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The magnetic susceptibility of the Sm chalcogenides shows a large dependence
on the nature of the anion. In the three compounds (which under pressure
become metallic) the energy needed to promote an electron from the 4f

shell to the conduction band is very small. We present here a mechanism
based on the hybridization between f states and band states that relates the
anomalies of the susceptibility with the energy gaps.

1. INTRODUCTION

AN INTENSIVE study of Sm monochalcogenides,
covering their magnetic, optical and transport proper-
ties,)~® has been made during the last few years.

Their behaviour under pressure is particularly
interesting, because SmS, SmSe and SmTe undergo
metal—semiconductor transitions. This takes place
discontinuously in SmS at about 6.5/kbar whereas in
both SmSe and SmTe the transition is continuous and
appears to take place in the range of pressure between
5 and 50 Kbar.

There exist considerable evidence that the tran-
sition takes place through promotion of a bound
electron from the Sm 4f state to a conduction band
derived mainly from 5d states. In fact, the energy gap
between the 4 f shell and the bottom of the conduction
band, is of a few tenths of an eV at zero pressure. The
metallic state presents an intermediate valence effects
as well as demagnetization of the 4f shell, which is
probably related to the hybridization of the 4f and 5d
states of the Sm ion. In fact, this hybridization mixes
the 4£°("F,) configuration with the magnetic
4f5(®Hs,,) and 4% (°H,,,) configurations of Sm3*,
(the effect being larger for smaller gaps), and has been
invoked by Maple and Wohlleben’ to explain the
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demagnetization of the Sm ions in the metallic phases
of these compounds.

In Table 1 we summarize the relevant properties
of the compounds under consideration.

The Van Vleck susceptibility at zero temperature
of Sm?* is 7.2 X 1073 e.m.u./mol® which accounts for
about 75 per cent of the susceptibility of SmS.

Since the splitting between the ground J = 0 and
the first J = 1 states is 421°K in the free ion, and since
this value does not change more than about 2 per cent
when the ion is submerged in similar crystalline en-
vironments® ! to those of the chalcogenides, there
is a large anomaly in the susceptibility to be ex-
plained .

To explain this anomaly, Birgenau et al.® have
proposed an enhancement mechanism based on a
phenomenological Heisenberg exchange, which is
similar to that proposed by Stevens! to account for
the g-shift of Gd3* impurities in Sm chalcogenides.

As it can be seen from the table, the susceptibility
decreases as the gap increases from SmS to SmTe, and
it also increases when the gap decreases by effect of
external pressure.
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Table 1. Summary of relevant properties of Sm chalcogenides as used in this work
SmS SmSe SmTe

Energy Gap ey 0.20 0.46 0.63
?’Iitaibln‘s:h;e?tp?nmtféh Discontinuous Continuous Continuous
awrobm TeMErature unaer at 6.5 from 0 to 50 from 0 to 60
pressure) kbar

Lattice parameter A 5.970 6.202 6.601
(room temperature)

Susceptibility x e.m.u./mol 947 X 1072 792X 1073 7.15% 1073
Susceptibility x (calculated) 9.47X 1073 787X 1073 733X 1073
e.m.u./mol

dA/dP eV/Kbar 0.012 0.0119 0.014
dx/dP e.m.u./mol - kbar 172X 107¢ 73X 107 10X 1076

In this paper we would like to present a simple
mechanism, which could give an important contri-
bution to the excess susceptibility in the insulating
phase and is based on the hybridization of the 4f
levels with the conduction band.

2. MODEL

To calculate the hybridization contributions to
the magnetic susceptibility of the Sm monochal-
cogenides we will use the band structure described by
Watcher® for the Eu chalcogenides. It includes two
empty conduction bands (¢,,, €,) derived from the
splitting of the 5d states of Sm*®* in the cubic crystal
field, and localized ionic-like 4 f states. The bottom
of the lowest (¢,,) d band falls some tenths of an eV
above the energy of the 4f®("F,) configuration of
Sm?*.

Since the top of the filled p band is fairly well
separated from these levels, we do not consider them
in this calculation.

The model Hamiltonian is: H = Hy + Hyyy, +
HZeeman with
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The first term in H, represents the energy of the
electrons in the conduction #,, band with Cy (Cy)
the corresponding creation (anihilation) operators
associated with those states (€, implicity includes
the crystal field effects.)

The three following terms are connected with the
intratomic structure of the f shell of a given Sm ion
in the lattice b{: (b%,) being creation (annihilation)
operators of an f electron in the j-site with orbital
projection —7 < m < 7 and spin projection o. The
first independent one body operator represents the
energy of strongly localized non interacting f elec-
trons moving in the field of the ion core and in the
crystal field provided by the other ions in the lattice.

The second (spin dependent) operator represents
the spin orbit coupling A o’ = (malgl - s|m'o")
within the f shell. Finally the last one, a two body
operator, takes into account the interaction among
felectrons.

Because of these terms, and due to the strong
localization of the 4f states, the correlation among
these electrons is dominant and leads to a 4/°("F,)
Hund’s rule state as an approximate ground state of
Sm?.

Hyyy, takes into account the mixture between the
f-orbitals of the Sm ion and the conduction band,
under the assumption that the relevant part of these
effects can be represented by spin independent one
body operators.
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Hyeeman represents the effect of a static magnetic
field on localized and band electrons.

In a more complete Hamiltonian, one should con-
sider terms involving promotion of two localized
electrons either from (a) the same site, or (b) different
sites going into the conduction band. We neglected
both of them because in case (a) the energy dominator
associated with these processes would be too large. In
case (b) the corresponding matrix element is propor-
tional to an integral containing two 4 f states in
different sites, which would be very small.

Within the spirit of the Hirst model,'® we can
then imagine for the insulating phase of Sm chal-
cogenides a set of many electron states that are
assumed to be approximate solutions of Hy + Hzeeman-
In this scheme the ground state is given by

X3 xK(@f8Fo),. .. .. @fSFo)n;0 ... .. 0)

where x?~ designates a chalcogen 2- jon closed shell
(this closed shell being formed by localized orbitals
orthogonalized to all other orbitals in any site of the
lattice).

The middle part of the set represents the states
of the Sm?* ions which have been assumed to be in
their ionic (f¢, "F,) Hund’s ground state. The last
part indicates the empty #,, band states which ob-
viously, will contain some components of the atomic
ns np orbitals of the chalcogen ion. These are the
Wannier states rather than pure atomic orbitals.

The hybridization term induces an admixture
between the approximate ground state and excited
states which can be assumed to be of the form:

Ixi.. -XZI’\;;(f67FO)l- . (fS6HJM)j- .- (f”Fo)N;
0...kg..

where an f electron from the j-site has been promoted
into the k-states of the conduction band leaving in the
site / an £ shell in the state *H ;.

Taking hybridization as a perturbation, in the
presence of magnetic field H, there will be a second
order correction to the ground state energy of the
form

|<4f67Fo,0 e OImZk Vkmb:nocka|4f56HJM,0 ..

AE® =N 3
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where iy is the magnetic moment of the Sm>* ion in
the f3°H 3, and p, is the magnetic moment of the
electron in the conduction band.

This contribution has to be added to the terms
that lead to Van Vieck and conduction electron sus-
ceptibilities. We will here examine this contribution
only, because it depends strongly on the gap energy
to the conduction band.

Taking into account that b;,, and b,,, are double
tensor operators, their matrix element within the 4f
shell states are given by11:13

<4f6 7F0Ib:;1|4f56HJM) =

2J+ 1

L
(__1)J—5/2 <4f67F”b+”4f56H)x

(1/2 3 J) /2 3 J
X @)

o m M/|5 52 3

with the reduced matrix element proportional to a
fractional parentage coefficient.!®

Since the 3+/ symbols appearing in equation (4)
require that 5/2 < J < 7/2 only these two multiplets
of the ®H term will contribute.

On the other hand, Vy,, can be explicitly
written in terms of the Wannier functions of the ¢,,
band as R

Vim = ZUn@Ihlda@—R) ™R (5)
1

where d(r — R;) are the Wannier functions associated
with that band.

The compounds under consideration have the
CINa structure. Therefore, using inversion invariance
one can show that terms with R; = 0 in equation (5)
vanish.'® Also, due to the strong localization of the
4f orbitals, only integrals with the d(r — R;) corres-
ponding to the 12 nearest neighbours Sm?* ions need
to be considered.

Using the symmetry operations of the cubic point
group (around R; = 0) all these integrals can be related

koL

M E(4f°, Hpg) = E(4f°, "Fo) + ex + (usM + pe0)H
g

(€))
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to the integral of only one of the sites, say: d(r —R;).

The correction to the susceptibility due to hybrid-
ization can then be obtained from

__ DAE® -2 ¥, 3 X
X = a2 Hoo = Hp J=5/2 T Bz
y Sen*(kx b/\/2) cos? (ky b/\/2) (6)
(Ay+e,)
here
27411 m' T qn
L = 578 3 o K Ul k176~ R X
X (d"(r — Ry)| 2] fi)
and
3 3\
K = al) = ( ) (UM + £.0)" X
Mmo \m;m g,

X [8mm’6mm" + 2d73nm’(7r/2) d%m"(ﬂ/z)]

b is the lattice parameter and d,(,,3,),,r(7r/2) are the reduced
rotation matrices,” @(5/2) = 1 and a(7/2) = 5/2.

g(J)) are the corresponding gyromagnetic factors, and

go = 2. The additional index » in d"(r — R ) stands to
level the three kinds 7,, Wannier states.

A 5
Ay =A+-|J—= 7
el o
with A the corresponding energy gap given in Table 1
and A = 915°K*® for the spin orbit coupling for the
f3°H term.
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In equation (6) we take €y as resulting from a
tight binding approximation for an f.c.c. structure:

€ = 5(1 -1 E ~cos (k;b) cos (kjb)) ®)
J

with £ the band width, which we will take as £ = 0.6 eV.

If the choose 'y, = Ty, = =0.19 10 8erg
so as to obtain the total value of x excess for SmS, and
assurmning the same value for the other compounds we
get the susceptibilities given in Table 1.

From the electrical conductivity measurements
reported in reference 4 we then estimate the variation
of A due to pressure. Using equation (6) and this esti-
mate for A(P) the corresponding variation of suscepti-
bility with pressure can be calculated; the values being
also included in the table. The value of I" taken above
to fit the excess susceptibility of SmS is rather large.
With this value of T" the corresponding AE® of
equation (3) is about 0.4 eV. Thus, if this type of
mechanism were the only source for the excess sus-
ceptibility the calculation should be improved to
avoid the perturbatién expansion. However we would
like to point out that any other mechanism, involving
real or virtual promotion of a 4f¢ electron into the
conduction band® should automatically involve the
4£% configuration. Thus a contribution similar to the
one presented here would necessarily appear.
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