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LETTER TO THE EDITOR

Mott g-ratios in Rb,(NH,), -, and oxidation state of
rubidium compounds from XAS

TV Acrivost, K Hathawayt, A Robertsont, A Thompsont and M P
Kleini

1 San José State University, San José, California 95192, USA

1 University College, Berkeley, California 94305, USA

Received 23 April 1981

Abstract. The x-ray absorption spectra (xas) of Rb metal, Rb,(NHa), .. 2H-NbSe;Rby s
and RbBr near the Rb K-edge have been used to ascertain that the oxidation state V of
rubidium dissolved in ammonia and intercalated in the layer compound is in the range
{) < ¥V < 1. The observed edge shifts with temperaturc for scmimetals are explained in terms
of the population of band states, and the ratio of the density states near the mobility edge
over that calculated for a free electron model. 1.c. the Mott ratic g, is ascertained using a
semiempirical relation developed for the x-ray absorbance from 1s levels to empty states
near the mobility edge.

Xas s traditionally divided into an XALS region where the cjected electron transitions to
bound states are obscrved (the so-called absorption edge) and an EXAFs region (1(F to
10" ¢V above the latter, the so-called extended x-ray absorption fine structure region)
where transitions to free electron states are observed (Kronig 1932, Harlree er al 1934,
Stern er al 1975). The XAES region contains information on the oxidation state of the
absorber and recent semiempirical relations have shown that the edge position increases
linearty with say the valence of Mn, Fe, Mo, Rb and Sr (Cramer et al 1976, J A Kirby
unpublished, Acrivos er al 1980}, Also transitions to bound states of the absorber can be
resolved, e.g.

(ZY) (Isy .. B3 U, = (2 (0s) .. onl KL £ 1),., ()

where . . . represents other core electrons not directly involved in the transition and the
nistates are members of a Rydberg series for a given angular momentum / including the
exciton states. Parratt and others (Parratt 1939, 1959, Cauchois and Mott 1949) have
related the spacings between the series of transitions (1) with those reported in the
literature for the element with atomic number Z + 1 and a closed K shell, i.e.

(Z+ 1)) Usy¥ .. o0l ¥ Y S ((Z+ D)) (08, . onl 2L (2)

where 8" = § + { and this valuable approximation is correct if exchange interactions
between the K electrons and the other core electrons are negligible. In this work we
make use of the xars data including the edge position and the transitions (1) in order to
ascertain the valence of rubidium in the metal-ammonia solutions (Mas) and in inter-
calated compounds for the purpose of determining the metallic nature of the system.
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The xaEs data for Rb metal, RbBr, RbN;and Rb MAs and for 2H-NbSe;Rbyg 25 were
reported previously (Acrivos ef ! 1980, Bourdillon et al 1979). Here figure 1 shows that
the edge inflection point £; moves to highcr energy by 4.5 eV as the valence increases
from 0 in Rb metal to +1 in RbBr and RbN:, displaying an intermediate value for Rb
Mas. The edge positions for the intercalated compounds were not determined with the
same standards (Bourdillon ef al 1979); however, the most useful observations are

Absorbance larbitrary unitsi

Rb-NH,(5%)

] |
15.160

15.22

Figure 1. xaEs for different Rb compounds. A% evatuated using equation (4) with Er =
1.79 eV is indicated by dots.
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transitions (2) in the litcrature (Moore 1952) for St i
(Sr*1) (1s)* . . . 5% 5, = (5r1Y) (1s)?. . . np:Puan (29

which are indicated by arrows in figure 1 for RbNs.
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Figure 2. Density of states for different models according to Mott (1974),

Lorentzian curves which start at the edge £y = A in figure 2, i.e. the absorbance is
(Richtmyer et al 1934)

Auwn(¥) = D (72 + B,,) (3)

shown in figure 3. Here —a/2 <6,,, = tan '[2aT(v — w)] = @2 and D,, =D, is a
function of the transition probability and the joint density of states and 7', is a lifctime
depending on the initial and final state widths. Then the XAES for Rb' in figure 1 are
explained as a series of Rydberg transitions (1) (each described by a single Lorentzian
which dccreases in intensity by a factor greater than two from the previous one in the
series) plus (3).

In alkali metals (or alkaline earth metals) the conduction electrons occupy band
states and these affect both transitions (1) and (2) as follows. The band states are
occupied up to the Fermi level ¢ =k#/2m = h(w — 1f) where i}l is the bottom of the
conduction band and w is the Fermi level in figure 2(a). However, u may be in the
vicinity of the final states in transition (1). In this case mixing of localised and extended
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states can and does occur (Fano 1961), leading to occupancy of the final states in
transition (1) and to the absence of exciton states. The overallabsorbance is then written:

A(r) = A)(v) + A(v) (4)

where A,, is given by equation (3), and in order to ascertain which of the ditferent
modecls shown in figure 2 describes the Mas correctly we write the absorbance below the

(E-Ep1 025,

Figure 3, Normalised absorbance A” against {£ - £1)i2er with o, u = 1 i cquation (4).

edge separately:
2aT.dv(1 ~ )

)]
& : = N{" )N}
A] D:V .J]tli 1 + 4]1,'-( Vﬂ - V) T,L. (U ) ( U(J)

fis the Fermi distribution function for the occupation of a level in figure 2, and the
density of states N(#') has been normalised to the value at i, for the metal and 1, has
been replaced by D,. For aspherical Fermi surface the density of states near the bottom
of the conduction band varies as the square root of the kinetic energy, 1.€.

N(VYN(w) = [(¢ — Ao — )72

and as exciton states appear variations in A, arc expected as one goes from a metal to an

insulator.

The physical significance of A, may be ascertained by introducing dimensionless
variables y in units of 2Erin equation (4) (v =y(v} = uh(v ~ #)/2Eg) asshowninfigure
2. where the uncertainty principle requires that 7Ly = /2 and defines the parameter
u = 2T, Efi =1. Then

Ally) = [D,,f(uaf)m] fu_: dr(1 — /) Reli(yyx]
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where y' = x — i + y and the edge will vary as a function of f as follows:

{a) For semiconductors near 0K, f = (0 in equation (4), and the integral is evaluated
using relation 2.225 of Gradshtcyn and Ryzhik (1965) to give the semiconductor cdge
absorbance, A?, plotted in figure 3. However, as Tincreases (1 — f) < 1in equation (4)
causes the edge to move to higher energy as shown in figure 4 for Rb-NHj, which is
discussed below.

(b) For metals when Ly 2 kpT, f= lin(4) for 0 <y’ < w2 and f= Owheny > u/2,
giving rise to the metallic edge absorbance, Ay, plotted in figure 3. The calculated points
A have been plotted over the experimental Rb metal edge in figure 1 using Ex(Rb) =
1.79 eV to show the type of agreement obtained.

{c) For semimetals the absorbance is somcwhere between A and AY, above. At
finite temperatures, if E, is an activation energy from a valence to a conduction band,
the absorbance is written by adding a term to Aji.e.

wi2

Ac=ah+ [T - dA® exp(—BE )
J0

which can be integrated by parts to obtain the semiconductor edge absorbance A4, at

finite temperature (5= /kgT):

A, =AY - [A? ~ b+ 2pE [ A0 - p &' | exp-pE).  ©
(1]

For a semiconductor f{1 — f) is negligible and in a first approximation the last term in
equation (6) is dropped, i.c.

ANy, T) = A1 — r exp(—BE,)] @)

wherer =(A? — A})/A? is the fractional reduction of the absorbance due to the popu-
lation of states between the bottom of the conduction band and 4 and the magnitude of
revaluated from equation (4) is ~0.2 near . The edge absorbance changes with f as

(0 In AYaB), = ELAL — AD)AD (8)

and the magnitude of y near the edge inflection point increases with 7, because in
equation (7)

AV, TVANY, OK) = 1 — rexp(—BE,) < 1 (7')
causing the shifts observed in figure 4. When T'= —56° to —10°C for Rb-NH; (5 MPM) in
figure 4 the slope (9 In A/6f), = 4 x 10 "eVto2 x 10 "¢V givesanenergy E, = 0.26eV.
This is unrealistically high, indicating that the simple band model in figure 2(a) does nat
apply toMAS near the metal-insulator transition. Other band models must be considered.

{(d) Mott has described various cases for the calculation of the density of states in
disordered materials as shown in figure 2. The conductivity in MAs has been described
qualitatively by N{E.) forming two overlapping bands where localised states arc occu-
pied up to say E in figure 2(b) (Mott 1974). Then the absorbance must be written with
a correction for the density of states, i.e.

Ay) = Ay) + Ann(y) (9)
where

A = [ gy ant

dyo




L562 Letter to the Editor

where v, = E/2Ep and g(v')y = NV VYNV direesteetrons is the ratio of the density of states
relative to that for a free electron gas, ie. g.<lncar v = is the Mott ratio and
g—lasv—m. Integration by parts then gives

A) = AL —gdas - AN - | A )
Yo

and the absorbance correct to first order, neglecting the last term in equation (9°). 1s

[

r' Rb-NHs [5%)

Ahsorbance Larbitrory units)

S N RN S
15 200

15.180
{hev)

Figure 4. XATS of Rb-NHa, 5 mpm at different T Here A = 83.1:78.2 and 67 arc the averages

of different measurements near 15,193 keV at —56. —31 and —10°C respectively.

written in a form similar to equation (7). 1.¢.
AP(y) = AUY) (1~ ger) (10)

where E, in equation (7) hasheen replaced in equation (10} by — {alng/0f3), whichis not
constant with g (i.e. g — 0 as f— =). We apply equation (10} to the data in figure 4
(5 MpM Rb-NH; with » = 0.2). Then, g{~31°C) — gd—36°C) = 0.3 and g(—10°C)
— g(—=56°C) = 0.9 support a density of states shape given by figure 2(h). Here
2. (—56°C) = 0.2 was evaluated from conductivity data (Sharp et al 1971).

Other models which predict a density of states which changes with temperature near
the mobility edge, such as the Mott- Hubbard model in figure 2(c). would also explain
the absorbance near v or »,. Here, if the density of states decreases for F. above E, as
in figure 2(c), the absorbance should show additional structure above the onset of the
continunm of states. Also, when v = in figure 2(c) and the edge is identificd near
v, the decrease in the density of states as £. > F.would affcet the EXAFs relation. Here
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the amplitudes measured relative to A(w,) would give a smaller number of scatterers
about the absorber. This has been ohserved in M-NH, (Acrivos er al 1980) but a
qualitative interpretation of results may be accomplished with the N(E.) given in either
figure 2(b) or 2(c).

In summary. relations (4) are to be compared with the data in figures 1 and 4 as
follows:

(i) The value Ex(Rb) = 1.79 eV used in relation (4) fits the xAES date for Rb metal
infigure 1 in the region where D, isnotexpected to change very fast. Here it is interesting
to note that the edge sharpness depends on Er alone if the uncertainty principle gives
T.Lr =h/2, which assumes that the width of the final states is grcater than that for the
isinitial state.

(ii) L for Rbygs (NH3)g.os has been estimated to be 0.4 eV (Thompson 1976, 1977,
Sharp er al 1971), but the T = 0 absorbance A{ evaluated using equation {4) is much
sharper than the observed edge in figure 1. This is probably due to temperature effects.

(iif) The Rb edge in 2H-NbSe;Rby, 2 (Bourdillon ef af 1979) shows exciton structure
similar to A of Mas not Rb metal in figure 1 suggesting that the intercalated layer is not
metallic. The reason for this may arisc from two possibilities: () the Rb atoms have
been separated in the intercalated layer causing a true Mott transition (Mott 1974): or
(b) charge transfer may have occurred from the Rb layer into the NbSc; layver. The
accurate edge position and its T dependence is necessary to determine which of these
two possibilities is correct.

In conclusion, it has been shown that XAES data can be used to ascertain the nature
of metal-insulator transitions in semimetals such as M-NH; and intercalated layer
materials where it is not possible to use other conventional methods. This is of some
importance in order to ascertain the metallic propertics of intercalated compounds and
M-NH; where the metallic propertics of the constituent layers are different and where
other measurements, e.g. Knight shift data, give only an average g-ratio over all the
collisions occurring in 10™"s (Acrivos and Mott 1971). Also, the Mott ratio which is
proportional to the conductivity squared can be evaluated from experimental data only
for values above minimum metallic conductivity of 200 (Q cmn )~ but g, can be evaluated
from equation (10) for any metal concentrations und serves to show for the first time
how thermal disorder leads to increase the overlap between two Hubbard bands.

This work was carried out under the auspices of NSF Grant DMR 7820577 and by the
Biomedical and Environmental Research Division of DOE under contract W-7405-
Eng-48 and SSRL Proposals 76 and 312. The facilities at SSRL are supported under
NSF contract DMR 77-27489 in cooperation with the US Department of Energy. We
also acknowledge the help and enthusiasm of fellow workers I Kirby, L Esparza, T Code,
T Reynolds and S Brown. 1V Acrivos is grateful for the interest shown in this work by
N F Mott and J C Thompson.
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Appendix: glossary of terms used
MaAs  metal-ammonia solutions

XAS x-ray absorption spectroscopy
XAES  x-ray edge absorption spectroscopy

Vv valence of absorber
A atomic number of absorber
A absorbance of x-rays by a given material:
Anm for non-metals
A for semimetals
A for metals
A% for materials with overlapping bands
A for material near 0 K
AW first-order approximation (neglecting (1 — f)f < 1
and/or dg = 0)
A=A — A absorbance below the edge Ea.
v Frequency of x-ray photons measured from the 1s level of absorber:
vy to the bottom of the conduction band
vE to the Fermi level
1 to the edge of the continuum of free states in non-metals
(Ey= hwy)
y = y(» = Iy - vV 2Eg u”': dimensionless parameter which

measures the photon energy from the hottom of the
conduction band in units of a resonance line half-width
at halt height (A/T, = 2Ex/u).

N(¥)  density of states near [ = hivabove the 1s level of the absorber

D, relative intensity of resonance line near £ = hv

2E, activation energy in simple semimetal

Mott ratio g measured near the mobility edge.
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