|

) <

The University of Osaka
Institutional Knowledge Archive

Title COHESIVE PROPERTIES OF TRANSITION METAL ALLOYS

Author(s) |Kakehashi, Yoshiro

Citation |KFRKZ, 1980, HIHwX

Version Type|VoR

URL https://hdl. handle. net/11094/24440

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



COHESIVE PROPERTIES OF
TRANSITION METAL ALLOYS

By YosHIro KAKEHASHI

May 1980

81SC02195



Contents

Abstract

Introduction

Part I Cohesive Propertlies of Id Transition

Part

Part

Metal Alloys

' Outline of Part I

I-1 Formulation

I-2 Nb-Zr Alloy

I§3 Pd-Base Ld Transitioﬁ Metal Alloys

I-4 Coneclusion |

IT Cohesive Properties of 3d,Transition
Metal Alloys

Outline of Part IT

IT-1 Formulation

II-2 Cu-Mn Alloy

22
24
34
39
b5

b9
51
60

IT-3 «KFe-Base and Ni-Base 3d Transition Metal Alloys 70

3.1 Formation energy
3.2 Deviation from Vegard's law -
3.3 Bulk modulus
IT-4 Conclusion and Discussion
IIT A Theory of the Magnetovolume Effect
at Finite Temperatures
Outline of Part III |

ITI-1 The Virial Theorem at Finite Tempefatures

Th
76
81
82

89
90



ITT-2 Magnetovolume Effect
in the Static Approximation
Acknowledgement
Appendix I
Derivation of Liberman—Pettifor's expression in
alloys and the interrelation between the bulk
pressure and the surface electric field
Appendix II
Relation between the defined partial-pressure
and the real pressure A
Appendix IIX
Derivation of eq.(III.2.34) from the free energy
in the CPA
References

Table and Figures

97
118

120

129

131.

135
139



Abstract

A method to treat cohesive properties of transition
metal alloys such as the lattice parameter and the bulk modulus
and so on is dévoloped. It is baéed on the virial theorem
which has been used in the studieé of the cohesive properties
of pure metals by Liberman and Pettifor.A The merit of this
method lies in the fact that the ambiguity in thevdouble
counting>term can be'avoided in the pressure expression,rand
that the volume dependence of Qarameters can be easily deter-
mined from the results of the first principle calculation for
the pure metal, which enable us to discuss the cohesive
properties of the real transition metal alloys semi-quantitati-
vely. This method is applied to the calculation of the lattice
parameters of the Nb-Zr ailoy and the Pd base 4d transition
metal alloyé in Pért I, and its usefulness is verified. It is
also found that the origins of thé deviation from Vegard's law
- lie in the gain of the bond energy of the d electron and in the
s—-d charge transfer effect. In Part II, the cohesive proper-
ties of 3d transition metal alloys are elucidated qualitative-
ly on the basis of the electronic structure. The formation
energy, the deviation from Vegard's law and the change of the
bulk modulus of the Cu-Mn alloy, the xFe base 3d transition
metal alloys and the Ni base 3d transition metal alioys are
calculated on the basis of the virial theorem with the two-band
tight binding model. The results agree well with the experi-

mental trends. It is shown that the magnetic pressure can be



expressed approximately by a iinear combination of the squares
of the local magnetic moment and that the changes of the
lattice parametérs with the concentration in the 3d transition
metal alloys are determined mainiy by the change of the magni-
tudes Cf_the local magnetic momenf. This conclusion gives a
justification of the empirical expression for the maghetiC'
alloys which is found by Shiga and Schlosser. The importance
of the magnetic effect is also pointed out in the formation
energy and the bulk modulus. In Part III, ﬁhe theory is
extended to finite temperatures. Liberman-Pettifor's expression
is given from the most general point of view. Then, the expres-
sions for the spontaneous volume magnetostriction, the électr-
onic contribution to the thermal expansion coefficient, the
forced volume magnetostriétion énd the bulk modulus at finite
temperature are obtained with use of the static approximation
in the functional integral formulétion. On the basis of these
expressions, it is deduced that the origins of the so-called

invar_effect do not lie in the wvanishing of the spontaneous
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, magxﬁizaﬁim;nor:hl the directional change of the local moments
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but in the change of the amplitude of the local magnetic moments
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and the chargé transfer effect between s and d orbitals.
Furthermore, it is shown that the empirical formula for the
magnetic pressure and the Welss model can be derived from
our point of view. A preliminary result of the calculation
for the spontaneous magnetostriction and for the magnetic
contribution to the thermal expansion coefficient in «Fe is

also outlined and discussed.



Introduction



Cohesive properties of pure transition metals in the
ground state have been investigated in last few years in
detail, and many calculations for their cohesive properties
have been perfbrmed. At present, it is known well that the
energy band theory can explain théir,properties quantitative-
1ly except for the 3d transition metal. It has been shown by
' Moruzzi, Janak and Williams(l) in the most detail. They have
calculated the cohesive energy, the lattice parameter and the
bulk modulus for all metals from Li to In on the basis of the
selfconsistent local spin density functional theory and have
obtained a remarkably godd agreement with the observed value.

On the other hand, the respective roles of sp electron
and d electron in transition metals have been also elucidated
by Pettifor(2)’(3>and Gelétt et al.(u). They have shown that
s electrons‘cause the repulsive force and d electrons .cause
the attractive force at the equilibrium volume. ?hey have
also verified that there is the cancellation between the shift
of the d level and the change in the double counting energy
and so Friedel's bonding energy picture is correct.

The purpose of this paper 1s to propose a method of treat-
ing the coheéive propefties of alloys on the basis of these
recent results for the pure transition metals and to elucidate
cohesive properties of all transition metal alloys and the
mechanisms underlying these properties.

Cohesive propérties of transition metal alloys are not
sufficiently studied either experimentally or theoretically.

Only the theoretical comparison of the ordefing enérgies for



simple structures is made qualitatively. For example,
Haydock et a1.<5), assuming a common d band, have verified a
correlation between the structual stability of Laves phases
and the d electron number per atom. Gautier et al.(6), Cyrot

(7)

and Cyrot-Lackman have calculafed the formation energy of
disordered transition metal alloys and explained the trends
across the periodic table due fo d electrons.

However, the lattice parameters, bulk moduli of transi-—
tion metal alloys and the,roles of s and d electrons in these
quantities have not been explained at all in the microscopic
theory. The lattice parsmeters of many alloys deviate from the
concentration-iinear Vegard law. Thirty yéars ago, Friedel(s)
discussed this phenomenon on the basis of the claésical
elastic theory. He has shown that the sign of the deviation
is determined by both the difference in the atomic volumes and
that in the bulk moduli of the two components. His expression explains
the sign of the observed deviation well, but not its magnitude
s pParticularly for the transition metal alloys. Furthermore, th
the microscopic mechanisms underlying the deviation are not
clarlfled because of belng the phenomenologlcal theory

The reason why the lattice constant of alloys has not been dlscussed
yet on the basis of the electronic theory seemsto be as follows. Firstly,
the volume dependence of s and d bands (especially, the centers of gravity
of these bands) had not been known in detail. So, the origin of the repul-—
sive force was not clear and it was difficult to make up a simplified.mode1;
Secondly, the effect of charge transfer from site to site or from s orbital

to d orbital and the Madelung energy effect could not be estimated



accurately because the estimation of these quantities needs

to perform the first prindiple calculation. Finally, since

we consider energies of the order of 0.001 Ry (or 0.001 E)
resulting from the subtraction of a large energy value of the
alloy from that of the puré metal? we must calculate the ener-
gy and lattice prameter very carefully.

At the present stage that Pettifor has elucidated the
first problem for pure metals, it is not so difficult to
overcome thersecond and third groblems making ﬁp a correct
model. Especially, the Madelung energy is not important in the
completely disordered alloy. In Part I, we propose a simple
model for the pressure 3PN of alloys which relates closely
to the first principle calculation. The formulation is based
on a method of expressing the-Liberman—Pettifor formula for
the virial theorem in terms of the atomic orbital. The L.C.A.O.
method is a useful method'not.oniy for the calculation of the
electronic structure in alloys but also for understanding
the role of the constituent atoms in alloys.

We need some approximations to calculate the pressure in alloys
with use of Liperman-Pettifor's formula although the formula
can be applied in principle, for any crystal structures and

any configurations of atoms. We consider the ideal Substitutio—
nal alloy that can be divided into the geometrically equivale-
nt unit cells with one atom at the center. Such a restriction
becomes important in the estimation of parameters.

Pettifor's expression in the pure metal becomes a help

-8~



to derive the pressure expression in alloys in terms of the
L.C.A.0.. He has shown that the pressure in the pure metal

can be approximately expressed as a sum of the core part which is
proportional to the electron number n and the bond part

. _EF
proportional to the bond energy f'(ér””)F(w)dw:

EF
3P0 = A(ﬂ)’rz+8f(w~€°)f>(“’)dw, (1) -

where €, 1is tﬁe center of the band, A(@) is a volume dependént
coefficient and B is a volume independent factor. A single
band is assumed here for brevity. An expression similar to
eq.(1l) should be also deriﬁed in the L.C.A.0. method.

The pressure in the L.C.A.0. method is given as follows:

EF
- D X . do
3P0 = % 57,/471 Dsv* Grp s (2)

where D;; is a matrix element in the pressure expression (gee
eq.(I.l.3).). G7F is the one electron Green function in
the atomic-orbital representation. The diagonal terms of the
Green fuﬁction, %ﬂB’ in eq.(2) correspond to the first term
in eq.(1). The second term in eq.(l) results from the over-
-laps of atomic orbitals. Therefore, it should correspond to
the off-diagohal part in eq.(2). .As a matter of fact, we can
show that the off-diagonal part is proportional to the.bond
energy if we make the two center approximation for the matrix
D;/ and make another approximation that the ratio Qf D:k to
the transfer matrix tﬂa 1s independent of the sites. Thus

we have a one-to-one correspondence between eqs,(l) and (2).



These considerations can be extended directly in the case
of alloy if we approximate D;%/tdp with a constant which is
‘independent of the type of atoms on the sites & and f&

We Will show in Part I that the pressure in alloys which is
obtained in terms of the L.C.A.O.-also consists of a core
part and a bondihg energy part, each of the same form as for
pure metals.

We should emphasize that our expression for the pressure
. agrees with Pettifor's express%on in the pure limit. There-~
fore,'we can determine the parameters in alloys from Pettifor's
parameters fof the pressure in the pure metals after some
reasonable approximations, and so there afe scarcely
ambiguities in parameters for the pressure in alloys and
their volume dependences. This enables us ﬁo calculate the
lattice parameter and the bulk modulus definitely.

If we started from an expression for the energy with the
0 A U

i 'l =2 + A 0
usual Hubbard type Hamiltonian H coeiningotijaiway5+§Ikpifni¢

( where Eg

transfer integral, a

is the atomic level at the site i, tij is the

1—

im'and aj0 are respectively the creation

1. . _ _t (0 .
and annihilation operators, N0~ 240240 and Ui is the intra-

atomic coulomb integral at the site i.), we would get the
pressure: _

d<H>

d .0

3P0 = -30

~10-
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However, it would be difficult to determiné the value
and the volume dependence of —3.(236?/3_0. without a phenomeno-
logical assumption. Therefore the élloying effect in the
latticé constant and the bulk modulus would not be easily
taken into account theoretically. It would also be difficult
to estimate the volume dependence of the coulomb integral,
—303Ugéjl. An approximation which can be édopted is aUgéﬂ
0., However, such an approximation correspbnds tQ the neglect
of Coulomb energy in the virial theorem which comes from the
volumé dependence of the coulomb energy in the total energy.
The coulomb energy is important when we determine the
equilibrium volume as stressed by Pettifor. The above
mentioned difficulties also appear when we start from an
expression for the energy with the two-band tight binding
model. On the other hand, such difficulties.due to the coul-
omb energy can be avoided in our approach.

Further merit in our approach is that it clarifies the
role of s and d electron as shown by Pettifor. Therefofe,
we can easily get a physical picture. |

We will show first of all that our modél explains.the

pressure-volume relation and the change of the lattice

~11-



parameter of Ud transition metal alloys in Part I. The
calculation of the electronic structure in the disordered
alloy is performed with use of the off-diagonal CPA and the
charge neutrality condition at each site through fart I

and Part IT. |

It may be verified from the calculation in Part I that
our model for transition metal alloys describes the change of
the lattice constant and the bulk modulus semi-~quantitatively.
Part II will be devoted to elucidate 'cohesive properties of
3d transition metal alloys froﬁ our point of view.

Cohesive properties of 3d transition metal alloys are
different from those of 4d alloys in many points. These
anomalous pfoperties of 3d alloys are related to the complex
magnetic properties in most cases. These ground-state properti-
es in pure metals have been elucidated just a few years
ago{9)~(lu) The cohesive proverties of magnetic alloys, which show ’
more interesting behaviors than the pure metals; have been
discussed merely on the basis of g semiphenomenological
theory'considering the band energy only, in connection with
the invar anomaly.

We will calculate and elucidate the most fundamental
cohesive quantities, that is the formation energy, the devia-
tion of the lattice parameter from Vegard's law and the bulk
modulus of 3d metal alloy in Part II. The elucidation of
these pfoperties gives a base understanding mofe complex

and interesting phenomena such as the invar anomalies(lS)and

o12-



the pressure-induced ferromagnetic -antiferromagnetic transition

in Au.Mn and FeRh(l6).

2
It has been known for a long time that the-lattice parameters
of 3d transition metal alloys make lafge changes with their
magnetic states. According to thé theory of the magnetovolunme
effect based on the ferromagnetic Stoner mode1(15), it 1is
roughly expected that the volume expansion is in proportion

to the square of the spontaneous magnetization. However, this
theoretical expression is obv%ously not enough to explain the
magnetovolume effect in all 3d ferromagnetic transition metal
_alloys. For example, the lattice parameter of Ni-Mn alloy

does not show any change at the'criticél éoncentration (30at?
Mn) where the spontaneous magnetization vanishes.(l7)

On the other hand, Shigélggd SchlosseélggveVempirically
found recently that the anomalous lattice parameters of 3d
alloys are related to thé magnitude of the local magnetic moment
rather than the spontaneous magnetization. Their empirical
formula ié 0 =J2V+k‘<lm&l2> wherellv is the volume which is
determined from Vegard's law in the nonmagnetic state, k is a
concentration-independent constant and {{mal?} is the
average of the squares'of the local moment. However, the
theoretical base for the expression has not been elucidated
yet although it is confirmed from this empirical formula
that the amplitude 6f the local magnetié moment has an importaﬁt

role.

We will give a theoretical base to their empirical

-13-



formula and will discuss its propriety. That is, we will
show that the magnetic pressure is proportional to a linear
combination of the squares of the local magnetic moments ih
the lowest order expansion for the magnetic moment and does
not'depend on the detail of the électronic structure such

as the density of states (DOS) at the Fermi level. This
property can be understood roughly as follows. The magnetic
pressure is proportional to the change of the bonding energy
due to the magnetic state as seen in eq.(1) if we neglect

the sd charge transfer. On the other hand, the change of the
bonding energy is eqgual to the minus change of the coulomb
energy, which is expressed as a lihear_combinafion of the
squares of the local moﬁents, in the lowest order since the
energy is stationary against a change of the magnetic state.
Therefore the magnetic pressure {(or the magnetic contribution
to the volume) is proportional tovthe linear combination of |
the squares of the local moménts. We will verify that this
approximate expression describes qualitatively the magnetic
pressures in 3d metal alloys.

The alloying effect in the bulk modulus for the 3d
magneﬁic alloys has not been studied systematically in detail.
However, it is known well that the elastic constants of the
Fe-Ni alloy and the Fe-Pt alloy cause the softening in the
invar region and their bulk moduli become about half of the
value which is expected from the additive law. Usﬁally, these ‘

phenomena are considered to be caused by the rapid decrease of

14—



20
the spontaneous magnetization with the decrease of the volumef )

But, such a consideration is based on the rigid band Stoner
model and has not been established sufficiently. It has not
been elucidated yet how the change of the electronic structure
due to alloying contributesto the'bulk modulus.

We will proposevah expression about bulk modulus for any -
magnetic and atomic confilgurations from the point of view of
the virial theorem. We can understand from the expression that
an important factor which causes the softening is not the
derivative of the spontaneous magnetization but the derivative
of the magnitudes of the local magnetic moments with respect
to the volume. On»the basis of the expression, we will
elycidate the softenings of some bulk moduli due to alloying.

The formation energy of 3d transition metal alloy has
been calculated by Van der Rest et_alfgﬁging the off-diagonal
CPA and the observed trénds across the periodic table have
been elucidated qualitatively. There are many points which gre
not considered in their calculation although their conclusion
that the formation energy 4H is determinedAby the band energy
is very valuable. Firstly, the effect of the magnétic energy
is not taken into account though 4H is of the same order as the
magnetic energy. Experiments are performed at the high
temperature (500X~1000%x). However many 3d transition metal
alloys have the local magnetic moment above the Curie tempéra-.
ture §22)’(23)’Iherefore we can not neglect the magnetic .contribution

to 4dH. The second point is the effect of the repulsive energy.

-15-



In the alloy having a large volume difference between two
components, the size effect due to the repulsive energy will
be important. Another effect which is not considered in their
calcﬁlation is the effect of the s-d hybridization. It may
be important in the noble metal bése 3d ailoys to some extent.

We will take account of the first effecﬁ and will exblain
the observed trend of the formation ehergy in 3d metal alloys
quélitatively, assuming the chargerneutrality condition at
each site. We will also show that there are indeed changes in
the sign of 4H due to the gain of the magnetic energy in some
alloys.

We impose, in the real calculation through Part I and
Part II, the charge neutrality condition, which is considered
to be reasonable in the transitibn metal alloys. The charge
neutrality condition suppresses the electron transfer from
site to site. Such an effect plays an important role to
obtain a good agreement of the lattice parameter with the
observed value, for example, in Cu-~Mn alloy.

Our model contains . three factors which mainly
determine the cohesive properties of transition metal alloys.
They are the éd-d btonding effect, the s-d charge transfer effect
and the change of the magnitude of the local magnetic moment.

The gain of the bonding energy between the d electrons
on alloying. leads to a negaﬁive 4H and causes 2
contraction of the volume. We will find these behaviors in
the results of the calculation for the cohesive properties of

the Pd base 4d transition metal alloys in Part I, Fe-Ti

16—



alloy and Ni-Ti alloy in Part II. The gain of the bonding
energy also causes the softening of the bulk modulus. However
, the hardenihg of the modulus for the repulsive core part

( the first term of r.h.s. of eq.(1l)) with lattice contraction
always cancels the softening. Thérefore, the effect of the
gain of the bonding energy does not appear in the bulk modulus
explicitly in many cases. |

The s-d charge transfer effect with alloying is an
important factor for the latti?e parameters and the bulk
moduli. The volume contraction is caused by the electron
transfer from the s orbital to the d orbital since the pressure
due to the s electron is positive and the pressure due to the
d electron is negative at the equilibrium volume. Further-
more 1t causes the éoftening in the bulk modulus. These
behaviors will be found in the Fe-Ti and Ni-Ti alloys as
shown in Part II. The importance of the s-d charge ﬁrénsfer
effect on the lattice parameter was pointed out by Teraoka
and Kanamoriligi'the first time. Eowever, they discussed only
the contribution from the band energy after all, and could not
calculate the lattice parameter and bulk modulus of alloys
because the repulsive force was treated as an external
parameter.

The magnitude of the local magnetic moment 1s the most
important factor to. understand the céhesive properties of 3d
transition metal alloys. The growth of the magnitudes of the
local magnetic moment due to alloying contributes negatively

to AH since it causes the gain of the exchange energy. The

~17-



negative 4H in Ni-Mn and Ni-Fe is essentially due to the effect
as will be shown in Part II. As has been mentioned already,
the magnetic pressure can be approximated with the linear
combination of the squares bf the local moments. The change

of the volume which is characteriéed by the magnitudes of the
local moments is fhe most conspicuous in Cu-Mn alloy and the

Fe base 3d alloys since their alloys change largely the ampli-
tudes of the local moments with alloying. We can also show.
that thébchange of the volume derivative of the amplitude of
the local moment with the conc;ntration causes the softening in
the bulk modulus. The softenirig in Fe-Co, Fe-Ni and Fe-Cu is
due to the mechanism as shown in §3 of Part II. We believe
that the softenings in many invar alloys, perhaps, are caused by
the instability of the magnitudes of the local moments with
respect to the volume,

In Part I and II, the ground state properties of
transition metal alloys are discussed. In Part ITI, we will
try to extend our approach to the finite temperature.

The magnetovolume effect in the invar problem has been
discussed on the basis of the Stoner model considering the
d electron band energy only. 2qgowever, the Stoner model gives
a completely nonmagnetic state above the Curie point Te
although the existence of the local magnetic moment above Tc
is verified by recent theoretical(gz)and experimental studies
(23) for 3d metals. Because of the uniform vanishing of the
local moments, the spontaneous volume magnetostriction of

Fé and Mn in the Stoner model amounts to about 10%(10)Whi1e

18-



the observed spontaneous Voiume magnetostrictions are usually
about‘0.1~1.0%?&)Therefore, the Stoner model largrly over-
estimates the spontaneous volume magnetostricﬁion and will
not describe the magnetovolume effect in the 3d transition
metal alloys at the finite temperéture.

On the other hand, it is well known from the point of
view of the local moment model that the Weiss.model(25)(or the
two state model) explains the many phenomena for Fe-Ni invar
alloys, particularly in the high temperature. The most
fatal fault in this model is the lacking of the theorefical
support.

However, recently it has been shown that the local moment
model in 3d metals can be derivéd with use of the functional
integral method?Z)In Part IIT, we will derive an expression
of the pressure at finite temperatures by using the functional
integral method in order to remové some faults in the Stoner
model and to elucidate the role of the amplitude of the local
moment in the cohesive properties of the 3d transition metal
alloys at the finite temperature, which is essential in the
magnetovolume effect in the ground state as has been mentiond.

We will use the static approximation. The effect of the .
spin wave in the magnetovolume effect is not taken into
account, which will be important in the low temperature.
Furthermore, we neglect the fluctuation terms in many cases.

Nevertheless, we can obtain some important properties for the

magnetovolume effect in the finite temperature.

-19-



We propose an expression for the spontaneous volume
magnetostriction ag, the anomalous thermal expansion “M’ the
forced magnhetostriction 3w/ah and the bulk modulus B. From
our point of view, we can show that an émpirical formula that
the spontaneous rnagpe‘costriction is ﬁroportional to the change of the linear
combination of the squares of the local magnetic moment is
also justified in the finite temperature if the thermal
fluctuation around the saddle points 1s neglected, and show

that the Weiss model which is believed to be a correct model

a

by many exberimenters can be naturally derived.

We should emphasize that there are two origins for the
magnetovolume effect ofbinvar alloys. One is the change df
the amplitude of the local moment. The other_is the s-d charge"
transfer effect. Especially, the former gives us a new
recognition for the influence of the magnetism on the cohesive
proberties.l Indeed, we will show'that the changes for the
magnetic state influence all physical quantities which

can be derived from the pressure, that is,<vs, X, , 29/oh and

M2
B through only the amplitudes of the local magnetic moments
when ﬁhe s-d charge transfer effect is neglected.

Although the calculation in the limit of the CPA method
is directly possible, the results of the actual calculation
will be scarcely mentioned. Only the result of the prelimi-
nary calculation for «Fe will be shown and will be discussed

in comparison with the Stoner model. The detailed results

of the calculation will be published elséwhere in future.

-20-~



Part I
Cohesive Properties of

bd Transition Metal Alloys
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Outline of Part I

| A method to calculate therpfessure—volume relation in
alloys is giveh and it.is shown that the method is useful to
sﬁudy the cohesive properties for tranéitidn metal alloys (TMA).
First of all, Liberman—Pettifor's.virial théorem is represented
. with the L.C.A.0. assuming the ideal substitutional alloy as
has been mentioned in the introduction. The theory is based
on the two-band model where the s-d hybridization is neglected
and the five-fold degenerate onrbitals are replaced by five
times the'single orbital. The two-center approximation 1s
made for the matrix element in the pressure expression and the
ratio of the matrix element combining the differentAsites in
the pressure expression to the transfer matrix is approximated
to Ee independent of the sites, the types of the atoms and the
volume. As the result, a simple expression(for the pressure
in alloy is obtained. The parameﬁers are determined from the
correspbndence of our expression to Pettifor's expression
which is based on the first principle energy band,calculation,
The expression obtained for the pressure is applied to the
calculation of the lattice constant and the bulk modulus of
Nb-Zr alloy as a test and the propriety is discussed. The
electronic structure of the alloy is calculated with use of
the off-diagonal CPA. In §3, the deviations from Vegard's law
of the Pd base Ud transition metal alloys are calculated with
use of our approach. A semi-quantitative agreement with experi-
ments is obtained. The results are analyzed and interpreted

in terms of the 'relative' pressure. It is also verified with

_2o.



use of the same parameters that the observed trends for the
formation energies of their alloys across the periodic table

can be explained only by the band energy. The conclusion in

Part I is given in §4.

s



§&l. Formulation

‘e start from the virial theorem derived by Liberman(26).
For simplicity, let us consider the ideal substitutional alloy
that can be divided into the geometrically equivalent unit.
cells with one atom. It is assumed that the nucleus lies at

the center of each cell. The virial theorem is expressed in

Ry atomic unit as follows:

3Py = g[S E [ (vt cr-mo-v) o - v (Orr) T)E
| . . 9Cxe
—f-c.c.}d»‘l?-f—/d’l‘tctr]-a—n—— ({{‘—-IY'O()-OIISJ
/ 7)) - Cr/ ,
TZX ("’oa*lr,s)fd'r(fnw)-fcr))(—v)[ f_ﬁm_i,f},'i—-)dzr
s p p -1

(1.1.1)

L]

where the.’b:.L is the occupied one electron wave function, éxc
is the exchange and correlation energy density and n(r) (P(r))
is the electron density (the nuclear density). Integrations
are performed over the unit cell at the sitelx or its surface.

The last term of r.h.s. of eq.(I.1.1) expresses the
contribution from the interatomic coulomb energy. Liberman
has misunderstood this term and neglected. Howevef, this term
becomes important in alloys. The detailed discussion about
this point is given in Appendix I.

In order to calculate 3PV easily, we rewrite éq..

(I.1.1) in terms of the L.C.A.O., that is, we expand one
electron wave function +i by orthogonal atomic—orbitals.{ih}
where/u denotes the orbital and the site. The first term of

r.h.s. of eq.(I.1.1), 3PeV, is expressed as

~2h.



-) EF o
3PV = 2 5 gm B (DG ) de

3

(1.1.2)

Dry = J AN vgF ((r-1)-7) 50 = 3V (Cr-1)-7) %,

te e ]+ 2 gl arme) € %, [ 48

(I.1.3)

where we assumed the Slater exchange potential éic’ G is the
one~electron Green function in the atomic-orbital representation.
Hereafter, we adopt the single orbital model, and assume that

?; only depends on the type of atom on the/u—th site and that

v Ekc is independent of the type of atom on thé cell boundary..
Then P;$ does not depend on the type of atom at the site «,

In the néxt step, we adopt the two-center approximation
to the Q;L, that is, we neglect the Qﬁy whose indices &,

and ¥ are all different from one énother. With this

approximation,

(I.1.4)
where n, 1s the electron number on the site . g/means the
lattice sum except for the sitex. If we approximate that

the ratio of D:% to the transfer matrix t«F depends on neither
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the sites « andle, nor the type of the atom at each site, the

second term of r.h.s. of eq.(I.1.l4) becomes

EF ‘
D (=t ’ €
2(F) 5 [ 5 g Gpe 4 (1.1.6)
where
. o
_:b_. = —; —_— ZO(IB"'.' ‘. (I.lo7)

- /7
And then, -using the locator expansion Ggy = Ly +7L“T§ taF'Qpa
where Ly is the locator on the site « , we can rewrite eq.
(I.1.6) in the form:

EF
_25 (Ex— € ) Pu(€)dE

t s ’ ‘ (.1.8)

where €y 1s the atomic level and [ (€) is the local density
of states (DO3) at the site «.

For the pure metal, eq.(I.1.8) agrees with Pettifor's
expression (see eq.(13) and (14) ef ref.3). This fact suggests
that the above mentioned approximation is correct for A-A
pair. Furthermore, in his expression, (D/t) is nearly
independent of the volume. Hereafter, we assume that (D/t)
does not depend on the volume in alloys. For the alloy, the
approximation D;%/tap=constant is reasonable when we can assume
for the A-B pair that DAB(tAB) is equal to the geometrical
mean of DAA(tAA) and DBB(tBB)' |

Applying the point charge approximation to the inter
atomic coulomb term (the last term of r.h.s. of eq.(I.1.1)),

and with eqs. (I.1.4) and (I.1.8), we can finally write the
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virial theorem as follows:

3PV = Z(% 5 Ph) M«

EF
—.%gj (€x—6€) Pu(€)dE

ZZ/ %o( g‘é
t 2 gl 5 (I.1.9)

where ('v)I expresses the matrix element for pure metal
specified by ﬁhe type I atom at the site «. The q, is the
total charge in the X-th cell. The first term of the r.h.s.
is the core-repulsion term which is mainly caused by the
increase of the kinetic energy. The second term is an
attractive term due to the gain of the bond energy. We call
this term the bond energy term. The third term is, as is
known well, the Madelung term.

tthen we consider the completely disordered alloys and

the single site approximation, the Madelung term vanishes and

S0,
3P0 = B Cx («%-z—Df;Iﬂ: -7 Eb,  (1.1.10)
EF ~ . |
Eb = Z ¢z | (€x-€) Prce)de. (I.1.11)

"~

where Ny and FI are respectively the averaged electron number
of an I-type atom and the average local density of states of
the I-type atom.

We define the core-part partial pressure of the I-type
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atom at the sited« by

2 r 3

pL
(3R 1)y = (%’ ) ma (1.1.12)

the bond part of the partial pressure of the I type of atom

at the site « by
‘ D EF X
(3P 0), = -7 [ Cew —€)PuCE)dE (1113

and the total partial pressure of the I-type atom at the site

« by

L
(3F2)yr = (3Pe)yr T (3P )z T 3 P el
Then eq.(I.1.10) is

3

3}912 - é; cr (3 P—Qg)I (1.1.15)

~ ~n ~s
where (?,P_(Z)I is the averaged partial pressure, (3PCII)I+(3Pbﬂ)I

The partial pressure should not be regarded as the real
pressure of atom at the site. Their interrelation is elucida-
ted in Appendix IT,

Equation (I.1.9) has been derived with the orthogonal A.Q. .
But we can also derive the expression corresponding to eq.(I.1.9)
from non-orthogonal Anderson's A.O. {5},}(27). In this case,
D/ny is feplaced with the matrix expressed ’py 95/4 and 75,,, not
by ?}4 and %,. The ny should be regarded as the electron

number for <f’/,:
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) EF
™ Jr*j%" €?dd de
-where g is the Grimley's Greenian(28) defined by (eS-—H)9= 1.

Furthermore, the partial density of state in the bond energy

term must be regarded as the gross density:
] -
Py C€) = = //m(caz's)o(o(

&

where SdF:is the overlap matrix elément between « and f?.

We can also find the cohesive energy by iﬁtegrating
eq.(I.1.9). The repulsive energy is obtained from the first
term of the r.h.s.. The bond energy is obtained from the
second term, and the Madelung energy from the third term. In
the lattice gas model and the phenomenological elastic theory
in alloys, it 1s assumed that the'repulsiVe energy consists of
pairs. But our repulsive force is a volume force and so such
an assumption is not realistic.

Up to now, we have not specified the class of alloys,
particularly . Hereafter, we consider the transition metal
alloys (TMA), where the pSeudo potential approach can not be
applied.

We neglect the s-d hybridization. Therefore, the total
pressure is just the sum of the d and s part pressures. It
is knowh that this approximation is qualitatively good for

(3)

the cohesive properties

~29~



Parameters (XDfZ/E)I and D/t can be easily determined

(3)

from Pettifor's expression . For the s part,
D _ 3z J 2
D -2 (e 2 L (p cee)ReL )
‘ Dlg D 3(B$“é;cc)
] = — (€s—- B + ‘
(% = ) z s~ Bs) i i (I.1.16)
and for the d paft
D _ 4 - =
D 5'(1-!— = = (€d-€x)R a4 )
(z = Pley o Z(€d-Exe) |
p z ) - Hd , (1.1.17)

where/us and/ﬂd are the s band and d band effective masses,

{Ws=lf/%’ and a4 and ag are the logarlthm;c parameters which

(3)

are given in Pettifor's paper . R is the Wigner-Seitz

radius. BS is the bottom of the conduction band. ES-BS is

(29)

derived from the Laurent form about the logarithmic

derivatives and taking up to the linear term of eS—BS, we
obtain
3 /

es - B
s s I+ as /15R2 . (1.1.18)

Other parameters for pure metal are assumed according to
Pettifor(29), as follows:

n
)

Zw.s
R ’

/“dKz < R

p—
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€d = 637 r @R % ,

_ 32
s = /szg LR - } ,
Wd '

(I.1.19)

/dKz >

where 53 is the atomic d level. r, is the core atomic radius.

A

ZA i1s the effecﬁive charge which the s electron on the W.S.

sphere feels and Z is also the effective. charge similar to

W.S

ZA' wd is the d band width. See ref.(29) for the values of

the parameters ZW.S’ ZA’ Q, q and Tye

As mentioned previously, the bond energy part in the
pressure mainly originates from thé derivative of the bond
energy with respect to the volume. Therefore, (D/t)S and
(D/t)d should be close to 2 and n respectively. From this
point of view, we assumed in the real calculation that (D/t)S
=2 and (D/t)d=n where n is the exponent for the R dependence
of the d band width. For the ld transition metals, if'we
calculate (D/t) using Pettifor's parameter, (D/t)§=2.5~3.0,
(D/t)é3n—l, but these giscrepancies will not be important
qualitatively.

In the following section, we will show thé results of

numerical calculations on the pressure-volume relations of
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completely disordered transition metal alloys. The s part DOS
is approximated by the free-electron like rigid band model
because it has not a complex form. That 1s, we assumed that
f;(€)=£fcIlng(€) where fZIf(e) is the free electron DOS qf_
the I-type pure metal with the effective mass K .
The volume dependence Of,ﬂs is neglected for simplicity.
The d-part DOS's are calculated by using the off-giagonal
CPA formﬁlated by Shiba(30){ The volume dependence of the
‘model d band can be assumed as P(€)=?(6/W)/w because of the
single band model. The quantitj (D/t)d is not exactly the
same values over the all transition metals. When (D/t)

aat
(D/t)dB we replace (D/t)d by cA(D/t)dA+cB(D/t)dB. Although

3

~the level Gd.and BS do not necessarily agree with the wvalues
for the pure state in eq.(I.1.19) in alloys, they are
initially assumed to be equal to those in eq.(1.1.19), and
then if the calculated electron number violates the charge
neﬁtrality condition at each site, we shift Gd and BS of B
atom (or A atom) by a same amount until the condition is
satisfied. Lang and Ehrenreich(3l) also have found that the
volume dependence of the Curie temperature in Cu-Ni alloy is
explained by the minimum polar model such that the charge
ngutrality is satisfied within each atom, rather than by the
ionic regid band model.

In the concentration ¢=0.0 and 1.0, if we directly use

Pettifor's parameters, the equilibrium lattice constants

calculated by the above mentioned scheme often show the
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deviations of about 10% from the observed values. Therefore,

we have adjusted Qﬂs’/“d)ﬁ and gﬂs’/ud)B so that the
calculated lattice parameters and bulk modulili agree with the

(32)

observed values for both constituents. Other parameters
except for/#s and./h are quoted from Pettifor's paper, and
the detailed difference in parameters between the crystal

structures is neglected.
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§2. Nb-Zr Alloy

The pg-phase Nb-Zr allqy forms a continuous series of
solid solutions at high temperature with the b.c.c. struct-
ure. Lattice pafameter shows the negative deviation from
Vegard's law. Recently the bulk modulus has been measured by
Walker et al.(33), Tt shows the negative deviation from the
linearly interpolated wvalue.

As the first example, we calculated the pressure-volume
.rélation of this system. The input parameters are as follows.
/%Nb=0.5M84, 4*%Nb=2’ou6’ /%Zr=0.6396, /éZr=2‘u65' These
values are determined by previously mentioned procedure. v
Band width is wa=er=o.7~(R/3.0713)”u. Other parameters are
taken from Pettifor's paper. '

In Fig.I.1l, the assumed model d band and the volume
dependence of the d DOS af ¢=0.5 are shown. Since Nb and Zr
are adjacent to each other on the pefiodic table and we apply
the charge neutrality condition, the calculated d bands are
similar to‘the common bands. However, the band width 1s
extended due to alloying and the position of Fermi level is
shifted upward and passes through a peak of the d band with
the decrease of the volume. This is caused by the fact that
the bottom of the conduction s band relative to the d level
is pushed up due to large core radii, as the result, the electr-
on transfer from the s band to the d band occurs.

We show the pressure-volume relation in Fig.I.2. The

variation of the pressure with the concentration is approxima-
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tely linear. 1In Fig.I.3, the calculated'lattice parameters are
shbwn. The negative deviations from Vegard's law qualitatively
agree with the observad treﬁds(3u). In order to understand the
roles of the s and d electrons, it may be suitable that we plot
the difference between the partiai pressures when the alloy is
completely separated to the pure metals and those when the alloy
is completely disordered. (When completely separated, of course,

the Vegard 1aw.ﬂv=c +cBaB is satisfied.) In connection with

AQA
this, the relative d-core part pressure of A atom is defined

by

sRa)y = e[ 3Ba), |,  -(3R0),|nn,)
: : v c4=1

The relative d bond part pressure of A atom (BPbﬂ)dA is
also defined in the same way, but the suffix c¢ is replaced

by b. The relative d-part pressure of A atom is defined by

The relative s-part pressure 1is also defined in the same way.
We show the results of those relative pressures in Fig.I.l.

We find that the both s and d electrons contribute attractively
to the deviation from Vegard's law.

Figure I.4(b) shows the contributions from the partial
pressures of A and B atom. The s part pressure always
increases the repulsive character with the decrease of the
volume. Therefore the relative s pressure at Zr sité is

positive because the equilibrium volume of pure Zr,ler is
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larger than'DV=CanZr+chQNb and oppositely the relative s-

part pressure at Nb site is negative because 0} b(ﬂv. As the

N
total, the negative partial s-pressure at the Nb site overcomes
-that at the Zr site. Therefore the s part pressure causes the
volume contraction relative to the volumefﬂv.

The total relative pressure of the d core part is also
attractive because of the behavior similér to thé above
mentionéd s-part pressure. Since the d bond part always has
the opposite sign and the different volume dependence from
the core-repulsion part at the Nb site, its relative pressure
is positive. On the other hand, the d bond part of the relative
pressure at theAZr site is negative. The total relative pres;
sure of the d-bond part is positive because of the large
positive pressure gt Nb site.

In the adjacent type of alloy on the periodic table such
as Nb-Zr, the aﬁove mentioned analysis is not intuitive
although such an analysis is useful in the case of the Pd base
4d. transition metal alloys as shown in the following sectidn.
It is easy to consider as follows in the adjacent type of alloys.
Let us assume that the deviations ReQ_RA and Req-RB are small
where Req is the equilibrium atomic radius of the alloy and
RI is the equilibrium atomic radius of the pure metal of the
type I and assume that the partial pressure (3P.Q)I is equal
to the pressure of the pure metal of the type I. Expanding

§CI(3RQ)I(Req)=0 for Req-R to the first order, we can

I
easily obtain the equilibrium radius Req:
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Re;" Ks €A
RA - Rg

Rg B
CA + CB ——?z”‘j s
Ry bBa

where By is the bulk modulus of the pure metal I. Therefore,

the deviation from R ZZcI I is
Z
ke s (1o )
Kﬁ - F?B Rz B (I.2.1)
. Cq t Cg _gL_g_ .
Ra BA

With the approximation Ré/Rie:l, we can obtain
) Bg
(Reg = Ry)/(Ra~Ro) = cqCs( 1~52 )/ ea + Comp
A7 (1.2.2)

In the case of c, K1, we get (R._-R )/(R -Ry )= Ch (B /B -1)

eq Vv
which is equal to Friedel's formula( )

except for the
factor (1+(1+>’)BA/2(1-2)’)BB)_l where Y is the Poisson's ratio.
We remark that the Req in eq.(I.2.1) has not the extreme

value in the region 0<c (1. Therefore, eq.(1.2.1) does not
explain the minimum volume in Pd-Mo alloy and the maximum
volume in Cu-Mn alloy(gu). Equation (I.2.1) qualitatively |
describes the deviation from Vegard's law of the iso-electronic
or adjacent type of alloy such as Nb-Zr. The deviation from
Vegard's law calculated from eq.{I.2.1) is shown in Fig.I.3(a)
by the dashed line. As known from eq.(I.2.1), the fact that
the Nb-part contribution is main in Fig.I.4(b) is roughly due

to BN5>B Hereafter, we call this kind of classical behav-

Zr’
ior in the partial pressures as the normal behavior. In many

transition metal alloys of the adjacent type , B ?Bg 1f RA< Ry.
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Therefore,such an alloy always tends to exhibit a hegative
deviation from Vegard's law.

The charge neutrality condition is important to some
extent. For example, when the electron number in the site
deviates by more than 0.6 per atom from the charge neutrality,
the positive deviation from Vegard's law occurs gt ¢=0.5.

l1-c
change linearly with ¢< 0.2, while for c¢>0.2, they deviate

It is observed that the bulk moduli of the Nb Zrc

downward from the linear extrapolation for concentration.
(See Fig.I.3(b).). Our results for the completely disordered
Nb~Zr system show an approximately linear change over all
concentration. So, for ¢>0.2, the result does not agree
with the observed negative deviation from the linear variation.
Many causeé are considered for this disagreement. The most
important one seems to be the short range order effect. 1In
fact, Nb-Zr system separates into two phases at low tempera-
ture and at high concentration (20at%~90at%Zr). B.c.c. ﬂ—

phase is formed above about at 900 °C(35)

. Since the crystal
is annealed at about 1000°C during the whole growth procesées
, we can always expect the short range order. 1In Fig.I.3(b),
the bulk modulus of the solution of the completely separated

Nb-Zr is shown by dotted line, and it seems to agree with the

observed trends.
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§3. Pd-Base 4d Transition Metal Alloys

In this section, we discuss the change of the lattice
parameters of the Pd base Ud TMA and its microscopic inter-
pretation, then the calculated bulk moduli will be also shown.
At the end of this section, the formation energy will be
discussedf

It is observed that the lattice parameter of the Pd
base Md'TMA shows a negative deviations from Vegard's law
and the negative deviations change parabolically across the
periodic table. Particularly, the deviations in Pd-Zr and
Pd-Y are large, and it has been believed that the deviation
relates to the charge transfer effect(36)(or the ionization
effect). Later in this section, it will be shown that their
large deviations are partly due to the deformation effect
of the d density of states at the Pd site and partly due
to the charge transfer effect from s band to d band within
the impurity site, but not due to that from
the impurity atom to the host atom.
- Figure I.5 shows the model band and the impurity site
partial density of states for ¢=0.1 at the equilibrium
position of pure Pd. As we remarked previously, it is not necessary
that ed and BS are given by eq.(I.l.lQ)Ain alloys. If A
atom has, for example, a larger core than B atom, it may
be more reasonable to consider that the real level of A atom
is close to the level obtained from eq.(I.1.19) into which a

larger radius R, is substituted in stead of the cell radius

A
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R per aﬁom because the average wave function on the A atom
will tend to extend outward so as not to increase the kinetic
energy. But,:even 1f such a procedure were followed, the
level of A atom relative to the level of B atom would not be
so different from the relative 1e§e1s determined by the
procedure in the previous section whén we assume the charge
neutrality condition. ‘

In Fig.I.6(a), the resulté of the calculation for the
deviation from Vegard's law are shown. The agreement
between the observed and the calculated values is good.

Friedel's phenomenological theory is not good in
agreement with the observed value except for Pd-Ag and Pd-Rh
alloys. These disagreements are caused by the characteristic
d band effects as will be shown soon later.

In order to show the roles of the s and d electrons and
those of the Pd and impurity atoms, we consider the partial
pressures relative to the separated phase in Fig.I.6(b).

Since the relative pressure which has been defined in the
previous section is approximately proportional to the relatiwve
deviation, we can understand from the figure that the negative
deviations from the Vegard law are mainly due to 4 part press-
ures and that the calculated deviation dip at Ru occurs
because of the contribution from the s part pressure.

Let us examine each partial relative-pressure in detail.
The s pért partial pressures behave normally in the sense

mentioned in the previous
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section and are determined by the deviations from each equili-
brium position (See Fig.I.6(c).). The relative pressure of
the d core part are also normal as shown in Fig.I.6(d).

The d coré part pressure at the impurity site dominates the
sign of the total relative pressure of ﬂxed—mne part because of
large core radius of the impurity. The relative partial pressures of
the d bond part at the impurity site (dbA) are also normal.
But the partial pressures of the d—bond part at the Pd site
are abnormal, VWhen the Pd-Zr and Pd-Nb alloys expand, we expect
that the relative d-bond contribﬁtion at fd.site is positive
since the magnitude of the negative d bond contribution of
the pure Pd decreases with the volume expansioﬁ. But the
results in Fig.I.6(d) do not behave so. These anomalies are

due to the alloying effect of the d band at the Pd site.

As an example, let us see the alloying effect of the
PdSONbZO at the equilibrium atomic radius of the pure Pd
in Fig.I.7. The sharp peak near the top of the local
density of statesat the Pd site is shaven off due to the
mixing with the Nb impurity states above that. The shaved
‘states partially extend upward, and partially contribute to
the bonding state. This change causes the gain of the bond
energy at the Pd site, therefore causes the negative bond contribu-
tion of the relative partial pressure at Pd site. Recently,
Pettifor characterizes this bonding effect as an effective
~increment of the d band width in the alloy.

Next, we show the calculated bulk moduli in Fig.I.8.
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These changes 4B/c tend to deviate in the positive direction
from the 1linear varlation. But fbr ¢=0.2, 4B/c 1lies
in the concentration-linear line. These variations will relate
to the change of the DOS at Fermi level. 1In the case of.the
bulk moduli, the s-part contribution and the hybridization
effect are comparatively important according to the pure
metal calculations. Therefore, it may not be quantitatively
good that the rigid—band like approximation is applied to
the calculation of the electronic structure of the s electrons.
The experimental studies of the transition metal alloys
for the bulk moduli have not been done systematlcally,
Detalled experimental studies at ﬁhis field are expected in
future. We postpone more detalied discussién to future,
waiting for the systematic experiments.

Finally », we discuss the formation energy of the Pd base
4d TMA. It may also be important to show that the alloy
formations should be qualitatively explained by using the same
parameters as those in this section. If we apply the point
charge approximation to the interatomic coulomb energy, the

configurationally averaged total energy is

Etg > = § C,T.["ﬂ\d; €4r Tt ’7?5‘_[ €st
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(I.3.1)

where the spatial integration 1S performed over the Wigner-
Seitz cell. The H& and G;I are respectively the averaged

density and the intra-atomic ébulomb potential when the site
o 1s occupied by the afom I. As verified by Gelatt et al.(5)
and Pettifor(3), the large cancellation between the level-
shift energy and the double counting energy occurs near the
equilibrium position, so that they do not qualitatively
contribute to the cohesive energies. Therefore, we
assume‘that the formation energy which is defined by the
-energy difference between the completely disordered state and
the completely separated state is approximately described

by the bond energy only.

So that, our estimation for the formation energy is essentia-
1lly the same as that discussed by Friedel,Cyrot and Cyrot-
(7) (6)

Lackman and Gautier et al* .. The different polints are as
follows. (1) AWe take account of the volume effect of ﬁhe
bonding energy in alloys. (2) We use the relative levels
shifted by the charge neutrality condition, and do not use
the atomic level. (3) The s part contribution of the band

energy 1s also added.

The calculated formation energles are shown in Fig.I.9.
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The obtained signs are similar to those obtained by Cyrot and

(7

Cyrot-Lackman although our values are fairly larger than

their wvalues.
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g4, Conclusion

We have proposed a method to calculate the pressure-
volume relation in alloys and have shown that the pressure-
volume dependence and the related cohesive properties of the
ha TMA are qualitatively explained by the virial theorem and
the simple two-band model.r The s-d hybridization has been
neglected. The sp band and the 4 band were approximated
by the single bands, and the former was regarded as the
concentrafion average of the free electron like DOS of each
component and the latter was treated in Shiba's off-
diagonal CPA.

The negative deviation from Vegafd’s law and the linear
change of the bulk modulil of Nb-Zr can be explained qualita-
tively, but the negative deviation from the linear change of
the bulk modulus in ¢>20 at%Zr can not be explained by our
completely disordered model whichbasmmﬁs the charge neutrality
condition. It was suggested from the estimation in the
separated-phase 1limit that the disagreement in the bulk
modulus is due to the short fange order effect.

We have calculated the lattice parameteré, bulk modulil
and the formation energies for Pd-base Nd‘TMA, and have
obtained the following conclusions.

(1) The negative deviations.from Vegard's law are mainly
due to the 4 part pressﬁres. Particularly, the gain of the
d-bond energy which is due to the destruction of the sharp

peak at the top of the Pd-site partial density of states
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when alloying, contributes mainly to the negative relative-pressure
of the d parﬁ. In the Pd-Zr and Pd-Nb alloys, the reduc-
tion of the s part pressures caused by the charge transfer
effect from the s band to the d band also contributes to the
negative deviations. The s part bressures cause the dip at

Ru for the deviation on the periodic table.

(2) The calculated bulk moduli tend to be larger than
the concentration-linear values for ¢=0.1, but for c=0.2,are
approximately equal to the concentration-linear values.

We have discussed the large d band effect at Pd site to
the coheslive properties. However, in the case of Ag-base
44 TMA, such a large d band effect can not be expected.
Indeed, we have verified to be so. For example, the deviation
froﬁ Vegard's law of Ag8OZr20 is only one-third of that of
Pd8OZr2O.

In spite of the simplicity of the model, we believe that
our approach is useful for eluciaating the cohesive
properties of the transition metal alloys. However, there
are many points which seem to be excessively simplified.

Firstly, wé neglected the s-4 ﬁybridization effects.

For this reason, the chargé transfer from the s band to the

d band indicated in the Pd-Zr alloy may not be so large as to
be expected from the présent model, because the s-d hybri-
diZation expels the sp states from the energy region of the

d states so tﬁat the sp density of states at the Fermi level
is small. Also, the bonding effect due to s-d hybridization

might explain the formation of the Pd-Ag alloy.
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Secondly, we do not take account of the concentration
dependence of the bottom of the sp band. It is not so
difficult to take this effect into account. However, for
integrated qugmtitiés such as the Sp electron numbers and sp band
energy,‘we believe that our approximation correctly describes.
the trends of them because the sp density of states is ndt
complicated and because our approximation is correct up to
the second order moment/uz. Of course, the more detailed
calculations are necessary for the cohesive properties of
alloys, especially the noble metal- noble metal alloys (Cu-Ag
, Cu-Au etc) and the transition metal- nontransition metal
alloys (Fe-Al, Ag-Al etc ) which are not considered ih this

paper. We leave these for the future problems.
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Part II
Cohesive Eroperties of

3d Transition Metal Alloys
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Outline of Part II

The purpose of Part II is to elucidate the formation
energy, the lattice parameter and the bulk modulus of 3d
transition metal alioys in the ground state on the basis of
the electronic structures.

The calculation is performed with use of the method
developed in Part I.  The method is reviewed briefly in §1
and a useful and approximate expression for the magnetic
pressure is derived. Furthermore, an expression which is
used in the calculation of the‘formation energy is derived.

Cu-Mn alloy is cdiscussed in §2, and then the cohesive
properties of the XFe-base and the Ni-base 3d transition
metal alloys are studied in &3 with the assumption of the
charge neutrality condition. The concentration dependence
and the systematic variation on the periodic table for the
formation energy, lattice constant and bulk modulus reproduce
the observed trends qualitatively well except for a few alloy
systems,

" In the formation energy of 3d transition metal alloys,
the effect Qf the gain in the exchange energy is emphasized
in comparison with the formation energy in the nonmagnetic
state. It is shown that the origin of the deviation from
Vegafd's law lies in the change of the magnitude of the local
magnetic moment and the s-d charge transfer effect in alloys,
and it is verified theoretically that the empirical formula

for the deviation from Vegard's law proposed by Shiga and
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Schlossef is qualitatively correct for many 3d transition
metal alloys. For the bulk moduli, the softenings due to
alloying are discussed.

In the last section, the conclusion and a brief discuss-

ion for the Fe-Pt invar alloy are given.
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1. TFormulation

The formulation is essentially the same as in Part I.
The different point from the previous method is that the
electfonic structure of the s electron part is also calculated
with use of the CPA and so, the alloying effect of s electron
is taken into account.

By neglecting the s~d hybridization, the virial theorem is
written in the tight binding representation as follows (See

eq.(I.1.9) in Part I)

| . 7
r T0p
3PV + 3PV *Z«}Z (retal > (IT.1.1)

3RV = L (5, ‘”‘"'(’t‘)ﬁ-[““h‘e)'o«m"/é,

(I1.1.2)

where 0- means the electron spin state. 3P1V is the partial

3PV

I

pressure of the orbital 1. The first term of r.h.s. of eq.
(IT.1.2) is the core part pressure due to the l-orbital elec-
tron. 9§D5L/2)1 is a volume dependent factor of the atom

at the site . The second term of r.h.s. of eq.(I.1.2) is the
~bonding energy term. (D/t)1 is the volume independent factor
of the orbital 1. f21v(e) is the partial density of states
(DOS) of the orbital 1 and the spin state o at the site «.
Although the spin dependence of ﬁhe factor (%D£L/2) is not
important, we assumed its spin dependence due to the change

of the local magnetic moment since we formulated the pressure
on the basis of the local spin density functional theory (LSD).

These parameters are determined in the same way as

in the case of eq.(I.2.1)
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(3)

and (I.2.2) in Part I by use of Pettifor's expression

of the pure metal:

(Z_?gf.‘ = 2 (€4z0~ €xc) .

£z fdxe Hdx s (IT.1.3)
) - 5[] om0+ 2O
(F)y = F e (:?)H ’  (II.1.5)
('-—t-q)d; = f5_+7zz; - 2&1(54- ezc)R"’]I ,  (1r.1.8)

I

(—g—}SI .271[1'?%%’—(55-ezr)d$Kz]1: (II.l.Y)

i - .o
where édIo_ls‘assumed to be equal to edI (UI/Z)mI . Eg and

_ edI are respectively the centers of the gravity of s and d

electrons of the nonmagnetic pure metal of the type I, my is

the local moment at the site and UI is the exchange parameter
of atom of the type I. The fitting factors §; and 7, are
respectively introduced to the r.h.s. of eq.(II.l.l) and eq.
(IT.1.7) so that both the lattice parameter and bulk modulus of pure metal
are reproduced correctly. In Part I, the effective mass K and
'ﬂd were the adjusting parameters for the same purpose.

In the case of the disordered alloy which we discuss,

the Madelung energy vanishes. Therefore,

3Fn = 3P + 3P40
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EF
~ Df; N —D _ ~
shn = Boes () Fao ()5 exfCeuzeme) Bt

L To

_ (I1.1.8)
In this paper, 3§iﬂ is calculated in the off—diagonél CPA
assuning the geometrical mean.
As shown easily by the analysis of the first three moments,
the volume dependence of the DOS, the center of gravity and

the transfer integrals are all determined only by that of the

band width W.

I A -l
peer = L p(=2)
éo’é& o< W’

I t,;|? < WZ
d b

°d

(I1.1.9)

A
where P(w) is a volume independent function, éb is the
bottom of the energy band and 60 is the center of gravity.
The level of the I type atom in the magnetic alloys are

assumed to be as follows.

€Ejroe = €dr (F“re)"é‘vi4n1'0~ +,Av,{JiA ,
€ox = €sp (pure) + AV - Fzg

€dr (Pure) = €4: + Qz R-ﬂl”

Eep Cpure) = By (fdTe) + wi (II.1.10)

s
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where EdI(pure)Aand EEI(pure) are the centers of gravity of
d and s electrons in the nonmagnetic state. UI is the
exchange pérameter and assumed to be equai to UOI(1+/UOI/WdI)
where Ugq andv’UOI are adjustable parameters and Wy is the
d band width of the pure metal I.' The volume dépendence of
the d band widﬁh is described by-wd

corresponding to the atomic volume. is the atomic d

a
€41
level of the atom I. BSI(pure) is the bottom of
the pure s energy band of the type I and is assumed to be
equal to 3ZA((rA/R)2—1)4uSR which was suggested by Pettifor
is

and used 1n Part I. rA is the éore atomic radius and ZA

the effective charge which the s electron on the W.S. sphere
feels. We assume that the s»band DOS of the pure metal is
a semi-ellipsoidal DOS and define W by one half of the s
band width. The volume dependence of Wy is proportional to
_R_2 because of the neglect of thevvolume dependence of’,as
(See eq.(I.1.18) in Part I.). The magnetic polariéation of
the s band is neglected. AV is determined from the charge
neutrality condition in a site. EIA is the Kronecker §.
The volume dependence oflﬁﬂxpure)—egI is assumed to agree
with that of Wj. In the g metals, this assumption is
justified numerically. This point is different from the
method in Part I.

Expanding eq.(II.1.2) with the atomic magnetic moments,

we can get an approximate magnetic pressure. Integrating

by parts, let us transform the bonding energy of the orbital

-5

«R®, R is the cell radius



EF
—Eb1=[§'a-(€—€<lv‘) fz(l(r(e)de , to the following form.
EF
_Epy = Z (EF- eotem)no!.eo-"/ﬁ_ﬂd,eo-(e)de , (I1.1.11)

< O

€
where n“l¢(6)=jvzlo@o)dq), nd1¢=n¢1¢(EF). Local magnetic
moments contribute to the bonding energy through each atomic

level €, The change of the bonding energy (—Ebl) due to

10°

the first order change of the atomic levels is

F(-Epg) = Z (EF-Cauc) Smuyo (II.1.12)

where we used the relation J{jﬂﬂa{eh—gﬁl@(e)-576&10_,
According to the selfconsistent condition (II.1.10), the above

expression 1is

{ 2
F(-Epg) = ZCEF-Cup) Tmuy + ;(Z§Vdmd);£d.,

Therefore, the magnetic pressure‘defined by the magnetic 3PV
minus the nonmagnetic 3PV becomes approximately the following

form.

~ Ly L y
(3PV2magM %[Z(t)d /udo(].u—o(’mo(

of
+%e[(%?°7£+(—§)x(5f:—€om)] T Mg

(I1.1.13)
Of course, in the ferromagnetic pure metal, the first
term of r.h.s. of eq.(II.1.13) agrees with the formula derived
(37)

by andersen et al. in the first order expansion. The
second term is the charge transfer term due to the change

of the local magnetic moment. Since (D/t)d%(D/t)S (See Table 1)
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and the charge neutrality within the site 1s satisfied, ‘this
term hardly depends on the Fermi level and is smaller than
the first term as numerically verified in the later section.
It is remarkable that the first term does not depend on the
detail of the electronic structure since (D/t)d and‘ﬂd are
determined by the atomic d wave function. The first term of
r.h.s. ofbeq.(II.l.lB) gives a theoretical base to the empirical

forrmula found by Shiga<l7) (18).

~and Schlosser
The expreésion for the bulk modulus can be derived in the

same manner. In the present case, the following expréssion is

obtained in stead.of eq.(II.1.12) as there is the volume change

of the transfer integrals.

dn
dy oo dV
EF
—o%r,/*""f(é”exzo-) Pugor(€)dE

(IT1.1.14)

where we assumed the geometrical mean for the AB type transfer

integral and assumed t%&xil"zb’, 7’ /3 7’1—2/3 Finally,

we obtain the formula for B:

3B = fea'[—4V I Z“°y ]

ool d
o(ﬂo-[(,%?)j (’E‘)ﬂ(EF-éx,eo)](~ dqlz/dﬁo-

~Z',.(’“£M_ f[eu(,~e)f>oua_(e)de
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d , Fx & ]
+[-; {52; —*ﬁ[lry(g’) . (II1.1.15)
In‘the case of the CPA,
i
~ d Doo
3B = £ e[ (53] e
d’n_eI

+};c1[(z ) T[E) CeF - €42)| (-

+ I ¢z { ] T fJ-ng "—L}] I{—dﬂnr}
3 40 /441 4 d M
-z () Z ¢ z/'iIfCe“ —€)FPoro(€)dE
2z 't/ezx 4
(IT.1.16)

The first term of r.h.s. of eq.(II.1.16) is the core part. The
second term is related to the change of the electron number
due to the volume variétion . The third term is related to the
local magnetic moment. The last ferm is the bonding energy term.

Next, we explain the expression used in the calculation
of the formation energy. We consider only the d electron

(6),(7),(19)

in accordance with other calculations The energy

expression to calculate the formation energy is

- ! S ocr Uy Ma
;I:.O_clfcé_elo_)/azwce)de~7;)\1 2 Uy Pz, (I1.1.17)

Of course, the above expression in the nonmagnetic state
agrees with the d electron part of the expression used in
Part I.

We consider two values of A= 3/2,1. A= 1 is correspondF
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ing to the Hartree-Fock (H.F) magnetic energy. If we
interpret the DOS P(€) in the sense of the quasi-particle,
A= 1 is appropriate. If we interpret the DOS P(€) as the
DOS in the sense of the LSD theory, the double counting term
is not exactly double counting and A=3/2 israppropriate in
the case of the Slater type LSD potential. Indeed, according

to the LSD theory, the electronic total energy is given by

EF | 7 cr) nfr’)
_ L diwr” 277 T
j ef(é)dé S fdlr‘ r T

+ fdlr [ner) excCnam) = £ e (i) vilcwr] | (I1.1.18)

) . o _
where exc is.  the exchange-correlation energy and Vee a(nékc)
/one. . If we assume the Slater type potential, i.e. that with

x=2/3 in Slater's X« method, the third term is

l o~
-—Z—gf%_ T (W) Uy (V) AIC (IT.1.19)

where §= 1/2, Here, we define the exchange splitting

parameter Uj at the site j by

e e . — .
U-J i = S 6J1‘

2 LG5y | vl m) | Fjy> T <?‘j1‘[vz¢c (| Fje

where qhq_is a localized orbital of o spin state at the site
Js mj is a local magnetic moment at the site j. Then,
leaving only the intraatomic d electron term, the magnetic

term in eq.(II.1.19) becomes
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A I I

Therefore, eq.(IL.1.17) is obtained and A=2-§=3/2.
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&2, Cu-Mn Alloy
The lattice parameter of Cu-Mn alloy exhibits a maximum

at 60 at%Mn(gu) where the volume of this alloy exceeds

‘that expected from Vegard's law by about 10%. The

(8)

predicts
(18)and

classical and phenomenological theory by Friedel
- the opposite sign to the observed deviation. Shiga

(19)

Schlosser suggested from the empirical formula that the
deviation from Vegafd's law is closeiy related to the |
growth of the local moment. However, the information about
the magnetic properties of thié'alloy is not enough to
elucidate the deviation, thus the origin of the deviation from
Vegard's law has not been elucidated yet.

The calculation of the formation energy of Cu-Mn by
means of the off-diagonal CPA is performed by Van der Rest

et al.(2l). Their calculated value 1s about ten times larger

(38)

than the observed value , and so, 1s not satisfactory.

In this section, we 8&ive the result for the lattice
parareter mainly and elucidate the relation of it to the
electronic structure and the magnetism.

The s-d hybridization effect changes the electron

numbers by about *0.5 in the pure metal. However, the net

change due to the alloying effect may not be so large and not
important for the concentration dependence of the pressure.
The concentration dependence of the 1gttice parameter of
the Cu-Mn alloy shows the behavior similar to that of the

Ni-Mn alloy experimentally. This fact suggests that the
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hybridization effect in Cu-Mn is not particularly impoftant
in cormparison with other transition metal alloys.

We calculate the electronic structure regarding this
alloy as the mégnetically and configurationally disordered
Valloy. In fact, the antiferromaghetic order has not been
found-in the low Mn concentration. 1In Fig.IT.1l, we show the
DOS of 7Mn calculated by means of this method._ The result
reproduces fhe DOS in the antiferromagnetic state calculated
by Asano and Yamashitsgéualitatively well although we
regarded the antiferromagnetic 7Mn as a disordered alloy;

Values of parameters are wS(Cu)=O.626 Ry, WS(/Mh)=
0.78232 Ry, Z,(Cu)=0.91135 and,zA(/Mn)=o.88199. The
guantities ws‘s are selected so that the curvature at the
bottom of the s band DOS agrees with that of the free
(4o)

1
ZA S

are estimated so that the position of the bottom of the s

electron DOS determined by the effective maSS/(s

band agrees with the result of the band calculation.

Exchange parameters are UO(Cu)=O.O Ry and Uo(/Mn Y=0.29004
Ry, fUO(Cu)=O.0 Ry and %Uo(an)=2.0. In the pure metal,
these values reproduce the observed Mn magnetic moment 2.4 4B

(41) at which the local

and the reasonable critical pressure
magnetic moment vanishes. Fitting parameters & and 7 are as
follows: 3(Cu)=1.01579, 7(Cu)=1.68358, £(71n)=0.96533, 7(7Mn)
=1.25716. Other parameters are given in Table 1.-

The calculation for the P-V relation of 7Mn which is

based on the energy band theory and the calculation for the
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volume dependence of the magnetic moment ha&e not been
performed yet. Our model calculation in which the antiferro
magnetic /Mn is treated as a disordered antiferro magnetic
#Mn is the first one. The critical pressure such that the
anomaly of the P-V relation appeafs together with the
vanishing of the spontaneous magnetostriction, is 160 kbar,
where the pressure-induced antiferro-nonmagnetic transition
occurs as shown in Fig.II1.2. A large increment of the
pressure with the decreasing vqlume is seen in the nonmagnetic
region from Fig.II.Z and the small increment of the pressure
with the decrease-of the volume, in the antiferromagnetic
region. This bending Of the P-V relationAhas not been
observed yet because of the lack of the high pressure
experiments on Cu-Mn alloy larger than 100 kbar. In the
case of the Fe-Ni alloy, this continuous bending is observed
(42). Such a bending shows the vanishing of the localized
moment. In Fig.II.2, the pressure in the magnetic state
minus the pressure in the'nonmagnetic state 1s called the
magnetic pressure. Figure II.3 shows the volume dependence
of this magnetic pressure. The‘mdgnetic pressure of 7Mn is
well reproduced by the first term of eq.(II1.1.13).

The electronic structure of Cu-Mn alloy is given in
Fig.IT.4, 1In Fig.II.5, the result indicated by II is calcula-
ted with the following selfconsistent condition in stead of

eq.(II.1.10).
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l A ~
Edre = €dz (PAva) + - Uz ( Mgz - Mar (PEYR))

N
_,L'UEIsz.o\
z >

€sx = €sr (para) (II.2.1)

where GdI(para) and é%I(para) show the levels in the nonmagne-
tic state, E&I(para) is the d electron number in the nonmag-
netic state. In the high Mn concentration, the result II shows
the good agreement with the result I, but in the low Mn
concentration, these results do not agree. In the case of

the selfconsistent condition (II.2.1), the magnetic moment

is larger than that determined by eq.(II.1.10) because the

d electron number at Mn site decreases, being accompanied

by localization of Mn with the deérease of the Mn concentration.
The concentration dependence of the DOS of Cu-Mn can be

easily understood since the Cu-part DOS and the.Mn—part DOS

are separated clearly. The low energy peak of DOS grows

up with the decrease of Mn concentration, the d band width

of Mn site in the high energy region becomes narrow and

narrow as the interaétion among, Mn atoms becomes weak.

In the magnetic case, the up band at Mn site mixes well

with Cu. At lower concentration than 60 at%Mn, the d band

of the antiferromagnetic Mn has a gap because of the exchange

splitting and localization. This gap, of course, becomes
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small with the decrease of the volume.

Calculated lattice parameters are shownrin Fig.II.6(a).
The index I is the result calculated from eq.(II.1.10) and
II is bgsed on eq.(II.2.1). The result II deviates largely
from the experimental value at the low Mn concentration and
is overestimated. Therefore, the selfconsistent condition
(11.2.1) may be inappropiate. This overestimation of the
lattice parameter is due to the faét that the a4 eiectron
number at Mn site.decreases by 0.4, so that, the excess
electrons which fiow out from ﬁhe d orbital are accumulated
mainly in the s orbital at Cu site.

In order to elucidate the origin of the large positive
deviation of the atomic volume from Vegard's law, we define
the pressure at the volume determined by Vegard's law (ﬂv)
relative to the pressure in the separated phase as well as

82 in Part I as follows:

S(3BQ)(y) = 3P0 (2y) - L ¢z (3Pe)(2z) (11.2.2)

S(3P0)(ar) = F(3P-0)() + T(3Fn)ny),
| ' (II.2.3)
where (3Pf2)I(QI) is the 1 component of the .pressure of the
pure metal I at the eqilibrium volume and 3§&Q(Qv) is the
l-component pressure of alloy at the volume determined by
Vegard's law. Each component of the orbital can be decomposed
into the core part and the bonding part which consist of the

contributions of both types of atoms. Of course, if §(3PQ) (Q,)>
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0, the lattice expandsrelatively to the volume determined
by Vegard's law. In order to claify the magnetic effect. the

following magnetic pressure (3pIZ)mag is useful.

3P (2y) = 3Fﬂ,:(ﬂv) +(3 ?ﬁlma(?(ﬁv) , (II.2.4)

where 3Pﬂ£(ﬂv) is the pressure in the nonmagnetic state at
rthe Vegard léw 'Qv which is obtained by intepolating the
volume between the nonmagnetic Cu and the magnetic /Mn. An
approximate expession of the magnetic pressﬁre is given by
eq.(II.1.13). Substituting eq.(II.2.L) into (II.2.3), we
obtain the relative pressure which conéist of two parts i.e.
the term S(3Pﬂ)magCQv) due to the change of the magnetic

state with alloying and the term J(3Pj%)(ﬂ%) due to the change

of the nonmagnetic part:
s(3fa)we,) = §3P0 mag(v) + &3 PL2p (y),
(IT.2.5)

In Fig.II.7, each relative pressure §(3Pf) is shown.
Figure II.7(a) expresses the s and d contributions. Both s and
d electrons make positive'contributions to the relative press-—
re. Thé arrows written by the solid and dottéd lines show
the direction of the change of the relative s and d pressures
when the volume changes from,av to the equilibrium volume.
Since the s electron part of the pressure generally increases
-rapidly with the decrease of the volume and d electron parﬁ

pressure decreases with the expansion, 5‘(3Péa) becomes negative and
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then balances with the relative d pressure which is positive
at the equilibrium volume. As shown in Fig.II.7(b), the
origin of the large expansion at 60 aﬁ%Mn is due to the change
of the magﬁetic pressure. Since the magnetic pressure 1is
approximatelj proportional to the»linear combination of the
squares of the local magnetic moment, we can interpret that
this large expansion is due to the increment of the Mn magne-
tic moment. The increment of the Mn magnetic moment is
caused by the reason that the ?onding of the Mn atoms is
broken with the decrease.of the Mn concentration and the
magnetic moment is localized. The main part of the magnetic
pressure originates in the bonding pressure of the d part.
So, we can give also the interpretation that the loss of the bonding energy
at Mﬁ site becomes large with the increase of the Mn magnetic
moment and it causes the relatively repulsive pressure. (See
Fig.II.7(e).)

There are two origins of the positive deviation from
Vegard's law iIn the low Mn concentration. One origin lies
in the relative pressure of the s part. The d electrons at
Cu site mix with the d electrons at Mn site which is in the
higher energy region, and so the d hole is produced at Cu
site. Therefore the charge transfer from d orbital to s
orbital at Cu site occurs. It causes the excess repulsive s
pressure. Another.origin lies in the loss of the bonding
eﬁergy due to the narrowihg of the DOS at Mn sité. This

effect is, though large, not pr*edcm'inaht compared with the former.
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These two effects are conspicuous in the case of the
nonmagnetic state as can be seen from Fig.II.7(d). In this case,
the effect due to the loss of the bonding energy is larger
than the s-d charge transfer effect. The positive deviation
ffom Vegard's law in the nonmagneﬁic state results from these
two mechnisms, so that, the phenomenological theory by Shiga
and Scloséer is not correct because of the assumption of
Vegard's law in the nonmagnetic state. However, their
suggestion that the lattice parameter is related to the
increment of the local magnetic moment, 1s qualitatively
~correct,

By the way, we note that the behavior of the lattice
parameter of Ag-Tc is different from the nonmagnetic Cu-Mn
alloy. The 4d TMA Ag~Tc causes the negative deviation from
Vegard's law by (Q—ﬂv)[QAgc=—0.Ol2 at 10 at%Tc according
our calculation in terms of the same method in Part I. This
seems to be based on the reason that the magnitude of the
negative relative-pressure at Tec site is larger than the
case of Cu-Mn alioy since the volume derivative of the core
part pressure of Tc is larger than that of Mn. This different
behavior may be caused by the more violent increase of the
kinetic energy of U4d metal than the 3d metal because of the
difference of the number of the node between the 44 metal |
wave function and the 3d metal wave function.

- In spite of the large volume expansion, the bulk modulus

changes linearly as shown in Fig.II.6(b). Although the increase of the
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bond energy term in the bulk modulus is obtained as in the case of the
pressure according to eq.(II.1.16), the increase of this term
is compensated by the decrease of the core part (the first
term of r.h.s. of eq.(II.1.16)) due to the volume expansion
as seen from Fig.II.8. It is alsb caused by the volume
expansion due to the appeérance of the local moment that the
bulk modulus in the nonmagnetic state is larger than that in
the magnetic state. The experimental study of Cu-~Mn about
Young's modulus has been reported, but the bulk modulus has
not been done yet. «

At the end of this section, we discuss the formation
energy AH of Cu~Mn. The calculated value in the nonmagnetic
state is more than twice the value of Van der Rest et al(21).
as shown in Fig.II.S(c). This is mainly due to the fact that
the bonding energy of pure 7Mn is enhanced by the contraction
larger than 10% due to the magnetovolume effect. If we esfimate
the formation energy of the nonmagnetic Cu-Mn along Vegard's law
in the magnetic state, the same order of the value as their
result is obtained. In the magnetic state, the formation energy
is reduced as compared'with the nonmagnetic case because of the
gain of the exchange energy due to the increase of the loca-
liZed Mn magnetic moment. But the agreement with the expérf
imental value is poor.

Equation (II.1.17) is not sufficient to explain the

formation energy of Cu-Mn alloy.

There are many effects whiéh must be considered. For
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example, (1) The estimation of the repulsive energy term due
to the shift of the atomic level. Especially, the large volume
dependence of the formation energy in the nonmagnetic state
should be reduced by this repulsive term. 1In the case of

the magnetic state, this effect will contribute negatively to
AH in the Mn rich region and will suppress 4H evaluated by
eq.(II.1.17). One method which takes accéunt of the fepulsive
“term is to integrate the pressure expression of eq.(II.1.8).
Trom this point of view,'we tried to evaluate the AH assuming
the volume dependence of the parameters in eq.(II.1.8), but
did not succeed because of the inaccuracy caused by the assumed
volume dependence. Other effects which must be considered

are as follows. (2) The effect of the s electron. (3) The
correlation effect of d electron. (U4) Temperature effect.
The experiment is performed at high temperature (~1000K).

It is difficult at the present stage to get the correct value
of the order of 0.001 Ry confirming the importance of these

effects theoretiéally.
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§3. «Fe and Ni Base 3d Transition Metal Alloys

In this section, the results.of the calculation for the
cohesive properties of the aFe and Ni base 3d TMA, that is,
‘the formation‘énergy, the.change-of the lattice parameter and
the bulk modulus are mentioned.

The parameters which is used to calcﬁlate "these
quantities are listed in Table 1. The d band width is

estimated from the formula 254udR2. However, in the case of

V, the width is selected to be smaller than 254ﬂdR2 by 0.05

Ry and in Ni and Cu, to be larger than 254ydR2 by 0.02 and

0.06 Ry respectively. These values agree with the results of
(43),(48)

the energy band calculation The exponent n which

expresses the volume dependence of the d band width is assumed

(29)

to be equal to the exponent of the 4d metal corresponding

to the same column on the periodic table. The atomic core

(45)

radius ry is calculated from the Herman-Skillmann's table
by means of the method suggested by Pettifor. The effective

masses M and/l are taken from Table 1 in Andersen's
(40) ¢

paper . (D/t)S and (D/t)d are also estimated from

Andersen's parameters. The parameter ZA which characterizes

the bottom of the s band of the pure metal is assumed to be

equal to 1.0 except for V. Quantities Z, of Ud metals are

A
nearly equal to 1.0. In the case of V metal, the

bulk modulus of V 1s not reproduced well with Z,=1.0,

A

Therefore, we assumed that Z,=1.2. The half of semi-ellipsoi-

A
dal s band width, We s is selected so that it does not

(43),(48)

contradict the result of the band calculation
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the s electron number is about 1.0. Q and Z are evaluated

W.S
by using ed and 6xc deduced from the band calculation. These
parameters reproduce the volume dependent quantities of Ti(u),
Fe‘and Ni(ll) which have been calculated selfconsistently.
The model DOS is shown in Fig.II.9. In the case of the
b.c.c. structure, the model DOS which is used by Akai et al.
(46) is assumed, and the f.c.c. model DOS is quoted from
Connolly's T) DOS. The tail of the length of a half of the
d band width is added in order to take account of the s-d
hybridization effectively. This tail is Important for the
volume dependence of thermagnetic moment of Co and Ni.

The parameters U, and fUO are selected so that the

0
magnetic moment and its volume dependence at the equilibrium
position are reproduced for the assumed DOS. In the case of
V, they are selected so that the magnetic moment of V in
aFegono élloy is reproduced and so that V causes the magnetic
instability at the W.S. radius R=& 3.35 a.u.(g). The values in
Ti and Cr are assumed to be equal to the values in V for
simplicity.

The fitting factors £ and 7 are determined to reproducé
the observed lattice parameter and bulk modulus. In the case
of Cr, they are determined assuming that the magnetic pressure
is given by the first term in eq.(II.1.13) and the expression
of the bulk modulus is equal to the expression of the bulk

modulus in the nonmagnetic state.

In general, the fact that the values 7 are fairly larger
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than 1.0 may be due to the overestimation of the s-d charge
transfer effect. Indeed, if we assume the s DOS whose value
at the Fermi level is about a half of the present DOS , we

get, for example, ¥ e=1.26, 7Fe=1.14.

F
Atomic radii in the nonmagnefic state, the partial
pressures of the s parts and the components of the bulk modﬁlus
célculated with use of the parameters listed in Table 1 are
shown in Fig.II1.10. The results of the.calculation for the
Spontaneous magnetostrictions défined by (a-i%)lao (where
no is the volumé in the nonmagnetic state), are 0.003 for
Cr, 0.140 for #/Mn, 0.067 for xFe, 0.041 for f.c.c. Co and
0.013 for Ni. The values calculated by Janak and Williams ‘0
are 0.071 for &Fe and 0.005 for Ni, and thesé values agree
with our resﬁlts well. The s part pressures in the nonmagnet-
ic state at equilibrium position  agrees .roughly with the
pressures of 4d metals. However in the magnetic state, they
decrease because of Ehe volume expansion.

In Fig.II.10(c), the components of the bulk modulus are
shown. The dominant part in the magnetic-moment term is
related to the volume-derivative of the magnetic ﬁoment. For
example, in the case of XFe, the third term of eq.(II.1.16)
is —0.0031 Rya.u. and the volume-derivative term of the
magnetic moment in it is -0.0024 Rya.u.. The main térm in
the bulk modulus is the s part as indicated by Pettifor(3).

However, when we consider the alloying effect, the s-d charge

transfer term (the second term of eq.(II.1.16)) and the
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magnetic moment term (the third term of éq.(II.1.16)) are
also important.

Acéording’to the exnression of the approximate magnetic  pressure,
(II.1.13), the change of the magnitude of the local magnetic moment 1is
important in alloys. The calculated magnetic moments at the
impurity site do not change very much from the magnetié moments
in the impurity limit as shown in Fig.II.11l. The Fe, oMngq
alloy just lies in the boundary between the ferromagnetic phase
and the antiferromagnetic phase, and so, it should be treated
as a quaternary alloy. But, tﬁe electronic structure is calcu- -
lated with respect to thrée phases of binary alloy, that is,
the antiparallél Mn moment in ferromagnetic phase, the parallel
Mn moment in the ferromagnetic phase and the disordered
antiferromagnetic phase for simplicity. The calculation in the
parallel Mn moment configuration is performed with the parameter
ws(Mn) = 0.78232 which is used in the previous section

"because wS(Mn) = 0.650 does not cause the solution of the
parallel Mn moment in the ferromagnetic medium. In the'dFé
base'alloys, the changes of the magnetic moment of Fe are
mainly effective to 4H and.n—fb, and in the Ni base alloys,

the changes of the impurity magnetic moment are important.
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§3.1. Formation energy

The calculated result ofAAH‘in the 3d métal | alloys is
shown in Fig.ITI.13 . The values of 4H are evaluated at the
equilibrium volume calculated from eq.(II.1.8) in the magnetic
state or nonmagnetic state. |

In.uFb—bése alloys, the double counting term is important
and the A =3/2 scheme explains 4H qualitatively well. The
result in the nonmagnetic state and the result_by Van der Rest
et a1.<21) also explain the trend. The differences from
their scheme of calculation are following three points: (1) Ve
assume the charge neutrality within a site. (2) In our

energy comparison, the magnetic energy is included. (3) The

volume change of the bonding energy between the magnetic

(38)

are performed at high temperature, about 1000K , according to
(22),(23) of

and nonmagnetic state is considered. Although experiments

the recent experimental and theoretical studies
the 3d ferromagnetic metal, the lbcal magnetic moment remains
even at the high temperature more than 1000K. Therefore, it
may be reasonable to estimate A4Il as the magnetic alloys.

An interesting result in connection with this circumstance
i1s that the 4H of Ni-Mn can not be explained as the nonmagnet-
.ic alloy. The origin of the negative 4H in this alloy lies
in the gain of the exchange energy with the increase of the
Mn magnetic moment according to our calculation. Van der Rest
et al. also present the negative 4H of Ni-Mn in their non-

magnetic calculation.

According to their calculation , the origin is due
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to the gain of the bonding energy. However, this mechanism
is.dubious if we consider a large magneto-volume effect of

Mn. Indeed, the reason for the nearly zero 4H in the
nonmagnetic Ni-Mi alloy as shown in Fig.ITX.13 is that the

gain of the bonding energy of pure 7Mn increases Since the
volume in the nonmagnetic state contracts more than.lo at?%

due to a large magneto-volume effect, and so the alloy tends
to separate two metals. If we»evaluate AH in the nonmagnetic
state at the volume determined from Vegard's law in the magne-
tic stete, we obtain 4H=~0.00Ll6 Ry/atom which is a compara-
ble order with their fesult; Of course, it is not sufficient
to discuss with eq.(II.1.17) for the alloy having a large
spontaneous magnetostriction as mentioned in the previous
section., Nevertheless, this alloy is interesting as an
example that the magnetovolume effect influences the formation
energy. The disagreements with the results of Van der Rest

(21)

et al. are also found in «Fe~Cr and Ni-Fe. Our results

give a correct trend in agreement with the observed value.
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§3.2. Deviation from Vegard's Law

The deviation of the volume from Vegard's law is shown
in Fig.II?13(a),(b). The agreement with the experimental
values is not so good as in the case of Ud metal allpys.
However, the trend:through the pefiodic table is reproduced
well., In KFe-Mn alloy, the antiparallel Mn moment cohfigu-
ration in the ferromagnetic phase is suitable since it
explains the sign of 4H and (Jl-uﬂv)/nBc. In the following
analysis, this configuration is assumed. The deviation from
Vegard's law in «Fe-V is not eéplained by the common b.c.c.
model DOS. This alloy will be discussed later; The experi-
mental tendency can not be explained by the result of the
nonmagnetic calculation, especially, in Ni-Cr, Ni-Mn, Ni-Co
s XFe-Co, XFe-Ni and XFe-Cu alloys.

The relative pressures at the volume determined from
Vegard's law are shown in Fig.II.15 in the same way as the
previous section in order to elucidate the mechanisms of the
deviation and the magnetic contributlion . The relative pressure
is defined by eq.(II.2.3). From these figures, we can conclude as follovws.

Firstly for the «Fe base 3d alloys, (1) The main origin
of the deviation from Vegard's law is the magnetovolume effect
except for aoFe-Ti and XFe-V. The positive deviation in «Fe-Co
s XFe-Ni and XFe-Cu is mainly due to the increase of the
magnetic moment at the host Fe site since the magnetic pressure
is approximately proportional to the linear combination of

the squareées of each local magnetic moment. In «Fe-Mn alloy,
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the increase of the magnetic moment at IMn site is also
important. (2) In the case of the above mentioned alloys,

the nonmagnetic part of the relative pressﬁre nearly vanishes,
and the magnetic pressure is qualitatively reproduced by the
first term of eq.(II.1.13). Thesé facts show that the

empirical formula proposed by Shiga and Schlosser,

0 ~ 0, + 5(§ crkz”n_rz) (I1.2.6)

is qualitatively correct where ki = [(D/t)y /u-14pd1:]UI/3B,
£, is the volume determined from Vegard's law. & indicates
the difference relative to the separated phase. (3)_ The
negative deviation in «Fe-Ti is due to the nonmagnetic
effect of the negative relative pressure which is caused by
the d—d bonding effect and s-d charge tranéfer effect as in tThe
case of Pd-Zr alloy in Part I.
The disagreement in «Fe-V with the observed value is

not improved even if the parameter ZA is changed by *0.1,
and the result is also not sensitive to the parameter U0 and
70, of V as shown in Fig.II.1l3

On the other hand, the atomic volume of Ni-V alloy is
reproduced comparatively good for the same parameter,
Therefore it is inferred that this disagreement is due to the
. detail of the b.c.c. model DOS. So, we calculated the lattice
parameter‘with the new model DOS of V which is taken from the
DOS calculated by Boyer et alf?g)The new DOS is characterized
by a more deep valley due to the bonding-antibonding effect, a

sharp peak in the center of the hand due to the 4d&€ state and an

additional peak just below the large peak due to the d? state.
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The decrease of the magnetic moment at the host Fe site and
the increase of the bonding energy gain relative to the

result of the previous DOS, are‘caused. For example, the
magnetic moments at Fe and V sites are respectively 2.069,ﬂB
and —1.099,HB, while these are 2.223/#B and -0.957/4B in

the old DOS. The new DOS also leads to the large negative
deviation from Vegard's law at the nonmagnetic V-rich region
contrary to the case of the previous DOS. The origin of

this negative deviation can be considered to be due to the
bonding effect caused by the breaking 6f the large peak of
the d state at the cehter where the Fermi level lies and by
the accumulation of the states on the wvaley of the b.c;g, DOS.
It is due to these nonmagnetic dontributions that Schlosser(18)
could not elucidate the cﬁange of the lattice parameter of
XFe-V.

Next , for the Ni base 3d alloys, the following three
conclusions are obtained from Fig.16(b). (1) The nonmagnetic
parts of the relative pressure are small except for Ni—Ti;
Ni-Mn and Ni-Cu and so, eq.(II.2.6) is qualitatively correct.
(2) The positive deviations from Vegard's law of Ni-Mn and
Ni-Fe are mainly due to a mégnetovolume effect. These aré
caused by the increase of the Mn and Fe magnetic moment.

The negative deviations of Ni-Cr, Ni-V and Ni-Ti are also
due to the magnetic effect caused by the decrease of the
host Ni magnetic moment. This phenomenon is well known with

respect to the deviation from the Slater-~Pauling curve.
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(3) The negative deviation in Ni-Ti is mainly due to the d-d

bonding effect and the s-d charge transfer effect as in the case of «Fe-Ti,.
Until now, we have elucidated the origin of the devia-

tion remarkinguthe change of the magnetic pressure. However,

we can also interpret it as the éhange of s and d parts of

e v
-

the relative pressure. Figure II.16(c) and (d) are analygé; ,
from this point of view. For example, the positive devi;éibn
of Hi-Fe alloys can be explained as follows. The repulsive
relative pressure of the s part is caused by the repulsive
relative Pressure at Fe site due to the relative contraction,
On the other hand, in the case of the nonmagnetic state, the
relative d part pressure is negative as wéll as Pd-Te iﬁ
Part I. However, in the case of the magnetic state, this
vrelative pressufe of the d part nearly vanishes because of
the loss of the bonding energy with the increase of the moment
at the Fe site. Then, only the contribution of the relative
pressure of the s part remains. This is another interpretation
why the lattice parameter of Ni-Fe deviates positively from
Vegard's law. .

Finally, we point out thaﬁ the change of the lattice
parameter of the nonmagnetic Ni-base 3d alloys across the
periodic table is different from the Pd base 4d alloys. As
~shown in Fig.II.1l6, the behavior of the relative pressure of
the s part is always positive and is different from the case
of the.Pd base allbys although the relative d part pressures

behave in the same wéy. This difference 1is caused by the
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difference of the relative weight between the relative s
pressure at the impurity site and the host one since the
relative magnitude of lattice parameters of Cr, Mn, Fe and
Co with réspect to that of Ni has the opposite tendency to

those of Mo, Tc¢, Ru and Rh compared with Pd.
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€3.3. Bulk Modulus

The résu1t of the calculation for the bulk modulus is
shown in Fig.IT.1L. In the case of Ni-Co, Ni-Fe and Ni-th, it changes
linearly with concentration. The others deviate negatively from the linear
dependence. The origin of the softening in Ni-Ti, Ni-V, Ni-Cr,
XFe-Ti and «Fe-Cr 1is mainly due to the s-d charge transfer
induced by the volume change. (See Fig.II1.17.) The change of
the bulk modulus of XFe-V calculated by the modified model
band is 4B/c=2.06 which is of opposite s.i'gn to fhe modulus
- calculated by the o0ld model band. In order to get the
reliable result, it is necessary to calculate more accurately.
The origin of the softening in KFe-Co, AFe-Ni and &Fe-Cu is
, In addition to the s-d charge transfer effect, partially
due to the increase of the derivative of fhe local magnetic
moment with respect to the volume and partially due to the
decrease of the rigid part with the volume expansion. The
rigid part in the bulk modulus is defined by the first and
third terms of r.h.s. of eq.(II.1.15).

The ébserVed values of XFe-Cr, XFe-Ni and &Fe-Co agree
with the trend of the result of the calculation. The
systematic experiment 1is dgsirable so as to check whether the
softenings in ¥Fe-Ti and Ni-Ti type alloys are observed or

not.
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§4. Conclusion and Discussion
‘ We have calculated the cohesive properties of Cu-Mn and
the «Fe and N1 base 3d TMA on the basis of the tight binding
- model and the virial theorem, and then discussed the
mechnism. Our result and conclusion are summarized as follows.
Firstly, for the formatiqn energy 4H, we have taken
account of the volume dependence of the bonding energy and
evaluated dH by the d electron magnetic enefgy (IT.1.17).
The trend for 4H was reproduced also in the case of the
magnetic state. In the XKFe base 3d alloys, the fbrmation
energies calculated with the A=3/2 scheme in eq.(II.1.17)
agree with‘the experimental values qualitativelyf We pointed
out that the nonmagnetic evaluation of A4H can not explain the
negative 4H of Ni-Mn and Ni-Fe if we take account of the
magnetovolume effect since AH is fairly sensitive to the
volume change. The small positive 4H of Cu~Mn could not be
explained by eq.(II.1.17). 1In the case of such a system which
shows the large magﬁeto-volume effect, (for example, Cu-Mn),
the evaluation of the repulsive energy term will be important.
Secondly, we have calculated the volume dependence of
the magnetic moment and the pressure of the disordered
antiferromagnetic 4Mn which has a large pressure dependence
of the Neel point. We did not find the first order change

of the magnetic moment induced by the pressure as in yFe(ll)’

(14). With the stretching of the d band width, the magnitude
of the local moment decrease continuously and, at the volume

at which the local moment vanishes, a bending of the P-V
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relation appearé.

The deviations of the lattice parameters from Vegard's
law were also quélitatively elucidated. There are severél
origins for the deviation from Vegard's law.

One 1is the magnétovolume efféct due to the change of
the local magnetic moment. When the magnetic pressure is
expanded in powers of the local magnetic moments for any i
magnetic and atomic configurations, it consists of the terms
of the squares of the local magnetic moment and the s-d
charge transfer term due to thé change of the magnetic moment
in the lowest order expansion. We have verified that the_
latter term is not important for many 3d metal alloys and
the magnetic pressure is qualitatively described well by
the former term only. This approximate expression does not
depend on the detalls such as the Fermi level and the DOS.
So, we have given a theoretical basis to the empirical
formula proposed‘by Shiga and Schlosser. The alloys in which

the deviation from Vegard's law is mainly caused by the
magnetic pressure are «Fe-Mn, ®Fe-Co, &Fe-Cu, Ni-V, Ni-Cr,
Ni-Fe and Cu-lMn. |

The other origins are the d-d bonding effect and the s-d
charge transfer effect. These eﬁ&wtsﬁmre the origin of the
deviation from Vegard's law in the Pd base Ud alloys. In
3d alloys, the deviations from Vegard's law of «Fe-Ti, Ni-Ti,
V rich ¥Fe-V and Cu rich Cu-Mn alloys are also caused by

these mechanisms.
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The linear changs of the bulk modulus with concentration of Cu-Mn
wnicn is contrary to the behavior of the lattice parameter is
due to the fact that the relatively negative modulus of the
core part caused by the volume expansion cancels the relativ--
ely positive modulus of the bonding part as has been shown in §2.

The magnitﬁde of the bulk modulusris determined mainly
by the core term (the first term of r.h.s. of eq.(II.31.16))
and the bonding term (the fourfh term of r.h.s. of eq.(II.1.16)).
However, for the changes of the bulk moduli in alloys, the
s—-d charge transfer term and tﬁe magnetic moment term-for the
volume derivative (the second and third terms of r.h.s. in
eq.(II.1.16)) ére also important. Especially, the.softenings
of «Fe-Ni, vFe-Co and & Fe-Cu are due to'the two originé,
that is , the increase of the sd charge transfer for the
volume derivative and of the magnetic moment term for the
VolumeAderivative. These effects will be important in the
so-called invar region. The softenings of Ni-Ti, Ni-V,
&Fe-T1 and &Fe-Cr are also due tQ the former Qrigin. The
experimental bulk modulus of xFe-Cr supports this trend.

These are our conclusions at the present stage. We have
calculated the electronic structure as a binary system for
all alloys. The electronic structures of «Fe-Mn and Ni-Mn

which are sensitive to the magnetic configuration and its

pressure dependence ,are not sufficient in our calculation, and the calc-
ulation as a ternary or quaternary alloy will be necessary in order

to reproduce the electronic structure more reasonably. The
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conesive propérties of «Fe-V are not also elucidated suffi-
ciently. The s electron number of V is 1.38 according to

our parameter listed in Table 1. This value is clearly
overestimatéd.' On the other hand, 1f we assume ZA to be
equal to 1.0, the s electron number is about 1.0, but the
lattice parameter and bulk modulus are ndt reproduced reason-
ably. These inconsistencies seem to be caused by the fact
that the semi-ellipsoidal s DOS overestimates the s-d charge
transfer effect. In other words, it may indicate that
the s-d hybridization effect is important. It was needed

to modify the model 4 DOS in order to get the correct lattice

parameter of Fe alloy. This suggests that the cohesive

90710
properties of «Fe-V depend on the detail of the assumed
model DOS. Therefore, for téis alloy, we must carry out a
more exact calculation. | |
Finally, we discuss an extention to the finite tempera-
ture and the invar problem. To the ground state properties
of the magnetovolume effects and the bulk moduli of the invar
alloys such as Fe-Ni and Fe-Pt, our method is applicable
straight forwardly and the calculations are in progress.
However, it is well known that the electronic structure
in the critical conéentration at which the ferromagnetic
state vanishes, is not sufficiently described by the simple
CPA. So, the theoretical elucidation in this concentration

of Fe-Ni alloy at OK is not easy in the existing circumstances.

On the other hand, we have shown that the first term of eq.(IT.1.13)
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describes the magnetovolume effect qualitatively.

.Accox%iing to this expression, for example, the behavior of the lattice
paraneter of Fe-Ni can be understood by consicering only by the magnitude of
the 1oca1»magnetic moments even in the critical concentration.

From this point of view, Shiga et al.(t>)

have discussed the
invar alloy.

In connection with this, it is claimed from the
experimental viewpoint that the theoretically .calculated
magnetovolume term [(D/t)d /4—14udI]UI/3B is overestimated
by the factor 5~10 times(50>. We point out that the claim
is based on the inappropriate analysis.

‘In the usual phénomenologicall theory, the spdntaneous
magnetostriction is assumed to be proportional to the square
of the magnetization. quever, according to the approximate
expression (II.1.19), it is proportional to the linear
combination of the squares of the.local moment. On the other
hand, the local magnetic moment reﬁains above the Curie
temperature according to the recent studies of the magnetism

(22),(23)

of Fe . Therefore, the spontaneous magnetovolume

striction is approximately

ws = F ~ Z e [$(F), - jize| Ve (mi - 73, ) /3B

3

(IT.4.1)

where B is the bulk modulus, My is the local moment at OK

and Mg is the local moment above the Curie temperature.
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Let us consider Fe3Pt alloys as an example. We neglect

the local moment at Pt s1te and assume mFeO/mFe=O'9'

Using the observed value ws=0.018, m e=2.7/ﬂB, we can

F
evaluate J{(D/t) /4-1/u U}, /38 % 0.017 from eq.(IT.4.1).
On the other hand, we obtain {[(D/t)d/4-14ud]U}Fe/3B==0.022
with use of the observed values B(FeBPt)=O.00682 Rya.u.,
N=93.4 a.u. since f[(D/t)d/M—léud]U}Fe is 0.0421 Ry if we
use the parameters in Table 1. This value is roughly equal
to the experimentally deduced value 0.017.

In the case of finite temperatures , if we use the

(51)

two-fleld functional integral method and apply the static

approximation, eq.(II.1.2) is replaced by

_ s D,
3RV = 5:';_ (%"z—'d)’“_<fd“’7c(“’)f)o(,eo~(“’)>§7

t (%), fdw)ccwxg (w=Edgotp) Px1¢(w>;7

3

where f(w) is the Fermi distribution function, /uis the
chemicél potential and <ﬂ3?7 expesses the classical thermal
average about ¥ and 7. As known from this expression, the
change of the bonding energy caused by the thermal excitation which
changes the amplitude of the local magnetic moment, is
important for invar alloy. Essential properties of magneto-
volume effects in the finite temperature will be elucidated

in the following Part III.
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Part IIT
A Theory of the Magnetovolume Effect

at Finite Temperatures
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Outline of Part III

The method of the calculation for the pressure in alldys
proposéd in Part I is extended to finite temperatures in
order to elucidate the magnetovolume effect in the 3d metals
and alloys such as invar alloys. Liberman-Pettifor's
expression at finite temperatures 1is derived from the
virial theorem from the most general point of view. In §2,
the expressions for the spontaneous volume magﬁetostriction,
the forced volume magnetostriction, the magnetic contribution
to the thermal expansion and tﬂe bulk modulus are obtained
with use of the static approximation in the functional
integral method. It is shown that the empirical formula
-ﬁith respect to the magneto-volure effect can be obtained also
in the finite temperature.case if the fluctuation term around
saddle points are neglected. It is concluded'that the
anomalous'magnetovolume effect in the 3d alloys is mainiy
caused by the change of the magnitude of the local magnetic
moment and the s-d charge transfer effect. Furthermore, it
is shown that the Weiss model in the invar problem can be
derived from our point of view. At the end of §2, the result
of the preliminary calculation for «Fe is given and discussed

in comparison with the result based on the Stoner model.
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&1l. The Virial Theorem at Finite Temperatures

In this section, we derive Liberman-Pettifor's
e¥pression at finite temperatures from a general point of
bview. |

The virial theorem for a total system is given by

3PV = 2<Tm> + <& Pun>
i'f‘ Z(Te>+ (Zfsee>

PO ey 4 B BT

3

(IIT.1.1)

where {(~) expresses the thermal average for the total system.
T, (Te) is the kinetic energy of the nuclear system (the
electron system). ¢nn is the coulomb interaction between
the nuclei,. ¢ée is the coulomb interaction in the electron
system. ¢ne is the coulomb interaction between the nuclear
system and the electron system. J}?X is an external force
which acts on the/a—th particle (a nucleus or an electron)
and is defined by 6fx=—®}afég% where Hl is an external
perturbation. We neglect the electron—phonon‘intefaction so
that the system can be separated into a phonon system and an
electron system. Let Xy(k) denote the x-th component of the
nuclear coordinate at the site k. If we expand the coordinates

[X LX)} in temms o {ug(k)}, the displacements from the average values

[{X(X)>), we find that the thermodynamical potential 3PV

~-90-



can be divided into two parts, a phonon part 3P _,V and

ph
an electron part 3PeV:

3PV = 3PV + 3FV (ITI.1.2)

>

Z ok ik’ O UyK)IU(F)

3 PP"‘V

- (ITI.1.3)
3PV = 2<Ted, t <T°>

n
N
A

3§

N

& Uy CB) Uyr RO

1

b

(III.l.H)

where U 1s the coulomb energ§ of the total system defined

by ‘Z¢Ee+2:en+Z nn . {U?}e is the coulomb energy of the total
system such that the coordinates of nuclel are feplaced by
their average values. The last term of r.h.s. of eq.(IT1.1.1)
is neglected considering only the spacially uniform external
magnetic field. After this, we do not enter into the detells of
the phonon part pressure.

We consider the electronic system whose Hamiltonian is

H = [%f(,r)(fvz)fc'r) dir _ [ $m) L) L) gip g s

[r—-mrs|

+L [ gy gere) $ar) 4 i i
z T

~ f«f'f(n*) o gy phodir (III.1.5)

f-
where _?Lr) and f(r) are respectively the creation and the
annihilation field operators. P(r) is the nuclear charge

density. fh is the uniform magnetic field. Tis the Pauli
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spin matrix. .Now, we show that an expression similar to
eq;(I.Z.l) holds generally. However, in the expression, one
eleétron wave function should be replaced by the field
opérator $(r) and the conjugate complex (c.c.) should be

replaced by the hermite conjugate (h.c.).

First of all, we rewrite the following expression with

use of Green's theorem.
(% [48 [ (v#en) (r-v) fer) - )y v(r-v¢m) + hoc ] >
z e

(III.1.6)
Then, the above expression becomes equal to

24Te,
+ (% fdlr[(Vzt,U‘cm))(zr-V)%flf)- frar)(rr-V) szffr)f /z.c.] >e

(ITT.1.7)
where we used the fact that the kinetic energy is hermite

(< [ar S v>pen s = (far (vdTa) gy >

If we note a commutation relation,

VEG () =~ [ far) H] + Wycr)
¢ty ¢arr)
Pir=qrof”

Wy cr) = Par)dit’ gy 4+
Tr-r/ 1 e jr

(T )i s

dlr’«fo(ur}

s

and tr(e_F(H_/N)[H,¢Q])=O, the integrand of the second term

of eq.(ITI.1.7) can be written as follows.
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LA wim (wevga) - ¢ty cr-e)Wen) } >
€

= = __. "”){Cfr ) (- / f’c'r’)d’r/ __“."_’Z_ﬂ/)nr/ }‘IL("V>

lr—w! Jtr—w1

Therefore, with use of eq.(III.1.7), eq.(IIX.1.6) becomes

(= fd,s’ [Coetem) (rvéem) - ¢Temy v Cire wyan) + 4, c]>e

= 2 Tep (zi [dlrdxr/ prar) ¢ g ars) ?’C"”)>

[r—-mrs | A

- <[du’ %T(xr)%ar)(lr V) (-pPcr)) dws >

[r—irs| €
+<jd‘r 501.("") @~ (Crr-p) /A)‘f(lr‘) >
€,
(IT11.1.8)

Elininating 2¢T_> from eqs. (TIT.1.8) and (III.1.4), the

following expression is obtained.

3PV | | | .
= (’z"‘[df[(V‘zﬁ(lr))(r.V%c:r))- <f7‘(1r) v(ir-yg¢w)t h-c]}e

Jd"nf(.r) (I V)[ / pewrydir’ [<§p'f(zr/) ‘fClr"_)}d’r,J

jir- n"/l [r—uwr”]

(II1.1.9)
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The procedure after this is similar to the derivation of
eq.(A.I.4) from eq.(A.I.1) in Appendix I. That is, in order
to transform thé surface integral'ﬁerm of eq.(III.1.9)
to the surface integral form at each cell, we must add the

following relation to eq.(III.1.9) and subtract that.

<jz"fd,[(71/jar))(ﬂ”f-7) ey~ ) 0 CapTpar)) + ke "’*Q

= - r dir f'c{lr/[‘f"/'(-ﬂ"} ?Uf(lr/} ‘/’(IY"_) f(lf‘) - ip'f'cn") (lb(lr) P (".”,)J("}' 7t )>
J .

[r=w]
J e

. !
-2/ [ar [ qrig ¥l pan (Yorygar) - POI) (¥ g ) >
St

L

where j}dW‘ expresses the integration over the cell at the
j-th site and we have used the relation V =- [f;(,H]+ W) .
As the result, we obtain Liberman-Pettifor's expression in

the most general form.

3PV |
7 L[ ds[cr¢m) (crep) v iEen) Gy 7 (Crer5) -7 )
i

+ h.c t}‘;>

-—

o+ El_z};j;/(,r‘-—lt:}-) fid'r ({ %far) gar)> - p(lr))

Trirs DS -
(op) [ ar S - ey

l .
= ‘Zf’cr‘-—lrJ)[dlrfdlr TP apan) - 5( ¢arr) Far)) >
Y

_ | _ .
X (=V) —— IIT.1.10
( ) L r-r-| ( )
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where the index e in the average is omitted and & (¢ p(r)) = ¢700) fir)
-<¢€W)f(r)>. The first term is the surface integral term
at each cell. The second term is the inferatomic electro-
static energy term. The third term is the inter-atomic
coulomb energyvterm due to the chérge fluctuation.

The second and third terms in eq.(III.1.10) will not
‘be important for alloys that satisfy the charge neutraliﬁy
condition. So, we consider only the first term of the r.h.s.

of eq.(III.1.10) and define (3PeV) by this term. The

cell
field operator can be expanded by the orthogonalized atomic

orbitals {Yue} as follows:

$(w) = f:: @wcur) Buo

where/l specifies both site and orbital. Substituting this

expression into (3PeV)cell and defining 'D;j,, by (D;p‘I'D,j‘)/z s We obtain

| — t
JO' .

With use of the same procedure as in Part I, we obtain the

following expression.
(3PeV) gy = 3PV 5PV
' D D) 5/< tf at
3PV = 2 (f?)j<ﬂz,'>+(—;)1 §r< ti; diedjo?
(I11.1.13)

This expression corresponds to eq.(I.1.9) in Part I or

eq.(II.2.2) in Part II. In eq.(II.2.2), we have assumed the
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spin dependence of CZD/2)li. But it is not important and
therefore we neglected it in eq. (III.1.13). After all , the

guantities which must be calculated are the electron number

and the bond energy.
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§2. lMagnetovolume effect in the Static Approximation

e estimate an expression of the pressurev(III.l.l3)
with use of the functional integral method which enable us to have a
definite physibal pilcture intuitively.

The model Hamiltonian is as follows:

d
H = Ha + Hs‘ + Z U—ZS N4 s

0 £ Tt
= €Cect 7 1;; a : ]
H'g‘ f{ L tLdx +i§.(]' £f Lix 4£Jo(
[ 4
R S -p"l i
+ Z‘:—" (4- J‘, 721‘ ¢ ’S\.e[z) s (IIInzol)

where égi“ is the center of gravity of the 1 orbital and

X Spin'state. t%j is ths transfer integral of the orbital 1

sd

between the i-th site and the j-th site. Ui means the

intraatomic coulomb energy between s and d electrons at the

1
i

energy) of the orbital 1 at the site 1i. S1iz is the =z

site i. J (U%) is the intra—atomic coulomb energy (exchange

)

comporient of the spin operator and defined by S =(n1if—nli&

/2. We apply the two-field method(53) for each of s and 4,

liz

which is consistent with the Hartree-Fock (H.F.) approximation

in the ground state.

- The partition function in the static approximation is

' - B EL
& stap = [[?d%'ud’//z dEs1d7;;] e pEF

-Q7 =



o = > sd
E[S71 = Flgy] + Z[Z (5775 +7785)+ 7 %:’74:-],

Frgq]= Fs + Fj o (III.2.3)

3

where %ii and 7&1 are fields of the 1 orbital at the site 1.

We averaged Z over all directions of the quantized axis

stat
at each site by th (53) Or
y the method proposed by Hubbard . Fy 3.7 ]

is one electron state free energy which is described by the

following Hamiltonian of the orbital 1 in random fields {g&;?&;},
| _ 0 | 2, =d J
Hen = Z [ € — g (g T+ T iy )] Meia
£ T
t X, T3 ap, -
-Qi%d. J Ll qﬂdo(

&
o= ; (TXF,, + 2h ) Be; (IIT.2.4)

2

where/tis the chemical potential. We introduced a parameter
Al for convenience. -ng is also expressed by the integrated

number of states le(w) as follows.
o . A
Fex = —fa’wf(“) NMoa (@) (II1.2.5)

where f(uﬂ is the Fermi distribution function. NlA@v) can

be calculated from

Nax(©) = £2 fom By n (47~ 22T ) (III.2.6)

where L“l is the locator, t is the transfer matrix, which
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are defined by

(/_"):o/jf = [w ~ [ €4 VA _(ZLU‘:-?;_&._‘_ /h)'@'}],(
(z- )co(J/i -:: ZLZZ fdlg ,

o 1 -2 . sd |
€gr = Caop - {—E‘TG ‘7.81‘ + U ‘/7,2’[)

L

(ITI.2.7)

where i and j are the site indices,  and /9 are the spin indices.

@ is Pauli's spin matrix. The total free energy is

Fx = — pltn Z gy (IIT.2.8)

The bond energy in the static approximation can be
obtained as follows.

( Z tv d.lto( QﬂJo(>

= "[-a/:*-//5‘%2 In=

n

E
: E
f[?dgta’%j A /35 j>‘;)>« I/f[ﬂd§¢6{7] €
and E
oE 9N@A(w)
(22), fdw )CCco)( -

z f‘“’f@w %Z—’/m[fw-(éu-/'-(%vf%ﬁ'+ 4)-v)f &5],(, :

where G (@) is one electron Green function of the orbital 1

which corresponds to the Hamiltonian (III.2.4) There fore ,
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.{-
<§J ¢t Loiat Caf v

x

< G fere <oyt
(LT E e+ 4 ),
2 ‘é) ‘,2 %/’7] 5

(II1.2.9)

where {«;%ﬁ means the classical average for fields {gii,7ii},
[dgd7y e"/gf.,v) /fdsgd”/ e~ PE. rm:cii is the local magnetic
moment of the orbital 1 at the site i1 which is described by
the Hamiltonian (IIT.2.4). fai(w) is the local DOS of the

orbital 1 at the site i.

After all, eq.(III.1.13) is expressed in the static

approximation as follows.
= zpS
3PV <PV 2py

3PV

]

D o
é; (232;2225 471‘_

2 ) 2 [dofer(w-epitpe) pyice)

t(Z U5 gyt ) ”’”2"]

(IIT.2.10)

where 3PgV is the pressure of one electron state described by
the Hamiltonian (III.2.L). ngi and mgi are respectively the

electron number and local magnetic moment of the orbital 1 at

the site 1.
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The equilibrium volume per atom() is determined by the
condition of 3Pn[n,T]=0. Spontaneous volume magnetostriction
is defined by the volume expansion due to the appearance
of the magnetization. Then,we define the volume.rzp in the

paramagnetic state at any temperature as follows.
[BRﬂ(ﬂf?T)]Fww = o0

The 'paramagnetic state'! means that the classical thermal
average.(AQ;7in the physical Quantities'is replaced by

7 _gkEe - B¥E
<“§7ﬂua5.fd¥d7e P (w)//fdfdﬁ e~ F .
p¥ =ﬁﬁ_l(2>Tb) is the temperature where there are no short

range order. Then, the following equation is obtained.

3P (0, T)~-[3P0(2,T)] ava

= —([BFﬂ.(ﬁ,T)JFara—[gFﬂ ("QFJT-)]/?arq )

Since the magneto-volume striction is less than a few
percent of the volume, it can be obtained by expanding the
r.h.s. of the above equation to the first order ofxl—ﬂp.

As the.result,

ws (T) = (0(T) =~ 0pT)) /[0p(T)

3F—Q(-Q,T) —[3P—QC-Q:T)]farq

= (ITI.2.12)
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where Bp is the bulk modulus in the paramagnetic state defined
by _ _ |
2

3Bp(2p,T) = - 355 [3PQ(ap ,T)]qu ’ (III.2.13)
Bp is not anomalous for the tempefature variation at all.
Since Bp changes only a few percent at about 1000K, it can
be replaced by Bp(ﬂp(o),T=OK) at OK. The spontaneous volume
magnetostriction can be calculated from eq.(III.2.10) and
eq.(III.2.12) since only the electronic part pressure will

i ~-[3P

contribute to 3P2 [3‘ﬂjpara'
The bulk modulus of the electronic part is obtained by

differentiating eq.(III.2.10) with respect to the volume:
3Be = Z < [-A (ap;0)]>
I £7

-p< 4P . 42 3P°a TIT.2.14
e Z >?91 , (ITI.2.14)
where the second term of the r.h.s. is a classical fluctuation
term. PY=-0E[%77/20, 43p%0=3p20 -¢3p%0)  and 4pt=pl_¢pl)
| T 1 17 &1 %7
In order to rewrite [—d(3Pg_Q )/d2] to obtain an easily understandable

expression , it is convenlent to transform the bond energy

after integrating by parts, into

- £ ‘
[t §) 2 5 [[e0-( Ces - (LT E +4)- 0} &E ]



= F (7]
SRR P

X fd(o’ &"(mf}] ' (II1.2.15)

The derivative of this term with respect to the volume

becomes as follows in the same way as the derivation of eq.

(IT.2.15) in Part II.

2[op- ) S22 4 (FrE, 4 b))

amz,]

T+ fdw( 97c@")} 49/‘/1(“’)

t [doflw) g Z /—f"’/ [{~(er~p~($Vg, 1) TG Lx.
‘ (I1I1.2.16)

Therefore, the bulk modulus of the electronic part in

the static approximation is

. d D o
3Be = £ [-75(52),] <mee>,

.e‘.
tZ[(2R), +(8), (k- ca)](- %&")%1
tBE) (2T T h) (- 47280 )
¢ ) 41/ g<7
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+ 4 (F)z (), <[~‘”°£‘°))
+,§(-5}12%'<fdch@)(/w‘6'ef+/“)Fﬂ,-(w)
"L('zivz‘lf.e;-f'//zj-mz‘. >§'

_.3 a. ]
PRy <ok 4Pt

(III.2.17)
T 7
where falcd [—j_@f)w Mecw) term is approximated by —é—[—;—;—} zp’e'(a)'

f&(O) is the DOS of the orbital 1 at the Fermi level.

In:the saddle point approximation, the following condi-

tions are- added.

o . e ‘
Zoe = Mae , g = L Ngp, (I11.2.18)

Substituting this condition into éq.(III.2.17) and neglecting

the fluctuation term, we obtain

= d p 0
3Be = E -5 (22), ] <mae>

$ 2 (L2 ) +(2), (- ac)] (-4780)

t 5 R) 5 T GTE ey (- dmey
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+2Z (’3),2-7;:&' {[dofr(w= eoivpm)p, ()
l £
Tz Tomel + hogmg, ) >
(I11.2.19)

where {(~» means a classical average for ail Sets of local
minimum points, .);’e"ﬁE’(w)/gle"ﬁEs’ . This is an extention
of eq.(II.2.15) in Part II to the finite temperature.

. We write the expression (III.2.10) in the saddle point

approximation in addition.

3P V
=< 3PV >

— D )
- }_:: (ZE_)_Q"<,”,€[>

tF), &

<fdw fe) (w-€q +/“)f’£,-(cu)
t (£ TEmE, + b)-my >

(III.2.20)

where we neglected the fluctuation term around the saddle
points.

Next,llet.us derive an approximate expression for the
volume change q&amag due to the mégnetic pressure. For that

purpose, we need to define the nonmagnetic state at an arbitrary
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temperature. In the Hartree-Fock approximation, the state is
determined by a set of the locally minimum points fg}u;ﬁkhi_
Ve define the 'noﬁmagnetic state' by the state in which the

A classical average in.the physical quantities (AJ%7.is
replaced with [dgd7 5(F) e"aim) / [dgd7 ,;(g)e"FE .

Then, a classical thermal average <A(§‘7)>honmag of any

physical quantity A(Z%) in the nonmagnetic state becomes
A(O 70) where 70 is the minimum point in the sense of the
saddle point approximation. We take the difference between

the nonmagnetic state {O 721} and the magnetic state {&; 7 .}

With use of JES=—NS{w and after neglect of the fluctuation

of the total number N, we obtain

F3feV = ZLE3RV D,

3ng can be easily obtained with use of eq.(III.2.15).

The result is
spiv = ZL(BZ), +(8),(u-coi)] Tms:
t(R), 2 [4755(me? )+ b s0m,]

L (D
t 36, (%)zé_‘ Pelo) (III.2.21)

Therefore, we obtain an approximate expression for the

magnetic pressure 3PV mag:
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[3P|/JMJ = 3fV - (3[791/]“””43

.CZ:[ [(Zzg)gl T (%D_)I (/"' éﬁt‘)] §<m-21'>

4

PR ) [ F T ¢ 2 he )]

+5(3)z (g)jz L P co)>

(IIT.2.22)

LY

The volume change due to the magnetic pressure &amag

is obtained from the following expression.

Jizmu? ~ ffgfiljﬂm%

1 T 3B,0. s (III.2.23)

- where BO 1s the bulk modulus in the nonmagnetic state

- .
J_Q ( 4 ) ( ' ' ' )

mo'n.rmay.

3Ba(26,T) =
,ao is the volume in the nonmagnetic state.
Equation (III.2.22) is also correct in the 'paramagnetic

state'. Therefore, we can obtain an approximate spontaneous

magnetostriction as follows.
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: -1
P g% - o,
x[ﬁ{(z?)£[+(t),e(/l 6,6[)};<92JZ¢>
d/my: e (D '
+ (7;) §(*),e < p0>
+ 4z (—‘2 vl s camp iy + 2 (2) ﬁ-é‘(m"->]
4 5 )T T g 27
(I1T.2.25)
where § means the difference between the real state and the
paramagnetic state.
Fquation (III.2.22) is an extention of eq.(II .2.13)
in Part II to the finite temperature. If we substitute eq.

(IIT.2.22) to eq.(III.2.23) and we neglect the s-d charge

transfer effect and the change of the Fermi distribution

function, we can obtain the empirical expression(lg) at h=0:
cr_()./maa (D/t)d ‘ 02z
X U< m?
L2 ~oz Bo2, N ¢ > (III.Z._26)

This expression shows that the change of the amplitude of the
local magnetic moment is important for the magnetovolume
effects.

The forced volume magnetostriction is obtained from the

derivative of 3PQ(Q(T h),T,h)=0 with respect to the magnetic

field h.
P(3P Q)
Jw -1 202 2 A
— = Q<= = - » — (ITII.2.27)
oh o.h 3BT h)a -
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Ve assume that the field h is applied in the direction
of z axis. BH(IIT) is the bulk modulus when the magnetic

field h is fixed and it is defined by

(3P (T h))
3By (2, T) = ~ S (ITI.2.28)

2(3Pn)/oh can be obtained easily in the same way as the case

of the bulk modulus:
3[3PeVv (2, T, k)] /oh
= Z{(22),.+(£), (4~

¢%%£‘;>

27
12), F (L7 50+ 1) 220 S
£7

tp (Mt NS5 - (Mie i S

X (:3f2 V - < 3 Ek V > ) 28

(111.2.29)

where Mgz is the magnetization of one electron state for eq.
(IIT1.2.4) in the direction of the z axis.
With use of the saddle point approximation and the negle-

ct of the fluctuation term, we obtain
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o wW

Sk
= (3B Vf'z[Z({(zJZ) +(£) ¢ —6.)}é_ﬁ">
}H L5 z/0: T T I T,
+(2), +(5)¢ e
2 I(mpF) ? MMy
‘L(?D)z‘?<zlvf ————a/f + A 9/f¥>]-
(IIT.2.30)

The difference between 3Bp.12p and 3BHflis about several
percent although BHCQ,T,h) contains the anomalous magnetic
term. If we neglect these difference and neglect the

dependence of the magnetic field in [3Pfﬂ 50 W€ obtain 9®/g3h =

par
aws/ah.
In the case that the s-d charge transfer and the change

of the Fermi distribution function can be neglected, the

forced magnetostriction at h=0 is

26m37) |
érzr;< > 4 ;>. (III.2.31)

-This formula represents an important property of the forced
magnetostriction. That is, the forced magnetostriction at

OK is not determined by the spontaneous magnetization and the
susceptibility for the spontaneous magnetization, but by

the linear combination of the products of the amplitude

of the local moment and susceptibility for that amplitude.
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Thérefore, we can deduce that the anomalously large forced
magneto-volume striction, for example, in the Fe-Ni invar(15>
alloy at low temperature is caused by the anomalous increase
of the amplitude of the local magnetic moment due to magnetic
field if s-d charge transfer effect is not important. |
The importance of the amplitude of tﬁe local magneﬁic
- moment also appears in the thermal expansion coefficient «.
The electronic contribution of therthermal expansion is |
given as follows in the H.F. approximation in which the

thermal fluctuation term s°¢4(E-ToE/aT) -[]%3Pgﬂ>g7 is

neglected:
[3 ( 3Pe —Q)J

Xe
3 811(1271)41

= (381 )" [gg < [zz—z’i),e;r (2), (-

+Z(——) < T; (mo‘)+ A 3mx‘z>

S Y Bk 2 (o)
*3(/75)5!3(7?)1< ff} +4ﬁ—4>.

(I1T.2.32)

If we neglect the s-d charge transfer effect and the
change of the Fermi distribution function due to the
(18),(19)

temperature, we can obtain the empirical expression

at h=0 again:
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(III.2.33)

In the getual calculation » We ére forced to treat the
system as a cluster like system.v For example, when we calcu-
late the partial pressure at the i-th site, <3Pgiﬂ), we
consider a finite cluster whose center is in the site i and
substitute the outside with a kind of medium. Then, <3Pgi1§>
is approximated by the thermal average for ali saddle points
of the cluster. That is,

3PV =

: 7 o FES (III.2.3%)

where Eg is the energy of the cluster system at a saddle

point for one electron Hamiltonian, the type of eq.(IIL.2.L4).

Equation (III.2.34) can be also derived directly from the free

energy in the single site CPA(22) as shown in Appendix III.
When the s-d charge transfer effect is not important,

we can deduce a qualitative behavior for a temperature

variation bf the spontaneous volume magnetostriction from

eq.(ITI.2.25) and eq.(III.2.34). Equation (III.2.25) Shows

that the spontaneous volume magnetostriction is qualitatively

'proportional to the linear combination of squares of the local

magnetic moment. According to eq.(III.2.34), the exponential
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- variation with temperature is expected at high temperature .
Therefore R we can expect two types of
variations for the temperature above Tc even in the
single site CPA. One 1s the case that there is one etate

of local magnetic moment above Tec. In this case, we can
deduce the temperature variation of the spontaneous volume
magnetostriction andnftype thermal expansion coefficient
with the change of the magnitude ef local magnetic moment as
shown in Fig.ITII.1.9 schematically . Such a behavior is found

in ape(58)5(55)

The other is the case that there are many
states of the local magnetic moment whose magnitudes are
different each other. In this case, it is expected that
squares of the local magnetic moment above Tc or the spon-
taneous magnetostriction decreases exponentially’above Tec.

(25) in the

This correspopds to the so-called Weiss model
invar problem. The Weiss model was proposed to explain the
invar effects of Fe-Ni alloy for the first time.

Let us examine by means of a simple model whether the
spontaneous volume_magnetost_riction at 0K in Eb66Ni3ll which ametmt
to 2% can be obtained by the Weiss model or not. We assume
that the intraatomic coulomb integral Ui and the coefficient
of the s-d charge transfer term do not depend on the type of

the atom. then, we obtain the following expression from

eq.(I1I.2.25).
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M sd
Ws = wg (o) + Wg (0),

“ 2
Wsl®) ~ o017 [ cp W, (Mpy ~ me, )

t ede ( /m’;"laK— /”D"z/"["r»Tc)] >

J |
wio) ~ 0.74 5Hs
(III.2.35)

where we neglected the temperature change of the magnitude
of the local moment in high spin state. WL is the rate of
the low spin state of Fe to the high spin state at the

sufficiently high temperature above Tc, The

°per’ CFen
coefficient in the above expression is estimated from the
parameters listed in Table 1.

In Fig.III.2, we show the wg(o) as a function of W
and [mFeL’ assuming [m?eH[=2.5/4B, /mNi’=O.8/UB(56)’(57)
and ImNi’T>>Tc=O'8/ﬂB (or 0.0 #B), and w:d(o) as & function
of JNS. From this figure, it 1s seen that ag(O) is roughly
equal to the observed value at lm?eL’“'o‘5’ WE~O'5 and so
Weiss model is a reasonable model.

Of cource, the tail of &E(Tﬁ above Tec can be also explained
by the SRO effect. However, even in that case; the
excitation which changes amplitudes of the local magnetic

moment will be important, which is consistent with the

rapid decrease of magnetization. It is not difficult that
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we examine whether two states exiét above Tc or not within
the CPA. These studies are in progress togethér with the
calculation of a temperature dependence of WS(T) in X Fe.

In the above mentionéd discussion, we applied the so-
called local saddle point approximation. Such an approxi-
mation can be considered to describe the magnetovolume
.effects in some transition metal alloys containing Fe
-and Mn at high temperature. If we do not apply the saddle
point approximation to the pressure, the physical picture
that the magnetovolume effect is characterized by the ampl-
itude of the local moment is not correct any longer.

The effect of the fluctuation may be important for the
invar alloys. 'Indeed, if we perform the static approximation
and the CPA calculation fully, we cén expect the volﬁme
change due to the electronic contribution in the paramagnetic
state because of the temperature éhange of the amplitude of
the local moment even if there are not two minimum points
for the amplitude of the fileld ¥.

The preliminary results of the mbdel calculation for
XFe are shown in Fig.III.U and Fig.ITI.5. The shape of the s
DOS is modified to the M-shape DOS since the semi-ellipsoid-
'al DOS tends to overestimate the s-d charge transfer effect
as suggested in Part II. W is assumed to be equal to 0.70 Ry.
The ratio of intraatomic coulomb parameter J to the
exchange parameter U is assumed that J/U=2.0. The calculated
spontaneous magnetostriction at 0K is 0.0073 and is the same

order as the experimentally deduced value. - The change of
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the Fermi distribution function is not considered at the
present stage although it is easy to take account of it.
This effect will reduce Tc about by 100K. .

The changes of the calculeted GJS(T) and o‘M(T)= 9“57/9T
are surely similar to the behaviof shown in Fig.II.2(a).
The maximum of aé(T) at 600K is caused by the breakdown
of the charge neutrality at low temperature and by the charge
transfer from d orbital to s orbital with temperature since
the selfconsisﬁent condition as well as the eq.(II.2.1) in
Part II is applied in the present calculation and assumed

that US=USd=O. This maximum can be removed by the large

value of J/U and by conéidering the finite U° and USd.

NM(T&TC) is the same order as the observed value(su)’(SS).
The temperature variation of aﬁ(T) is similar to the
result calculated by Shimizu on the basis of the phenomeno-
logical Stoner theoryGO)However, the mechanism is quite
different from that due to the Stoner theory. In the Stoner
theory, the spontaneous magnetostriction is caused by the
change of the spontanéous magnetization and the Fermi distri-
bution function. In our calculation, it is caused by the
s-d charge transfer due to the reversal of the local magnetic
moments and by the decrease of the amplitude of the local
magnetic moment. Indeed. the approximate expression (III.2.25)
reproduces a%(T) qualitatively as shown in Fig.ITI.5 and

it shows that such a picture is appropriate.

The most fatal point that the Stoner theory is inappro-
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priate will be that the spontaneous volume magnetostriction
of XFe at OK based on the first principle Stoner-LSD calcu-

(1O)is more than

_ lation performed by Janak and Williams
about ten times the value deduced ffom the observation.
On the oﬁher hand, such a contradiction is not present in
our scheme. |

The results of the ﬁore detailed calculation for «Fe
and of the consideration for the possiblility of the

existense of the two states in Fe-Ni alloy will be published

in future.
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Appendix I(T)

In this appendix, we discuss two points. One is the
derivation of the Liberman's expression (I.2.1) for any
substitutional alloys, Another 1s the relation between the
pressure based on the direct Feynman's theorem and the
pressure based on the virial theorem.

(26)

Liberman's expression in the original form is as

follows.

3PV = :ffc;'-[[(vﬁfk)(r;y),&‘._ prr(w-v)p ot cclap

f f’”z("') ———ié’“ Ir - ds

7

ot e - Zpo [E (<) (A.T.1)

2

where the third term of the r.h.s., which we call the

nuclear-part pressure, is the préésure term acting on the

nuclel. Zx and E(rx ) are respectively the atomic number

of the ¥-th atom and the classical electric field at r«.
Liberman has neglected this nuclear-part pressure with the

misunderstanding that the term vanishes because of the

inversion symmetry around the nuclear position for the simple

(f) This appendix I is based on the cooperative study with

Dr. M. Kaburagi.
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- crystals. But the crystal is finite, that is, there 1s the
boundary, where the inversion symmetry is not satisfied.
Therefore, in this region, the electric field E(ry) has a
finite value and the nuclear'part,pressure caused by this
surface effect has a finite contribution to the bulk pressure.
On the other hand, it should be remarked that the first

and the second term of the r.h.s. in eq.(A.I.1l), which we
call as the electronic part, are not invariant under the
translational coordinate-transformation. "This fact can
be understood if we return to the original expression
before the transformation to the form of the surface integral.
It is given by '

2<T> + f’”flr)excc’"" f’”“”””“””ﬁ"” dir,

(A.T.2)
whére vc(r) is the coulomb potential at p, {T)> is the total
~kinetic energy. HNoninvarient term is the last one.

In order to derive eq.(I.1.3), we must divide the

crystal to many cells and shift the coordinates go that the

center of each cell jis the origin of the coordinate. As the

result, the excessive term occurs in eq.(A.I.2):

- %', Vo -/fzzar) E () dir (A.I.3)
"4 . .

After that, we transform the electronic part of the pressure

at each cell to the surface integral, which gives the first

term of the r.h.s. in eq.(I.1.1). Equation (a.1.3) is a pressure
caused by the electrostatic field acting on the electrons.

Adding the third term of the r.h.s. in eq.(A.I.1) to eq.(A.I.3), and using
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the principle of aétio—reactio, we get thé second term of

the r.h.s. of eq.(I.1.1). After all,

3PV = g[—éozc {V%‘-*(arﬂm-lz)ﬁ-- %.?"Vlur—na)-v)fﬂc-c}d»?
1 o( A

+ fb(/nz _‘;_j_{c (r—1y) d5 ]

’, . . nars)- Py, .,
+ {:’J% (ry=1p) /O(Jn'('ﬂcn")~f’0r))( V)f/s o] dir’

(A.I.h)

Next, we elucidate the interrelation between the pressure
based on the direct Feynman's theorem and the pressure
based on the Virial theorem,

If we regard a solid as a giant molecule and if we
express the pressure using the direct Fejnman's theorem, it
is determined only by the electric field applied to nuclei.
On the other hand, according to Liberman's expression, the
pressure is expressed by the wave function on the cell
surface and its gradient. Therefore, it is very interesting
how these quite different expressions relate mutually.

For simplicity, we consider the finite system of a
cubic pure crystal whose length'is L. We divide it to two
parts, a surface system and a bulk system (See Fig.A.1l).
Then, we apply the virial.theorem to the total system, the
surface system and the bulk system, respectively.

Letlus consider the case of the application of the

virial'theorem to the total system. Then, the electronic
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part pressure Pe defined by the surface integral, the first
and second terms of r.h.s. in eq.(A.I.1), vanishes because
the electron wave function is zero at infinity. Therefore,
the nuclear part of the pressure, Pn defined by the third term

of r.h.s. of eq.(A.I.lZ,becomes the total pressure P;

3PV = 3PV

= & By [ Eop i)+ g'(ﬂ-?e,e (W) + E‘m,,c'w)]
(A.I.5)

where ry, is the position of the nucleus at the site X, Eeﬁlmy)
is the electric field which electrons in the W.S. cell at
the site/8 apply into the nucleus at the site «&.
Here, we divide the pressure Pn into.two parts, Pi and
d

P .
n

' b b
'3 P,f V = 2 % 109 [E:d(ﬂ’;() + gl(EeP (rx)+ Em/,(rr‘,())J’ (A.1.6)

| 3P,i vV = X% 2;’,( lY‘u[é‘[Eeo((lr‘,() +%'(fEeF(rd)+5£wf('rd))J ;
(A.I.7)

where Pg is the pressure when we replace the éharge density

accompanying all atoms with the bulk one. (rx) 1is

ED ,
the electric field which the electron charge density in the
cell at the sitef? replaced with the bulk charge density
causes to the point wry. The index b means that the electric
field is caused by the bulk charge density. IEEP(Wx) is

the electric field at py which the nucleus at thels—th site

(g ) -

P .

causes in the same way. JWEeF(Ku) is the difference JE_
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)Eb (my ) PS is the pressure caused by the difference

e
beiween the real charge density and the bulk charge density.
The force due to .the surface dipole moment on the surface is
contained in the pressure Pg. Field)EZu(mg) vanishes
because of the inversion symmetryvof the charge density.

Eﬁﬁ(mu)ﬁEz (s ) x4p) is not a long range force. For example,

F

in the case of the cubic symmetry, 1t decreases with the
order of lr“~gﬂ -6.‘ There fore, the A2 sum in eq.(A.I.6) can
be limited in the région of the lﬂk-ﬁFl(ﬂ where 4 1s an

range  of the | electric field EZ

(rw JHED () ©

| f £
Then, in eq.(A.I.6), the contribution from the « sum in the
bulk region of the inside of the surface vanishes because of

the inversion symmetry at the point gy . Therefore,

, b
BF,nf vy = & zg lro(-% (Efﬁ(mx) +E,,,/5(:r,,()), (A.T.8)

g : _
where.% means the sum about sites in the surface system of
a thickness of /. This pressure Pg can be also written as

follows.

f ' EE o b,
Pl = £Z ?%(Eep('rd)'{' Emfc:@))g’ (A.1.9)

where PS is the number of atoms per unit surface area, the
small -index z expresses the component of the normal direction
to the surface of the cube and mj is the position of an atom
in the j-th surface layer.

In eq.(A.I.7), the & sum over the bulk region can be

removed because the electric field caused by the deviation
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from the bulk charge density can be'expressed by the
gradient of the electrostatic potential g?(r) and in the
bulk region, it is a constant surface dipole potential 47D,
The other «-sum can be expreésed by the sum for the surface

layers as well as eq.(A.I.9):

pl= p.7 = ( FE () +%’A‘(Eo,/s(lg))2’  (A.I.10)

where J)Eé(lr’j) is 126;8 Eeﬁ (rr'J. ).
Adding eq.(A.I.9) to eq.(A.I.10), we obtain the following
expression, _
P, = P-Z j_‘j (E. C"j,')ﬂ‘%’ Em/g(’g'))’ (A.I.11)

AboVe expression merely means that the pressure is given by
the force per unit surface area acting on the atoms near the
surface. |

If we apply the virial theorém to the bulk region, the
following expression for the pressure of the bulk region is

obtalned.

b
pt = P+ F,,,", (A.I.12)

where the electronic part pressure bf the bulk system, PZ is
the first and second term of r.h.s. of eq.(A.I.1) expressed
by the sufface integral at the boundary with the surface
region. PE is the nuclear'part pressure expressed‘by the
third term of r.h.s. of eq.(A.I.1).

It can be shown that Pg is equal to the Pg given by
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eq.(A.I.6). Indeed,

b . 2 Eb i, E,,f (1T ALT.1
3PV, = 2 g Lo, % ( ef o)+ F ))’ | (A 3)

where f. expresses the summation over the bulk region. Here,

if we diVide the summation % to the bulk region BB inside the
surface by 2/ and the remaining bulk regidn BS as shown in
Fig.A.l, we can obtain the following expression in the same way

that we derived eq.(A.I.8) from eq.(A.I.6).

b BS 8, b b .
3Fm V5 = Z g Iy % (Eelg (") + E/nf; ('rot)). (A.I.1h)

Although the volume of the system considered in eq.(A.I.14)

f

is'(L-24)3, the pressure Pg in eq.(A.I.14) is equal to P

in eq.(A.I.6) in substance because L > A.
Last, let us apply the virial theorem to the surface
system with a thickness of A. Then, the following expression

is obtained:

s
3PSV, = —3PSV + TPV (4.1.15)

where P° is the pressure applied to the surface system.
The first term of the r.h.s. is the contribution due
to the electronic pressure. In the case of the»surface
system, there are two different boundaries, a boundary
with the bulk system and a boundary at infinity. The
electronic contribution at the lattér boundaryvvanishés as

in eq.(A.I.5). The contribution at the former boundary is —3P2V.,
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The pressure 3PEV is the nuclear part contribution
from the surface region and can be shown to be equal to 3PSV
in the folloWing way. Remark that the o« sum over the bulk
region in eq.(A.I.7) can be removed. Then, the difference
s d., . ’
3PnV—3PnV is
-Z

o - /(Ifelg(lrd)+FEm/3(qu/))

My -

+
bW
2 M% 2N
N Mg,

( Ee’"g (i) + Ef’,,/g (re))

The first term vanishes clearly. The second term is,

neglecting the effect of the edge in the surface,

S b & :
vz 5§ CEhar £ ),

3

.which vanishes.

After all, equation (A.I.15) becomes

Vs b d
Fs'—v—s':—Fe'f'F«n

The 1l.h.s. is zero because VS<<V. Therefore,

£ A d b
= P, and Pn = Fe | (A.I.16)

According to egs. (A.I.5), (A.I.12) and (A.I.16),
_ pbh '
B = P . (A.I.17)

If we neglect the interatomic coulomb term in eq.(A.I.L4)
" and remark eq.(A.I.11), equation (A.I.17) can be written

explicitly as the following form.
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3PQ = ?'f ZC[V%-*(W-V)%- ¢Epr-v)ge+ coc]ds
ws °

/fLZ 9.61(,
w.s amn

+

Irds

= » i)+ B E gCir)
ER ?[Ee R Enp J)]. (A.I.18)

That is, the pressure based on the direct Feynman's theorem
surely agrees with the pressure based on the viriai theorem
as shown in eq.(A.I.17) and it relates with the electric
field in the surface layers. The r.h.s. of eq.(A.I.18) was

(58)

used by Finnis and Heine in order to discuss the surface

cohtraction of Al,
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Appendix IT
The real pressure of the I type atom at the site &

will be defined by
(3P%0) = [ 5 frtd co-way vie) - W lern 7 ;)

+.¢C.C. + -% é‘xc"- (r—1ry) }’ a/,$

p 7y e,
+ Zltra-s) [ Jlf‘(ﬂw‘)-f(lr))(‘-y)/ DD s
P < F

[r—w”]
_ > (Ff R 7 g2 .
= = [/,m?z ( D .&)dé +14;Z Tﬁ(ﬁ‘ (A.TT.1)

The partial pressure (3P2), is defined by eq.(I.1.14). The "
relation between (3P§9x and (3Pﬂ)“ can be derived in the

same way as eq.(I.1.9):

/9

/DO( -7 Dq/,(
(3/7’!‘_(2)0( = ,(;fﬂ)d-l- ,l%f_gé/gm/g—(% ~ T

(A.IT.2)
k : ,

Therefore (3P2), does not agree with (3B2), except for the

pure metal. Summing up over the site® in eq.(A.II.2),

we can obtain the total pressure again:

- .
3P = _X'/_ z (5/7*_(2)0( aly7a zZ (3?12)0(. (A.IT.3)

Of course, when the system is the completely disordered

alloy, eq.(A.II.2) agrees with eq.(I.1.15). Equation (A.II.3)
'means that the total pressure 3P of an alloy can be inter-
preted as thé average of the partial pressure of each atom
which is regarded as embedded in a unit cell of the alloy.
For this reason, we can derive the classical formula for the
lattice parameter of alloy, (I.2.5), similar to Friedel's

one when we replace the partial pressure of the I type of atom
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by the pressure of the pure metal of the same type as shown in

§2 of Part I.
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Appendix III
In this appendix, we verify that eq.(III.2.34) in Part III
can be derived directly from the free energy in the CPA.

Lo d

The free energy per atom, sttat/N’ can be written in the
(22)

CPA ‘as follows:

Boows /0 = [4o0>Ltm[ L0 (50 - xeve)
Pl

]

+ Z (hn Fag)eo | - /3"% cx bn Z e

(A.IIT.1)

o~

where EIs is an impurity energy of the I type of atom in the

state s:
éf[quZ)oé/)\]

— ! =/ -! - 4
= ’éﬁm [alw fCtd);;fmz[,@n(éers ~Lxp t F)wél )]N’*

| | )
! 2 z = S a4
t 2o (T Yeny + VEES) + Tz T35 T

(A.ITI.2)

and

— el - - -1

o~/ o
fao(aﬂ) is defined by

PooCw) = (%)/,m, Lh((w—¢e)~ "),
df% is the coherent locator of the l-orbital electron. The
parameter Al is inserted in order to obtain the bond energy

soon later. The probability that the I type of atom lies

in the state s is given by
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Cre = C ~FEI ‘ - fEzs |
rs = Cgx /Q’Z e ) (A.IIT. L)

The bond energy of the orbital 1 per atom is

o

N‘(ﬁ}tvé%sz9r> 5;£(F$zﬁf/ﬂ)k=, (A.ITIT.5)

~{
4[
where F/\ f [/N is depend on Al in the form of F)t £ a1 PN

-1
EIs(g’*’%" aCA,A),AJ . The derivative of F,\ stat through«y

with respect to Al van'ishes because of the stationary property

' =1
of FAst at for £

J

SFopz /57 = O (A.III.6)

The derivative of FAstat through Q%, ”IA} with respect to

Al also vanishes because of the condition of saddle points:
~ [ A
2E x5 /9 Z,rs = “ 2 IE z; /2 Ters = © . (A.III.7)

After all, the remained derivative is only the direct

one with respect to /\1 which explicitely appears in ﬁ/’\stat/N‘

Therefore,

<Z f‘/’ a,e,p.Q,ng\>

= [dofro) S /,M[,f hles'-2¢)"'t*)

(Fj 2A

- 2
{ -1 -1 22
’}'IZ-SO(CLs{CZ_,ezs-—oC.e-é-F:e)a)\ﬂ 5’0(0(].

(A.ITT.8)
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The second term of r.h.s. of eq.(A.ITII.8) cancels with the

. -1 _ “9&[
.thlrd term of r.h.s. of eq.(A.III.8) because of FAl/;xl—-Fiz___
sF;} and. the selfconsistent condition of the CPA:

R - PR I _
5 Cre [ Luzs ~ L7+ Fo'] = Fe - (A.ITII.9)
Ig *
As the result,

(‘/‘{/" 5/2«“‘?] af&cr a,QJ'a- >

|
~—
a
<
<
\8“?
,\.a
N
3
S
f\
~N
A
N
l\
=~
N
N
™~
b
N—

I
~
2
g
“H
B
A
[T
N
3
N
~
N
N
’h
N
N

ImoZ%Fl is rewritten as follows.

//m DC,;IF£: /M[/,QF.Z]
s 2 cre N S (Lizs-L2)
Is

57 =1 —~! utl ]
= L CI.S//M[“JJ; [AZ-TS */X.,e) -/

Is

{__» g
-::f_’; C’IS/M [560 - éﬂ_r;'f‘/u _{—Z__D-I gﬂlsf %,)‘Q)__} GCQ.IS] ,

where/Jl=(«Z%—F11) and the condition of the CPA, (A.III.9),

has been enmployed. Therefore, the bond energy of the orbital

-1 becomes
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I T
= fj Crs fa’wf@?)(w’”e.e.z;*/“)/o,ezs

(VI /m’,ﬂzs+ th, - 77021;):]

(A.III.10)

After all, we can obtain eq.(III.2.34):
7 = X cC ( z oﬂ
sPin = B oew (Fpi0)
C3F£aﬁ) = (Z__[Z) /no

.1.(#) [[dcof@)(w é,e_rs-l'/ﬂ!)f_grg

Z
- (3‘71 /””,23:5 + b P )] .

...]_3).;...
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Table caption

The parameters used in this calculation. The symbol A
shows the element. S, structure assumed in the pure metal.
f is the f.c.c. and b is the b.c.c.. B, equilibrium cell

d band width in Ry. w a half of the

radius in a.u.. wd, g2

s band width in the ellipsoidal model DOS in Ry. Zw g> the

effective charge for the potential. Tps atomic core radius

(52)

in a.u.. 53, atomic level in Ry. Q, a factor with

respect to the volume dependence of the center of gravity of
the d band. £ and 7, fitting factors. U, and /UO, exchange
parameters in Ry. See ref.29 for the meaning of each

parameter.
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Fig.I.1.
The model density of states (DOS) and the volume

dependence of the DOS for NbSOZrSO‘ The energy 2zero is

the d level of the pure Nb at equilibrium volume (R=
3.071 a.u.), R is the average atomic radius. EF is
Fermi énergy. |
Fig.I.2.
The calculated pressure-volume relations of Nb-Zr
alloy for various concentrations C . R is the cell
radius.

Fig.I.3.

the

(a) The concentration dependence of the equilibrium cell radius (R)

in Nb-Zr. The solid curves are observed Values(33). The dot-dash

©ocurve is the calculated value. The dashed curve is calculated from

eq.(T.2.2).

(b) The bulk modulus of Nb~Zr. The solid curves are observed values

(33), the chained curve is the calculated value, and the dashed curve

‘is the bulk modulus of the solution of two phases.

Fig.I.L.

The partial pressures relative to the separated phase

at the volun@.av_of Vegard's law.

(a) The d (chained curve) and s (dashed curve) relative

partial pressures. The solid curve is the total relétive

. pressure.

(b) Various contributions to the relative partial

pressures. dbNb (dbZr) is the relative partial pressure
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due to the d bond energy at the Nb (Zr) site. db tot is
‘equal to deb+der. d core Zr (Nb) is the relative
partial pressure of the core part at the Zr(lb) site.
sZr(Nb) is the s part of the relative pressure at the Zr
(¥b) site. |

Fig.I.5.

The model DOS (dashed curve) at the equilibrium cell
radius Af pure Pd (R=2.8726 a.u.) and the impurity-site
partial DOS (solld curves) of Pd-base 4d transition metal
alloys at the same volume. A Concentration is c=0.1.
The stomic d levels relative to the Pd are as follows:
0.1923 Ry for Zr, 0.1265 Ry for Nb, 0.0905 Ry for Mo,
0.0676 Ry for Tec, 0.0438 Ry for Ru, 0.0232 Ry for Rh and
-0.1181 Ry for Ag.

Fig I.6.
(a) The deviation from Vegard's law of Pd-base Ud alloy.
The so0lid curve shows the calculated values. Open

(34)

circles are observed values Dirfferent values are

reported in Rh~Pd and Ru-Pd alloys. The dashed curve is
the result of Friedel's theory(B).
(b) The relative s and d partial pressures at the volume
QV=O.142A+O.912Pd.
(¢) The various contributions of s-part relative

| partial pressures. The dashed curves 1s the preésure at

the impurity site, the chained curve is the partial

pressure at Pd site. The solid curve is the total
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relative pressure of the s part.
(d) The various contributions of the relative partial
pressures of the d part. dbTot=dbondA+dbondPd, dcoreTot
=dcoreA+dcorePd and dTot=dbondTot+dcoreTot. Theytotalv
relative pressure 8(3Rﬂ)'is given by dTot+sTot. /
Fig.I.7. |
The partial Dbs(dashed curve) of Pd in Pdg,Nb,, alloy.
The so0lid curve is that of pure Pd. The energy zero
is the d_level of thﬁ/Pd site. The Fermi energy is EF=
0.158 Ry at c¢=0.C, EF=0.166 Ry at c¢=0.2.
Fig.I.8.
The calculated bulk moduli (solid curve for c=0.1, .
| chained curve for ¢=0.2). 4B/c=(B(alloy)-B(Pd))/c.
The dashed curve is B(A)-B(Pd).
Fig.I.9.
The calculated formation ehergies (4H) of Pd-base
alloys. The dashed curve is the s part, the chained

curve 1s the d part and the solid curve is the total

bond energy contribution.
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Fig.IT.1.
- The model DOS and the calculated DOS of /Mn with use
of the CPA. The chained curve shows the model DOS. The
solid curve, the DOS of #Mn. The broken curve, up and
down local DOS. | |

Fig.II.2.

The P-V relation and the volume dependence of the local
magnetic moment of4/Mh. O : the calculated values. The
broken curve shows tég result in the nonmagnetic state.

Fig.II.3.
The magnetic pressure (the solid curve) of 9!n and the
~approximate value due to the first term of r.h.s. in eq.
(I1.1.13) (the dotted curve)
Fig.IT.hL,
The DOS of Cu-Mn at the cell radius R=2.73377 a.u..
C shows the Mn concentration; The solid curve 1s the
DOS in the magnetic state, the broken curve is the DOS
'in the nonmagnetic state. The vertical lines show the
Fermi levels.
Fig.IT.5.

‘The concentration dependence of Mn magnetic moment
(the so0lid curves) and Mn d-electron number (the broken
curve) of Cu-Mn alloy. Symbol I means the magnetic
moment calculated with use of eq.(II.1.10). II, the

magnetic moment calculated with use of eq.(II.2.1).
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Fig.II.6.
(a) The concentration dependence of the cell radius of

. Cu=Mn. OX0O show the observed values(3u).

The solid
curve I is the result with use of eq.(II.1.10). The
chalned curvé II is the resuit calculated from eq.(II.2.1).

" The solid curve P is the result for the nonmagnetic state.
(b) The cohcentration dependence of the bulk modulus
of Cu-Mn alloy. The solid curve is the bulk modulus in
the magnetic state. Ehe chained curve, in the nonmagnet-
ic state.

(¢) The formation energy 4H of Cu-~Mn. The solid

curve 1is the 4H calculated in the magnetic state.

The chained curve is the 4H calculated in the non-
magnetic state. The dotted curve 1s the 4H in the non-
magnetic state, which is evaluated at the volume of
Vegard's law in the magnetic state. O : the experimental
values(38).

Fig.II.T7.

(a) The relative pressures of Cu-Mn. ----, s part.
—+—, d part. —m0  , the total relative pfessure.
The arrows show the behaviér of the relative s and d

pressure when the volume moves from the volume of

Vegard's law to the equilibrium position.

(b) The relative pressures of Cu-Mn., —-—, the
magnetic contribution. ——..—, nonmagnetic contribution.
, the total contribution. — — —, the total
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relative pressure evaluated from eq.(II.1.13). ..-...-, the total
relative pressure from the first term of r.h.s. of eq.(II.1.13).
(¢) Various contributions.of relative pressures of the d part.
cesess, the d-core partbat the Cu site. = — - —, the nonmagnetic
component of the d-core part of M. — -—, the magnetic component

. ’ . -2 .
of the d-core part ofA n (1.e.[ -UImI//“dI:,rfIn)' — .. —, the bonding

parts of Cu (dbCu) and Mn (dbMn). , the total d-part.
(d) The relative pressures of Cu-M in the nonmagnetic state. - - - -
> 8 part, —.-——, dpart. ——, the total relative pressure.
Fig.II.8. ,
The relative bulk modulls of Cu-Mn, B- e By where B
is the bulk modulus of the pure metal I.  e+e-----, the
core part (the first term of r.h.s. in eq.(II.1.15)).
_____ , the bonding term (the fourth term of r.h.s. in
eq.(I1.1.15)). — -—, the s-d part (the second term of

r.h.s. in eq.(I1.1.15)). ——-..—, the magnetic moment

term (the third term of r.h.s. in eq.(II.1.15)).

s the total relative bulk modulus.
Fig.IT.9. |
The model DOS used in the calculation of the electro-
nic structures of xFe-base and Ni-base 3d alloys (the
solid curve). The chained curveris the modified model
(48)

used in XFe-V alloys. W. is the d band width.

DOS a

Fig.II.10.
(a) The assumed atomic radii R (the solid curve) and

the calculated atomic radii in the nonmagnetic state
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(the dotted curve) of the pure 3d metals.

(b) The s part pressures 3PS£10f pure 3d metals at

each équilibrium volume. The dotted curve shows the case
of the néhmagnetic state.’

(c) 'Each component of the bulk modulus in 3d metals.

m—m———— s the core part due to the s electron. «eccce-,
‘the core part due to the d electron. —-...—, the bonding
part due to the s electron. — --—, the bonding part

due to the d electron., -— - —, s-d charge transfer term
due to the volume derivative., — — —, the magnetic
moment term., ——m , ream\bulk modulus(31).

Fig.II.11.

(a) The magnetic moments of the «Fe base 3d alloys.

- The concentration is c¢=0.1. » the impurity-site
magnetic moment. —.—, the host magnetic moment.
- —-==-, the avefaged moment. In XFe-Mn, the antiparallel
I'n moment configuration in the ferromagnetic phase is
assumed. The parallel Mn moment in the ferromagnetic
rhase 1s also shown. |
(b) The magnetic moments of the Ni base 3d alloys at
c=0.1.

Fig.II.12.
(a) The formation energy per atom of the XFe base 3d
transition metal alloys at ¢=0.1. The solid curve shows

the result which is calculated for the magnetic state with use

of A\=1,5. The chained curve is the result of the
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magnetic case of A=1.0. The dotted curve is the non-

magnetic case. O : the experimental values(38). _
(b)  The formation energy of tﬁe Ni base 3d alloys at
c=0.1.

Fig.II.13.
(a) The deviation of the volume 2 in «Fe-base 3d alloys
from Vegard's law.av at c=0.1. IIBIis the volume of the
host pure metal. In xFe-V, @ shows the result of.UO(V)
=0,02 Ry, ¢UO(V)=O.1. © shows the résult calculated with
use of the modified modelrband. In xFe-Mn, A.P shows
the antiparallel Mn momenb\configuration in the ferro-
magnetic phase. F.P, the parallel Mn moment configura-
tion in the ferromagnetic phase. A.F, the case of the
disordered antiferromagnetic state. X: ébserved

values.(3u)
(b) The deviation of the volume in the Ni base 3d alloys
from Vegard's law at c¢=0.1.

Fig.II.14,
(a) The change of the bulk modulus in the «Fe base 3d

alloys at c¢=0,1. B=(§—BB)/C where‘g is the bulk

modulus of alloy and BB is the host one. , the
magnetic case. -— s+ —, the nonmagnetic case. seceee-,
the additive law BA—BB. QO : the experimental value(ug)’
(59)

. The vertical line is the error bar.
(b) The change of the bulk modulus in the Ni base 3d

alloys at e=0.1.
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Fig.II.15.
(a) The relative d (the chained curve) and s (the
broken curve) part pressures of &Fe-base 3d alloys.
The splid curve shows the total relative ﬁressure.
(b) The‘relative pressure of the magnetic part (the
broken curve) and the relative pressure of the nonmag-
netic part (the chained curve) in.uFb—base 3d alloys.
In «Fe-V, the result which 1s calculated with the
modified model DOS is also given. These contributions
are all lower values. In‘xFe—Mn, the result of the
antiparallel Mn magnetic moment configuration in the
ferromagnetic alloy is shown. The solid curve is the
total relative pressure. The dotted curve is the
relative magnetic pressure evaluated from the first term
of r.h.s. in eq.(II.l.13)f |
(¢) The relative s and d part pressures of Ni-base 3d
alloys.
(d) The magnetic and nonmagnetic part 6f the relative
pressures in the Ni base 3d alloys.
Fig.II.16. |
The s part (the broken curve)vand the.d part (the
chained curve) of the relative pressures in the non-
-magnetic Ni-base 3d alloys. The solid curve is the
total relative pressure. |
Fig.II.17.

The relative bulk modulus B- ZeqBp in 3d alloys Where
X

Br is the bulk modulus of the pure metalll, and cFe=O.9.
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Symbol  rg ~ shows the contribution from the rigid
part which is the first term plus the fourth ﬁerm of
r.h.s. of eq.(II.l.i6). .8d shows the contribution
from the s-d charge transfer term due to the volume
variation (the second term of r.h.s. of eq.(II.1.16).

- m shows the contribution from the local magnetic momenﬁ

term (the third term of r.h.s. of eq.(II.1.16).).

~-150-~-




Fig.ITI.1.
(a) The schematic temperature variation of the spon-
taneoﬁs volume magnetostriction Q%(T) when there is
only one state for the amplitude of the local magnetic
moment (<m2>) at T>Tc. |
(b) The schematic variation of the magnetic thermal
expansion coefficient NM(T) in the case of the one state.

Fig.III.2.

(a) . The schematic variation of a%(T) when there are

5

two states for the amplitude of the local magnetic

moment.
(b) The schematic variation ofcxM(T) in the two states
'modei.
Fig.III.3{
The spontaneous volume magnetostriction aé(OK) of
Fe65Ni3q calculated from an approximate expression
- (II1.2.35) as the function of the low spin state (MFeL)
~and the s-d charge transfer (§N_). W denotes the ratio
where CPel, is the concentration of the low

cFeL/cFe
spin state of Fe and c is the concentration of Fe.

ke
It is assumed that the magnitude of the local magnetic
moment of Ni above Tec (mNilT>>Tc) is zero. The dashed
line shows the observed Value.(15) The dot-dash-line

\g = {
shows the value mhen we assume mNilT>>Tc 0.8 B and

WL=1.0.
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Fig.III.L,

The temperature variation_of tﬁe magnetization M of
«Fe and the magnitude of the local magnetic momentJZ;?;
in the CPA calculation. The inset shows the s and d
model DOS used in this calcuiation. The Curie tempera-
ture is 1530XK.

Fig.III.5.

The temperature variation of.the spontaneous volume
magnetostriction a%(T) and the magnetic part of the
thermal expansion coefficient xM(T) in xFe. The change
of the Fermi distribution function is not taken into
account. Thetvg denoted by a dot-dash-line is the d
electron contribution to W, - The dotted curve shows
an approximate spontaneous volume magnetostriction

calculated from eq.(III.2.25).
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Fig.4.1. |
The surface system (S) aﬁd the bulk system (B) in a
finite system whose size is L. A is the range of
the electric field in the bulk system . The bulk system
is further divided into the.inner region(BB) and other
region (BS) by considering the rage /. The boundary

is shown by the dashed line.

-153-



0°'0

0°0
€902°T
9858°0
0GTT" ¢
296T 'y
Low Ty
TL87°0

8cB9 T

L688°0
G290
092°0

9699°¢

J

nop

6840°T
GEoE- 0
T68E°T
T9€2 T
9602°¢
T2g6°¢E
0LL°6¢c
9TSh*0
ETEL T
0206°0
069°0

00€°0.

heo9°*e
J
N

16£5°0
909T1T°0
800G°T
9222*T
henz €
909L"€
601 *62
64Th "0
Ghog°1
98060
089°0

gece'o.

6219°¢
J
00

gEon6°o
GHET" O
0895°T
Loge" T
goLe €
GEGG €
Lot ge
69LE°0
06881

90716°0

049°0

LSE*0

TL99°e
q

9q

0000°'2
LL2E"'0
£1T2° T
7660°T
994t €
Enle-e
Lge*ge
eLEE’ 0
THi6'T
9296°0
069°0
GTh*0

gEEL e

J

W

620T "0
7169£0°0
£oon e
. TGLG T
HEGE '€
LG9e°¢€
eTe e
8£62°0
6TOT"2
29960
009°0
9gf*0
€€go-e

q

5%)

- 620T*0
169€0°0
88T9'0
6621° T
2gLE e
ge€te e
216 02
71052°0
™HgT°e
1856°0
065°0
05t *0
98282

q

A

620T°0
769€0°0
hTel'T
LL09°T

O

(=

L
2

CERT € S(3/Q)
L102°¢ P(a/q)

£6e 6e
£1020
GOTE"C
05180
0656°'0
061" 0
GoLo°€

J

L

(v

wa

Vg

S'M,
WS

P

St
S
v

T ST9eL

Table 1






3IPQ

O—NIONO
OO OO O~
3 SN T | A AR § S §

o0 LLLO

3.0

DX R

(du)

.’2.0—
1.0-

0.0~

-1.0H

Fig.I.2



05 C
ND | r

Fig.I.3(_é)



0.5 |
Nb Zr ¢

Fig.I.3(b)



0041

Nb |\t | 05 / Zr c

] | __ ‘:\\ | -
0.04 \ '\\\\‘(ﬂ "/,/’ K

\ o‘-—l/ ,
\ 7/
\
N /
N V4
S . /
-~ ’
\~_,/

-008-

~012- \!oi

Fig.I.lU(a)



0.2

0.4

- | ,dbNb
| 7 ,dcoreZr
v /SZr

—0.2-

'/,
- |
. ‘~
! [ ] ~§
N N --
O\
.\
® o\
L ]

= 0.4

Fig.I.k4(b)



17
qN
O
21

Fig.IfB

= P
9CLB =Y

-1 00l




Q-Qy o,
QpPdC | (a)

0.2F -
Zr Nb Mo Tc Ru Rh Pd Ag

o

| OO T ,L—"l-_-'g_‘-ﬁ--;-. ‘\5

Fig.I.6(a)



0.0r

5(3PQ) R (b)

| zr Nb Mo Tc Ru Rh Pd Ag

Fig.I.6(Db)



0.1

——

S(3PQ)s | - (c)

Q=Qv C=0.1

4 5 6 7 8 9 10 11

M,—_\ ,//
g /' ‘R?@——;ﬁm
.///,. -7 | \\\ Pd
/ - sA A
/ --— skPd
o0—0O sTot

Fig.I.6(c)



0.1

- =0.1

15(3PR) g (d)

Q=Qv C=0.1

45 6 7 8 9 .10 11

coreTot

--- bondA
--- bondPd
M\ bondTot
c—0 |

dTot

Fig.I.6(d)



e ™

Fig.I.7



Mbqr

- 20F
1.0

Y — ' N :
/,f{ TN
56 7 8 9 10\ ’




0.0

e /

7 8 910 11

Fig.I.9

N



U 4

(30RY /)
d

Fig.II.1

0¢

07



500

20

1.0

27 28 29 R
(au)

Fig.II.2



0.5

0.0

v Mn

Fig.II.3



Cu-Mn

-0.2

Fig.IT.l




2.0 | 16.0

Cu

N -
i
(@)
@“
< _
3,
O



275

2704

260}

Fig.II.6(a)



X10E-02
(Ry.a.u)

Fig.II.6(b) '



Fig.II.6(c)



Mn C

.8

(@)

- Fig.II.T7(a)



(b)

Fig.ITI.7(b) -



Fig.II.7(c)



15@PR)  PARA
- Ry

(d)

0.05

Fig.II.7(d)



0.1

0.0

-0.1

sB
X10"2Ry-a.u

%2 4 6 8 Mn C

Fig.II.8






2.5

| | S | l ] 1 1 I

Ti V Cr Mn Fe Co Ni Cu

Fig.IT1.10(a)



| 0 . . F; T /L_ = JSF’rf A

I — A/
__.db ~
\/ ' .

Ti V CrMn Fe Co Ni Cu

Fig.II1.10(b),(c)



MwB) o :
“0F Ti v CrMn Fe CoNi Cu

Fig.IT.11(a)



4.0

3.0

2.0

Mwe) -
Ti V. CrMnFe Co Ni Cu’

(b)

Fig.II.11(b)



AH(Ry) |
Ti vV CrMn Fe CoNn Cu

0.01

-0.01r

Fig.II.12(a)



AH (Ry) -
CTi Vv Cr Mn Fe Co Nij Cu

0.01F

-0.01}

Fig.II.12(b)



{z0-

no

IN 0D

 2°0

Fig.II.13(a)



Fig.IT.13(Db)



1.0

AB/C
(Mbar)

Ti V Cr M

nFe Co Ni Cu

Fig.II.lM(a)



1.0

| (Mbar)

AB/C

. Ti V Cr Mn Fe Co Ni Cu

Fig.II.14(b)



0.1

-0.1

S(3PQ) -
Ry |
Ti V CrMn Fe Co Ni Cu

Fig.II.15(a)



0.05+

-0.05F

Fig.II.15(Db)



Fig.II.15(c)



- -0.05f

5(3PQ)

Ry

0.05L Ti V Cr Mn Fe Co Ni Cu

—- —honmag
----mag

—Tot  (q)

Fig.il.ls(d)



-0.1

| 53PQ) -

0.1

Ry - PARA

Ti V Cr Mn Fe Co Ni Cu

Fig.IT.16



sB
(X103Ry-a.u)
1.0- 7 v |
Ti V Cr Mn Fe Co Ni Cu

Fig.IT.17



o1

(9)

ANEV Sm

Fig.III.1



()

oty m_3

Fig.III.?2



| oSN
1.0 | 20 MrFel
~.05) (-10) &Ns

Fig.III.3



% 1 006Gl 0001
h A

 Fig.III.h



0E-
0¢Z-

ol-

Ol

0¢

0001 006 0
I { .

Fig.III.5



B.________.

S

Fig.A.1



