake up values so that this s so,
consistent with orthogonality. But this can happen in two ways.  If the
gnergy of the 3s in slumininm Les below the 3d states in the survounding
matriy, which we assume to be the case in iron, the lowest state is [+ ag,
with a smail; this is doubly cecupled, whils the antibonding state g+ 5f s
probably empty.  We thus get soreening by the double ocoupation of the s
shate, and no extra slectrons go into the d band.  If on the other hand (as
we aasume b0 be the case in niskel) z‘ne 2d shates lie below the Is state of
dh}!}’ﬁniﬁm then the lowest stats is a bonding one of type g+ 5, where §

g small, and to epsure sereening

195 10 8= 2,
s that the a-like overlap of the d function (as in fig. 18), though small for
aach d orbifal, is sufﬁ{,z ent becouse of $he 17 neighbouwrs to provide the
two electronic charges on the aluminiure. 'The sntibonding state [+og
will now be emnpty.  So what has happensd is that withou! inoreasing the
numher of states in the & band, we have added two electrons $o0 it and can
oall on them to provide the sereening,

The two possible behaviours are sharply separated in this model, though
of course in the mesal all states would be broadened sand the situation would
be less clear cut,

If the kind of screening envisaged bere for nickel ocours, and # & con-
siderable number of the 95 electrons per atom in the d band take part in it
we should not expect in alloys kke Ni-CUu or Pd-Ag that as the Fermi
sarface N{F,) 4, P would be large st the noble metal atom, This is
important in connection with s-d seattering 1o alloys (§ 14.2).

§ B, Maowerrie Momevts or ArnLoys oy Niogsn avp IRON WitH
Now-rrassvron BneMmewrs
8.1. Alloys of Nickel

We shall first summarize what is known about metallic nickel. At the
top of the d band there should be $wo sub-bands, degenerate at their
highest points; spin-orbit interaction will remove this degeneracy, but the
separation will be small (0-07 ev) compared with the band width (Friedel ef
al. 1364).  Aswe have seen, there are §-5 holes per atom in the d band and
nrobably o polarization of the s band of about &1 uy, and ab the absolute
zero the top of $he full d band (spin-up band)is 0-1 ev below the Fermi level.
if the shape of the 4 band for each spin direction is the same as for that
obtained for palladium from the specific heats of Pd-Ag assuming a rigid
band modsl, then one can obtain A, $he shifs of the spin-up d band
velative to the spin-down band, by comparing the experimental values of y
for the two metals. These are {Parkinson 1958) 7-5 for nickel, 13-0 for
palladivm in joulesx 10%mol—tdeg®; thus for palladivm the value for
each half band of given spin will be 65, compared with 7-6 for nickel. I
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pailadinm bad 0-5 holes in the half 4 band instead of the actus] value of
0-25, this would bring the value of y, according to fig. 30, down o abous &,
This suggests that the nickel band is narrower than that for palladinm
in the ratio T-5 t0 5 {3 to 2),

If then we put & Formi lizeit with 0-5 holes in a d band for one spin
direction into fig. 29, it will be at aboud 3-3ev, or 0-Tev from the top of
the d band which wetake at 4ev. IFweont 0-7ev down in she ratic 3 ; 2, weo
obtain $-46. I we add 0-1ev on fo this, which is the estimate given by
Thompson ef al. {1964} of the distance of the Fermi level from the top of the
full band, we obtainfor AE, infair agreement with our theoretical entimates,

AHm-88ev,

The density of states curve deduced by Shimizu ef ol (1963b) from ¥
values for copper-nickel alloys and reproduced in this articie as fig. 36
gives about A =0-35ev from the Fermi surface to the top of the spin-up
4 bands, somewhat sroaller than the estimate above.

Fawoett and Reed (1862) investigated the anisotropy of the magneto-
registance of nickel, They coneluded that the slectronie band structure of
nickel comprises a maultiply connected surface of high mobility electrons
{the & band), and an equal number of low mobility slectrons (the holes).
Phillips (1884} and Phillips and Mattheiss (1983) and Fawestt and Reed
{1963} have discussed whether it is in the & band or the d band that the
mulbiply-vonnested surface exists, L. whether the Fermi surface in the s
band touches the (111) zone boundaries as in copper and silver. Phillips
{1964} consitlers that it probably does, That this should oceur for onty 88
slectrons per atom in the 4s zone is surprising, and would imply that the
energies of states in divections other than (111} were strongly raised by
hybridization with 34, which is quite possible (§4).

Turning now to the alioys, the classic evidence that the energies of the
4s and 3d bands remain ‘rigid’ relative to sach other comes from plots of
saturation morsent againgt composition for such alloy aysterss as Ni-Cu,
Ni-Zn, Ni-AL{Mott 1635, Mott and Jones 1936).  1f the extrs electrons due
to the addod element all go into the d band, as they would if there were no
shift of one band relasive to the other on the energy scale, the moment per
atom due to a conceniralion ¢ of the non-fransition metal of valeney 2
would be:

wy {Rg—ez),
whers n, s the number of holes in nickel (0-5) and 2 is 1 1or sopper, 2 Tor
zine, abo,

Figure 20 shows the moment for Ni-Cu alloys due to Ahern of al. (1958},
A careful anatysis of the number of holes in the d band for a number of
alloys has been made on the basis of these and other results by Crangle
{1883}, toking scoount of the g value and the orbital motion. This iz
shown in fig. 47 " Figure 21 chows results similar to fig. 20 for Ni-8i, which
are typical of alloys of nickel with polyvalent metals, A straight line
drawn throngh the experimental. points cuts the axis st oo 159, which
would suggest $-6 holes in the d band, though this result should net be
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taken too serivusly sinee some slectrons from silicon way well go into the g 8.2, All
band. We gummarize first
It seerns likely that in most face-centred nickel-rich alloys the magnetic the moment of the 4
moment eonbributed by the d band is saturated, However, Ni-Fe allovs, A of energles of spin
a8 the concentration of iron is mereased, show a contrazy behaviour: fig. 22 gurve dedused by Cor
showst the mement of these alloys (Crangle and Hallam 1583 and fig. 23 B {fig, Ba), is 02Ry or
the Curie temperature. The sudden drop in both, for inereasing con- ’ saloulated value of -
sentration of iron, may be due to 5 drop in the moleeular fleid (e, in AEDY, (3= 10 calmol de
with consequent lack of saturation, Gupta of ol {1264 ), however, give 190 % 1078, and if the
evidance that it may be die to the onset of antiferromagnetism superimposed &8 would be about 1
on the ferromagnstism.  This explanation is consistent with work on the iron alioys by Beck an

Mossbauer effect for these alloys by Johnson « ¢l (1963),  Some discussion
of these alloys has already been givenin§g,

Hvidence for non-saturation has been deduced by WohHarth from the
dependence of magnetization on tempersture and other ovidence for a
number of alloys: for Co-1 see Wohifarth {19405, 1062), for Pd-Wi
Wohlfarth (1958) and for the dilute alloys of nickel, ete, in palladinm
Rhodes and Wohlfarth (1963).

Fig, 22
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8.2, Alloys of from with Non-fransition Melais

We summarize first the situation for fron.  As we have slready stated,
the momend of the d band is not ssturated (fig. 14). The displacement
A of energies of spin-up electrons relative to spin-down, if one fakes the
enrve deducaed by Cornwell and Wobifarth (1262) from Wooed's ealoulation
(fg. Be), is ¢-2Ry ov 2:6av.  These authors, however, point oub that the
salenlated valne of v (the specific heat cosfficient) is muck teo low
(6:3x Wteplmoldeg? compared with the experimental valne of
12-0 % 107%), and if the whols band were contracted to give the right result,
AF would be about 1-4ev,  The measurements of the specific hoat (§11) of
iron allays by Beck and his colleagues {§ 11) give an N{E) curve from which,

Tig. 23

900

700
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Curie temperabure {"K)

% f S— I 300
20 44 50 g 160
The dependense of the Curle temperature of iron-nicke! alloys on cor Hosition
(Crangle and Hallam 1963),

on eertain assumptions, one can deduce AX ~ 15 ev, but this is probably too
small if the peak iny al ofa = 63 18 a property of the alloys rather than the
pure metal.  Shimizu (1864) making this assumption also finds about this
value see $11), Our earlier discussion suggests that A& may bedue mainly
te intra-atomic couphng within the iron d shells; this coupling should not
e broken down above the Curie temperatave.  Our diseussion in §11
suggests that there are about 6-9 electrong in the s band, 0-3 holes in the
spin-up d band and 2:6 holes in the spin-down d band, and a small
nogative polarieation — 02 .y of the s band.

Turning now to the alloys of ron with non-transition metals, the first
evidence that iron behaves differently from nickel comes from the work of
Faliot (1936) on Fe-Al and Fe-8i  Figure 24 shows his results for the
magnetic and Curie temperature of Fe-Al Figure 25 shows similar data
for the magnetic moment from Arrott and Sato (1950). Figure 26 shows




376 N F Motk on

Fig. 24 sogizits due bo Parao
the sxbrs slectrons fr

the s band, as expla
7.3 : mental behaviour to
that the spin-down ¥
2.0k sMoment H{EY curve, and it »
- : magnetic moment aj
TG mode! can be sald to
etk -
”’"”’wtfnﬁw«gw ]
700k G T X{
%,
soo-| g"?\ & H%
500~ 10 B¢
1R oo
400 - \ s L2
£ ¢
300~ - g =
200 o %Zom
‘ ‘ @ e
100+ L = E -G
2 5
o] N S W N .
o 5 30 15 20 25 a0 : ?é{j?_\\ﬁ’
Al atom per cent
Megnetic moment in Bohr magnetons and Curie temperatore 9 of iron- TEOR
sluminiom {(Fallos 15385, !
U F0r
o
Fig. 25
bl -
o
220F S
%__‘w %1" éagm
<z 2
- Zimple Dilviign
T 2 6bOr
g 1807 “Quenched "~ ~
2 Quanched oY, MU
< 2
s ]
% Arnealed E
140 \\ | Magnstic moment az
b the fory
!
Purther evidence
GO band, and that the
: : : i ; ; right, is provided b
B i 5 20 25 30 . '
ATOMIC % Al i Fe : for Fe-Al by Cheng
B {1664 2} have made’
Magnetic moment ¢ in ean.u.fgram of Fe-Al alloys (Arrott and Ssio 1959), S for none of these st
AP




mperature & of fron-

r Dilution
e

£

‘Guenched T s

“

Anngoled

ot

e S——
25 30

rrott and Sato 1958),

Flectrons in Transition Meals 3731

reguits due be Parsons of af. (10568),  All these show thal for these alloys
the exira elecirone from aluminium and silioon behave as if $hey went into
the 8 band, as explained previously. One would not expect the experi-
mental behaviour fo correspond exasctly to dilution, since this would imply
that the spin-down Fermi surface {s anchored rigidiy af the minimum of ihe
N{#} ourve, and it would be surprising if this were se. A decresse in the
magnetic moment approximately given by the dilution eoncent s all the
model can be said to predics.

Fig. 26
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Magnetic momsnt and Curie temperature of Fe-Bi alloys (Parsons e af, 1858},
the former being plotted as moment per ron atom.

Further ovidence that the extra electrons for aluminium go into the &
band, and that there is no large shift of the spin-down Ferri level to the
right, is provided by recent meassurements of the specific heab cosfficient y
for Fe-Al by Cheng #f ol. {1964}, Thess sre shown in fig. 27, Gupta et al.
{1964 2} have made measurements also for Fe-8i, Fe-{e, Fo-8n and Fe-&h;
for none of these is thers » parbioularly rapid rise in v {fig. 28}, A sherp rise

AP 3
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would ceear if the added electrons wenf into the spin-down sub-band. The
rize in y for high concentrations in Fo-Al may be due to localized magnetic
states, a5 the aubhors suggest, or to electrons going into the spin-down band
as the molecular field (AE) drops.  Here the moment and Curie tempora-
ture drop rapidly (fig. 24). Theoretical work of Bato and Arrott (1959)
suggests that the coupling bebween iron atoms may change sign »s the
alumininm content increases.

§ 9. PALLADIUM AND ITS ALLOYS
The discussion we have given about the alloys of nickel and ivon refer
to the relative positions of the s and d bands in alloys.  Palladium, as is
well known, behaves like nickel rather than iron.  In addition, however,
specific heats of such allovs as palladivm-silver are offen used to obiain
the form of the d band, How good an assumption this is, is not knowat.

Fig. 27
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Eleetronic specific hea$ cosficlent v for Fe~Al (Cheng ef al. 1964},

T Very recent work by Stern {1984) in the author’s laboratory and by Beeby
{1964) suggests that it does at any rate give the right band width for Pd-Ag
and Ni-Co, The argument is that the d wave functions of the transition metal
do not penefrate the noble metal much, so that alloying decresses the number of
effective nearest neighbours and in the spirit of the tight binding approximation
narrows the 4 band; but since thers are fewer states in the band, the dengity of
states N{#y) for & given value of ofa iz the same as I§ would be if the band wers
rigid,
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T4 is ab any ate fairly certain that there are no ¢ holes in tlfa silver 44 shell
in the allovs.  This follows most Lh’“ectlv from the discussions of the resis-
sivity of these alloys given by Mott (10364, Mott and Jones 1838, Toles and
’_'_?a'f}hm‘ 1862 no s :ma,é;‘sermg is caused by the deviabion frowm peoriodicity

y is noh inconsisient

wed by a silver atom in a palla um matox. This
model of fig, 18, becanse the amplitude of the wave funetion iling.
here in the § xr‘rmu atorn at the Fermi surfaee 1 not expeeted to be
.1 toe that in Pd- Ag or Ni-{u the transition and noble
metel do not Form a common d hand. bud that the d shell of the noble mebal
to form a hound state below the d Land of Pd or X1
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cleetronic spocific heat is shown in fig. 29 4 wi?’ he seen that it dre psto &
o comparatile with silver al about 533 at. 9, of silver. f asfor 'mck.el_,
ssand d baonds are not displaced from each ofher on the i wrgy seale by
his would mean that palladivm has about 55 holes per atom
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Tigare 30 shows the density ol slates corve deduced by Honre from these

measurements. using a rigid band modelt,
Fioure 31 shows the magnetic susceptibility of palladiom-silver alloys.
the experimental data being taken from Svensson (1932), Wacher (1530)

and Hoare «f nl. (1952, 1983, 1957). Again it will be seen that the sus-
teg}%wmtv drops t6 zers ab aboul ﬂof of silver.
Figure 32 shows the suseeptibility of alloys o palladium with silver and

ﬂm( fum at two different temperatures, from reasurements by Budworth el
al (1980). T ion of the peak clearly corresponds to the peak in the

& DOSI

+ As pointed out by Vogt and Oehler (1963) on the basis of measurements of
AISCED ;’mhiv, breakdowns of the model oeour in the binscy and tertiary alloys
of theas metals. Thue additions of equal amonnss of Pd and Rh to paijadiam
do have an effect on the quscegnb}h?y This fs perhiaps not surprising, &3 even
i W{F) were unatfected the intra-atomic soupling would be.
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density of states, but the dependence on temperature is intorproted by
these authors in terms of the fullowing formula

3‘/:{.”&:: 1y, —C.
Here yr is the measured susceptibility and y, the susceptibility without
exchange inberaction, which should be given by:

Xeﬁzwszfvr{%{i + %f{k?)%{mj; -~ 1)?}

VA
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O Hoare and Yates (1957),
@ Montgomery (unpublished); guoted by Hoare {1863,

Both U, which depends on the moleeular field, and the constant multiplying
the T factor will be different for each alloy, but maling reasonable assump-
sions about O, Hoare is able to show that the variation of ¥m is eompatible
with the values of N{&) deduced from the specific heat,

Shimizu (1961) has given an analysis of the paramagnetic susceptibility
of palladinm at high texaperatures, which he takes to be of the form :

x=BT+0)+ye,

where x. is independent of temperature and mainly due to temperature-
independent orbital paramagnetism of the d elestrons, He estimates the
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