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Abstract

The monoborides of Mn, Fe and Co are ferromagnetic (Lund-

quist and Myers, 1961) and the saturation magnetisation indicates

that the numbers of 3d electrons are 8» 1, 8. 9 and 9. 7 respectively.

A three band model described by

MB 2sp* 3d*3 4sY

where 2sp implies hybridised 2s, 2p states, has been proposed for

these borides (Lundquist, Myers and Westin, 1962).

Covalent 2-sp bonding is discussed and the requirement of un-

saturated covalency implies empty 2sp levels at the Fermi surface0

These levels can receive scattered conduction electrons and may

cause the electrical properties to differ from those of the pure tran-

sition metals,,

Expressions are derived relating the resistivity in the neigh-

bourhood of the Curie temperature to the density of electronic states

and the results are applied to Ni and MrJ?, Unfortunately the matrix

elements for the scattering transitions and the 3d band form are

unknown factors. It seems, however, necessary to postulate a high

density of 2sp states to explain experimental data.

Printed and distributed in June 1962,
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The monoborid.es of Mn, Fe and Co are ferromagnetic and. their

Bohr magneton numbers determined from the saturation magnetisation

are 1»92> 1 „ 12 and 0.28 respectively (Lundquist and Myers, 1961).

The electronic states of these borides were initially described as 3d

and conduction states in a two band model of the same kind as has

been used for the pure transition metalso In thi'? model the 3d states

form a narrow band with high density of states which is split into

two subbands, one for each spin directions while the remaining states

are contained in a broad shallow conduction band« It is assumed that

the 3d and conduction bands overlap,

The linear decrease of the Bohr magneton number with increa-

sing electron concentration for the pure monoborides and also for

some mixed MnFe borides supports the idea that one of the 3d subbands

is full in the magnetically saturated substance while the other is

successively filled up when passing from MnB to CoB. This situation

implies that the numbers of 3d electrons are 8, 1, 8.9 and 9. 7 respec-

tively and that the numbers of other electrons remaining outside closed

shells are T.9, 2. 1 and 2« 3 respectively»

These high values for the numbers of electrons with preferably

2s, 2p and 4s character have been considered as support for a three

band model (Lundquist, Myers and Westin, 1962) which may be de~

scribed by the formula

MB 2sptt 3d*3 4s"11 (1)

where M is the transition metal and 2sp means (2s, 2p). As the 2sp

and 3d electrons may be considered as localised the only conduction

electrons are now those of 4s character.

The 2sp band contains states which are assumed not to hybridise

with the 4s states and which give rise to covalent bonding between the
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boron atoms, Such covalency is suggested by the crystal structure

and further evidence is given by the variation of the resistivity in

the neighbourhood of the Curie temperature0 The 2sp states are

assumed to form two bands, a bonding and an anti-bonding, each

containing two states per MB unit.

If this three band model is appropriate then the bonding 2sp

band can not be full in the cass of MnB as a + y = 1» 9, Consequently

the Fermi level must cut the 2sp band as well as the 3d and 4s bands.

This situation effects the conductivity since empty 2sp states are

available to receive scattered conduction electrons,,

Bonding and energy bands in the monoborides are discussed

in No. 2 with preference for the covalent 2sp band. The remaining

parts of this paper are devoted to the resistivity in the neighbour-

hood of the Curie temperature. Starting from Mott's theory for the

resistivity of ferromagnetic metals expressions are derived (No, 3)

relating the resistivity to the density of electronic states. In No, 4

the results are applied to Ni and MnB,

2. Bonding and energy bands in the ferromagnetic monoborides

MnB, FeB and CoB are isomorphous with an orthorombic unit

cell containing 4 MB units, Kiessling (1950) considered the metal

lattice to be built up of trigonal prisms (I, fig. 1), which are parallel

to the b axes. The boron atoms form zigzag chains through this me-

tal structure.

It may be noticed that the boron chains are contained in (702)

and (702) planes. If each boron atom is inscribed in a prism formed

by the six nearest Mn neighbours at 2. 2 Å then the end surfaces of

these prisms (II, fig, 1) are also contained in the same planes. The

environment of the boron chains may thus with advantage be repre-

sented in a projection on (702), cf, fig. 2»
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The boron-boron distance within the chains is only 1. 8 A and

the distance between chains is 3. 5 A9 On the other hand the smallest

distance between manganese atoms is »» 2« 7 A. It therefore seems

admissable - at least at a first approximation - to describe the

arrangement as a metal atom structure M, perforated by rather

isolated boron chains B«

The binding energy of the two sublattices M and B must be

smaller than that of the corresponding elemental lattices owing to

greater interatomic distances and a smaller number of interatomic

contacts» An electron transfer from B to M is however reqtiired as

P exceeds the number of, outer electrons in the free metal atom. One

thus has an ionic contribution to the total binding energy of the boride

crystal which may well compensate for the loss in binding energy

due to the sublattice deformation connected with the formation of the

boride s.

If the 2sp and 3d electrons are considered as localised then

a, p and y in formula 1 are related to the different contributions

to the binding energy. The effective ion charges are determined by

or and (3 and if these values are known the ionic contribution may be

calculated» Further the metallic binding is characterised by y and

the covalency in the boron chains by (3. The following discussion in

this paragraph will be limited to the covalent bonding»

2
The radius of the inner Is shell is very small for boron and

two boron atoms may thus ha.ve a strong 2sp-2sp overlap and si-

multaneously an unimportant ls-2sp contacts This situation favours

a covalent bonding between boron atoms»

The evidence for covalent bonding in the borides of FeB struc-

ture and an electron transfer from B to M has been pointed out by

Kie'ssling (1950) from crystallographic considerations. The bonding

angle (112 ) is not very different from the value 120 for an imagined

free, coplanar chain , supporting the assumed covalency,, If one

*) Cf. Fano and Fano (1959)
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electron per boron atom is .transferred to the metal lattice, then

two remaining electrons may form two single bonds in the boron

chain and one has a = 2 in this case.

The electron transfer must, however, be greater than unity

since the magnetic measurements have indicated a 4- Y = T. 9 in the

case of MnB and somewhat greater for FeB and CoB. This fact

implies unsaturated covalency in the boron chains.

There exists a rather well established relationship between

the interatomic distance in molecules and crystals and the number

of elexStrotus taking part in the bond, cf. the treatment given by

Pauling (1960) for tetragonal boron and some borides of composition

MB,. If the boron chains in MnB are treated in a similar fashion

the b"oron-boron distance (1. 80 Å) would correspond to 0. 5 electrons

per bond. This means that a= 1,0 and that the electronic structure

formula may be written

The deviation from ideal bonding angle is certainly quite in-

significant in this connection as the reduction of the overlap integral

owing to it is equivalent to that caused by a difference smaller than

Ö#Ot Å in the interatomic distance. Similarly one finds the same a

for FeB (1. 80 Å) and a - 0, 8 for CoB (1. 86 Å). Too much reliance

shouldsuat be laid on these results, however, since the metal en-

vironment is completely ignored.

The 2sp states may be assumed to form two bands, a bonding

and an antibonding* each containing two states per boron atom. Accor-

ding to Dehlinger (1957) the existence of inversion centres which do

not coincide with atom sites is sufficient to give rise to energy bands

with the mentioned splitting. Such inversion centres are found in

the monoboride structure at points half-way between neighbouring

boron atoms»
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Covalent 2sp bands are thus probable from a crystallographic

point of view and further evidence provided by magnetic and electri-

cal measurements seems to support a covalency of varying degree

of saturation. As these 2sp bands can be assumed to be narrow

(ef. Hund, 1961) one also expects a high density of states at the

Fermi level.

The presence of these empty 2sp levels in MnB may cause the

electrical properties to differ from those of the pure transition me-

tals where only unfilled 3d levels arise.

3. The resistivity in the neighbourhood of the Curie temperature

In the two band model according to Mott (1935, 1936 a, 1936 b)

the transition metals are assumed to have a narrow 3d band and a

broad conduction band» The former is split by exchange interaction

giving two subbands, one for each spin direction. In the parabolic

approximation used the density of states for these subbands may be

written

N3> . (E) ^ c (E. - E) ( 2 )

i = 1, 2

where c is a constant determining the form of the band and E. is

the upper energy value. Analogously N? (E) and N. (E) denotes the

densities for similar subbands of uniform spin direction which,

however, are unsplit.

The conduction electrons in the borides may be scattered to

states in the different bands and the probability for these scatte-

ring transitions are
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4s - 2sp :

4s - 3d :

4s - 4s :

M43

M44

N ,

N..

N ,

where M, stands for the different matrix element and N for the
4n n

densities at the Fermi level. The intention is to show that a high

value for N~ has a marked influence on the resistivity»

Mott has given two quite different expressions for the resisti-

vity of a transition metal such as Ni

(3*)

oc .
T 1 + T 2

(3)

where -T. is the relaxation time for a conduction electron of given

spin direction. The former expression (3*) corresponds to several

spin flips during a mean free path. The spin stable situation (3)

shows the best agreement with experiment (Mott, 1936 b) \

We introduce the reduced temperature

t = T / Q

where Q is the Curie temperature and the reduced magnetisation

x = n (t) / n
o

*) In spite of this fact Birss and Dey (1961) have recently used
the first expression for nickel and from the poor agreement
with experiment concluded that the parabolic band form is
questionable.



where n (t) is the Bohr magneton number at the temperature t and

n the value corresponding to saturation. One of the 3d subbands

is assumed to be full at magnetic saturation, which gives

E2 E,

n(t) = J N 3 } 2 (E) dE - J N 3 J 1 (E)dE

E .

=1
E , E

F

where E^ is the Fermi energy. With the parabolic band form given

by equation (2) these relations lead to

r i en 1/3
, 1=7,2 (4)

The relaxation time T. is related to the transition probabili-

ties through

T.
i

M 43 *NO . M, (5)

Hence it is possible to write (cf, equation (4))

T.=f (6)
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Here f is a function of t and K is a quantity dependent on the 2sp band

3 < ) (7)

where m stands for \M, I / IM.,! .
n 4n ' 43

It is further convenient to introduce the reduced restivity

p (x, t) * g (x) • F (t) (8)

satisfying

P (0, 1) = 1

In the spin stable representation (3) the function g (x) may
according to equation (6) be written

g (x) « 2 { i * + JL }" (9)
4i +x)1/3+V (1 - X ^ + K : J

The function F (t) expressing the normal temperature denpen-
dence may remain undertermined.

A more precise expression for the resistivity is

-1

where, f (E) is the Fermi function. If 5 f (E) / 8 E vanishes except at

the Fermi energy one obtains the representation given by equations

(8> and (9) with F ( t )« t. Mott (1936 b) has pointed out the incorrect-

ness in using this representation to calculate the resistivity. At high



temperatures the Fermi function will broaden the effective energy

range for (T, -f T„) in the integral which introduces a large error

and at low temperatures (E.. - Ev) is of the same order as kT
t x

owing to the small demagnetisation which also causes error.

These objections are, however, unimportant for the following

treatment. The influence of the Fermi function mentioned above may

be considered as a temperature dependence and is thus incorporated

in the function F (t) which is eliminated at a later stage» Further

the differences (E. - E .̂,) are definitely greater than the Curie point

value k Q, for nickel by a factor 5 - 6 according to data given by Mott.

Define finally the resistivity p as that resistivity which would

result if the magnetisation x was zero also below the Curie tempera-

ture

Po (t) = p (0, t) = ( 1 + K) . F (t) (10)

The actual resistivity is then described by equation (8) for

t< 1 and by (10) for t $> 1.

The resistivity curve has a sharp change of slope at the Curie

point and for this change one obtains

= Ixm ( $ - - 1 F ~ ) = Ian (- . -gf . ^ ) (U)

After expansion of g (x) one finds

V (T +K)

with

r J o i
(13)
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L is thus obtained from a reduced resistivity curve as the

change of the slope at t = 1 while A is determined from a Y" (t) -

curve or a normal extrapolation curve for the Garie temperature,,

The quantity K has been calculated from equation (12} and compared

with (7), the treatment carried out simultaneously on .Ni a od Mr I!,

Unfortunately the matrix elements M^ apd the 3d band £orm

determining c are unknown factors* One can, however, assume thai.

the band is approximately the same for Ni and. MnB and even z. rather

large difference in c has no marked influence on the conclusions

drawn below» With the Bohr magneton nu'.mbei'S n {'Ni) ~ 0, 60 ?,n.d

n (MnB) - 1, 92 one then obtains from equation (7) as c is equal

for the two substances

m2N2 (MnB) + m4N4 (MnB) « q m4N4 (Ni) (»5}

with

^ K ( M n B ) - 1 Ai K ( M n B > / i -

Mott (1936 a) assumed the matrix elements M,, and ]\A/t . to

be near equal in nickele If the same idea is adopted also in. the case

of MnB then one obtains from (15)

m2N2 (MnB) + N4 (MnB) » q N4 (Ni)

The conduction band is certainly rather insensitive to the sbruc"

ture differences between metals and borides owing to the radial de-

pendence of the 4s fonctions. The nuir.ber of 4s electrons (v) supports;

this assumption as v (Ni) = 0, 6 and v (MiiB) = 1« 9 - « s 0. 9, cf. No, 2»

One may thus assume that N4 (MnB) and N. (Ni) are approximately/

equal, which leads to

m2N2 (MnB) » (q - 1) N4 (17)
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4, Application on MnB

Data for Ni and MnB are found in table 1. The value for Lr (Ni)

is obtained from Mott (1936 b) and Bozorth (1959) and that for A (Ni)

from Weiss and Forrer (1924).

*)

The nickel value K = 0» 26 agrees well with that given by Mott .

However, if K is determined with (3*) as a starting point and with the

corresponding

T * A

then a negative value for K is the result which must be seen as a

support for the spin stable representation of the scattering mecha-

nism»

Table 1.

Parameter data for Ni and MnB

MnB,

0.

6.
1..
7.

black

47

56

24

4

Ni _MnB8_ grey

L 1.5 0.68

A 9.5 6.56

K 0.26 0.62

q - 3.7

L = the change of slope of the resistivity curve at the Curie
point according to eq, (11)

2
-A - the slope of x (t) at the Curie point, eq, (13)

ft = the sum of the probabilities of 4s-2sp and 4s-4s.transitions
relative to that of 4s-3d'transitions as defined by eq. (7).
The values in the table are obtained from eq. (12).

q = the ratio of n ' K for MnB and Ni, eq. (16).

*) Mott (1936 b) assumed K to be the same in nickel and palladium
and estimated its value from resistivity data for gold-palladium
alloys to be <•» 0. 25,
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The values given for MnB have been measured on small sin-

tered cylinders, prepared according to Lundquist and Myers (1961).

Standard potentiometric technique has been used.

Such cylinders have been obtained with a colour ranging from

metallic grey to almost black. The magnetic properties seem to be

independent of this appearance while the value for L seems to be

related to it. Thus three grey cylinders gave L = 0. 67, 0.68 and

0,69 while the values obtained from three black samples were

0.45, 0.45 and 0.52. The mean values for the two categories are

given in table 1 and as seen the q-values are different by a factor 2»

These q-values, definitely greater than unity, are discussed below.

From equation (17) and the q-values in table 1 we expect

m2N~ (MnB) to be 3 3 - 6 times JNL and it seems necessary to

postulate a high density of 2sp states to explain this result if m_

is not to be much greater than unity which is unlikely. One must

in fact expect M,? to be smaller than M .̂, owing to restrictions

connected with the directed 2sp functions, A more precise estimate

is, however, impossible as long as the matrix elements are un-

known.

The difference between grey and black MnB samples is not

understood and may be due to a surface effect. Measurements on

arc melted boride samples are to be made in the hope of obtaining

less ambiguous data than that obtained with sintered specimens.

The author wishes to thank Dr H P Myers and Docent S Lund-

qvist for valuable discussions and Mr R Westin for help with expe-

rimental work.
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Captions to figures

Fig. 1. The MnB lattice projected on (010).

Fig. 2. A boron chain in MnB and its environment seen in a

projection on (702). Shaded surfaces in (702).

(The x ' , y f, z' -system is indicated in fig. !).
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