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The experimental observation of Wannier—Mott impurity ground states in an amorphous material is reported.

1. Introduction

In a recent communication Moreira and Parada [1]
have shown that Wannier functions constructed from
Bloch functions in a crystal are localized in that they
are exponentially decreasing functions. The basis of
this approach to the problem of localized Wannier
functions has been the (assumed) invariance of the
electron potential under a crystal lattice translation,
that is, an intrinsic crystallinity in the system.

However, Rice and Jortner [2] had earlier conjec-
tured that localized Wannier-type excitonic impurity
states should be amenable to experimental observa-
tion in a structurally disordered medium, provided
that the conduction band of the medium is free-elec-
tron like. The experimental observation of Wannier—
Mott excitonic states [3,4] in doped liquid rare gases
provided a striking confirmation of the Rice—Jortner
picture. To date, the closest approach to true Wan-
nier—Mott impurity ground states has been in the
doped Group IV semiconductors [5], silicon [6] and
germanium [7] . However, even in these high dielec-
tric systems [k = 12(Si); k = 16(Ge)] impurity ground
states still retain some (albeit small) parentage in the
states of the isolated donor atom, as reflected in the
donor-dependent optical and magnetic properties
[5—7] . As such, these states should be rigorously
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classified either in terms of a modified Wannier
scheme [3,9,10] or a perturbed tight-binding formal-
ism [11]. Thus, so far, the direct observation of true
Wannier—Mott impurity states has been confined to
excited impurity states, and these in non-polar amor-
phous materials [3,4]. In this note we report the ex-
perimental observation of true Wannier--Mott impuri-
ty ground states in frozen solutions of potassium,
rubidium and caesium in the polar medium hexa-
methylphosphoramide (HMPA).

Typical electron spin resonance (ESR) spectra of
frozen potassium-— and rubidium—HMPA solutions
are shown in fig. 1. The absorptions labelled 39MG,
85M; and 87M; arise from spin transitions of inter-
mediate impurity ground states [12,13]. A discus-
sion of the nature of these states has been given in a
previous paper [14] (hereafter referred to as I).

A second type of ESR absorption, a singlet reso-
nance with no evidence of resolved hyperfine struc-
ture (fig. 1), had linewidths (AH ), and to a lesser
extent g, factors, dependent upon the magnetic mo-
ment of the particular alkali metal nucleus. Magnetic
parameters for the singlet absorption in frozen potas-
sium—, rubidium—, and caesium—HMPA solutions
are given in table 1. An intense colloidal metal reso-
nance [15] in the ESR spectrum of frozen sodium—
HMPA solutions effectively masked all other signals
in the free spin region (g, ~ 2, H ~ 3200 G).

In potassium, rubidium and caesium spectra, the
singlet resonance showed rf power saturation behavior
characteristic of an inhomogeneously broadened line
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Fig. 1. Electron spin resonance spectra (77 K) of frozen so-
lutions of (a) potassium and (b) rubidium in HMPA. The reso-
nances labelled 8SMG, 87MG and 3 Mg arise from electron
spin transitions of intermediate (alkali) impurity states, and
are discussed in detail in the previous communication (I).

The resonances 85MA and 39MA arise from electron spin tran-
sitions of Wannier—Mott impurity states. Spectra were re-
corded at low incident microwave power (< 2 mW).

Table 1
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[16]. The observed singlet resonance is therefore a
superposition of (2/y; + 1) overlapping lines, each of
which is broadened by unresolved hyperfine interac-
tions of the electron with the magnetic nuclei of the
surrounding medium. Computer simulation of ESR
lineshapes under these conditions gave values of the
metal hyperfine coupling constant (table 1). On a
system of nomenclature outlined in I, we label this
localized, low atomic character state in potassium,
rubidium and caesium solutions as XMA, where X is
the mass number of the particular isotope.

2. The nature of Wannier—Mott impurity states in an
amorphous medium

For a material in which the conduction band is
free-electron like, an excess electron in the band may
be represented by a plane wave state,

0(r) = (1/V1) exp (ik-r), (1)

where V' is the volume of the sample. From the Kohn
Luttinger [5,17,18] effective mass approximation
(EMA) we know that the wavefunction of a shallow
(loose-binding) impurity state is composed predomi-
nantly of states split off from the host conduction
band and an approximate wave packet for the state
may be constructed as follows,

wnw§amwm. 2)

For a dielectrically screened impurity potential, V(r),

Experimental magnetic parameters for the XMA (X = 39,85, 133) state in low temperature alkali metal- HMPA glasses

Isotope (“l) a) IM Temperature (K)

3¢ 3/2 77 (P )
(0.39094) 106

85Rb 5/2 77 (P)
(1.3483)

1330 12 77 (P)
(2.5642) 120 (Q)

a) Magnetic moment of the isolated alkali atom, in units of the nuclear magneton (eh/4nMc).

b) Sample prepared in (P) pyrex; (Q) quartz cell.
¢) Average of 5 samples investigated.
d) Average of 2 samples investigated.
e) Average of 4 samples investigated.

8e Al (G) Ajso (G)
2.0018 + 0.0004 490+ 0.3 0.80+ 0.1
2.0017 + 0.0004 519+ 04

2.0009 + 0.0004 9431+ 05D 0.41 + 0.03
1.9994 + 0.0004 149+ 08¢ 0.23+0.02

1.9994 + 0.0006 14.1+0.8
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the explicit one electron Schrédinger equation is given
by [5]
[ @22m)V + V(r) | u(r) = By (), (3)

where £ is the energy eigenvalue and m an appropriate
electron effective mass.

If we substitute for (2) in (3) and recognize the
orthogonality [19] of the plane waves [exp (ik+r)]
we have [2,20]

CKk)=0, 4)

(h2/2m)k2C(k) — EC(k) + bW Vk—k'
T

where kak’ is the Fourier transform of the dielec-
trically screened impurity potential. In general terms,
the true impurity potential at a distance r from the
parent hole is given by

V(r) = —*/kr + o(r), (5)

where k is the static dielectric constant of the mate-
rial and the “central cell” term v(r), represents the
deviation of the impurity potential from the true
Coulomb form (—e2/kr). For situations in which the
EMA is valid,

ur)~0

and eq. (4) represents the hydrogenic Schrodinger
equation in momentum space, with the impurity level
characterized by an effective mass (m = m™) appro-
priate to an electron in the conduction band [3]. Un-
der these circumstances the donor ground state wave-
function can be written explicitly, as [5,17,18]

N
ll/donur(r) . Z% a(l)wl(ci)(,)p(l)(r)’ (6)

representing a linear combination of modulating en-
velope functions F@(r) and Bloch waves wg)(r) at
the ith conduction band minima of which there are
N. a9 represents the relative contribution from the
ith valley.

Rice and Jortner [2] first pointed out that the ar-
guments leading up to eq. (4) are quite general; the
essential requirement being that an excess electron in
the host conduction band be described as a plane
wave state [eq. (1)]. Specifically if the “resistivity”
relaxation time (7,,,) for an electron in the Bohr or-
bit is longer than the time (7.,,) required to circum-
scribe the orbit, a bound state can exist [2] . If, in ad-
dition, the lifetime of this phase coherent state is of
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the order of the electron-spin relaxation time (77 ), a
spin resonance absorption may be observed.

Squaring (6) and evaluating the waveiunction at
the donor nucleus, we have [5,17]

1W(O)I5on0r = MED(0)2 1y {D(0)2, (7)

where £ and Y1 are evaluated at £ and
iF£1(0)12 ~ 1/m(a*)3 where a* is the Bohr radius of
the impurity state.

We expect, therefore, that true Wannier-Mott im-
purity states have values of |1,l/(0)|§Onor which are in-
dependent of the nature of the donor atom.

We interpret our experimental results for the XMA
species as follows:

!
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I'ig. 2. The variation of |\,’/(O)I30n0r, the unpaired electron
spin density at the donor nucleus, with Zdonor’ the isolated
(gas-phase) donor atomic number, for Wannier—Mott (A in
the figure) and intermediate (B-1 in the figure) impurity
states in metal-HMPA glasses. The gas-phase values for sodi-
um, potassium and rubidium atoms are also included. The
gaseous caesium atom has |¢(0)|és =26.4508 X 1024 elec-
trons cm 3. Note the change of scale between data for the
different types of impurity states.
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Unpaired electron spin densities at the donor nucleus in shallow impurity states

Host matrix

I A P— 2
10 WOl Gonor IlI/(O“donor/l‘*//(O)lulomic

Donor
(electrons cm—3) (%)

Si OLi 0.0033 [6] 0.19

TLi 0.0033 [6] 0.19

31p 0.43 [6] ~1.04)

TS As 1.73 6] ~ 1.6

121gp 1.18 [22] ~1.19)

123gp 1.18 [22] ~1.14)
Ge 3p 0.17 (7] ~04

75 As 0.69 [7] ~ 0.6
HMPA 9k 0.073 + 0.007 b) 0.97 + 0.10 ©)

85Rb 0.065 + 0.005 0.41+0.03

1330 0.060 + 0.006

0.23% 0.02
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a) Atomic values estimated from the Goudsmit relation, see ref. [21].

b) This work.

cm

(i) The observed |x1/(0)l(210nor values, when com-
pared with the corresponding gas phase values
(l\l/(O)lgmmic in table 2) suggest considerable dielec-
tric screening of the electron—hole pair, and a corre-
sponding large Bohr radius for the unpaired electron.

(ii) Experimental values of |111(0)|§0nor are taken
to be approximately independent of the donor atom
for potassium, rubidium and caesium species. The
slight variation between different donors is well with-
in our final error estimates for ‘w(o)‘?jonor (table 2).

We conclude that the states YM, (X = 39, 85, 133)
in frozen metal-HMPA solutions are best described
as true Wannier—Mott impurity ground states in a
structurally disordered HMPA matrix. As such, these
states forfeit any parentage in the electronic states of
the gas-phase alkali atoms.

It is interesting to note that when central cell cor-
rections to the impurity potential (5) become ap-
preciable, the Schrodinger equation (3) is no longer
truly hydrogenic and impurity states reveal a parent-
age in the states of the isolated donor atoms. Specifi-
cally, unpaired electron spin densities at the donor
nucleus show a dependence on Zy,,, the isolated
(gas phase) donor atomic number. This situation oc-
curs in the intermediate impurity states in the metal—
HMPA glasses [12—14] (fig. 1) and also (although to
a lesser degree) in shallow impurity states in the
doped Group IV semiconductors [5—7] (table 2).

gl |\p(0§1§mmic for the alkali atoms in question: 37K, 7.4790 x 1024; 85Rb, 15.8225 x 102%; 133Cs, 26.4508 X 1024 (electrons
“m~)
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