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The isotropic Compton profile of mercury has been measured, using 661.65 keV gamma-rays
from a 20 Ci 137Cs source. To extract the true experimental Compton line shape, besides the usual
systematic corrections we have incorporated for the first time the background correction due to
bremsstrahlung radiation generated by photo and Compton electrons. Theoretical computations have
been carried out, using the renormalised-free-atom (RFA) for the electron configuration 4f145d106s2
and free electron models. It is found that the present experimental data with bremsstrahlung back-
ground correction are in better agreement with the RFA calculations. This work suggests the incor-
poration of the bremsstrahlung background correction in Compton scattering experiments of heavy

materials using high-energy gamma-ray sources.
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1. Introduction

Mercury, which is liquid at room temperature, crys-
tallizes at about —39 °C to form a trigonal crystal. The
structure of Hg can be regarded as distortion of an ideal
fce structure. It is a difficult task to handle and ori-
ent the soft single crystal well below the melting point.
The electronic structure of liquid mercury is remark-
ably different from other metals. Considerable exper-
imental and theoretical work has been done on Hg to
determine its electronic band structure, Fermi surface
and optical properties. An earlier review upto 1970 can
be found in the work of Cracknell [1]. Among later
work, several density of states calculations of liquid
mercury (for a review, see [2]) have indicated the pos-
sibility of a pseudogap below the Fermi energy. Using
ab initio density functional molecular dynamics simu-
lation, Kresse and Hafner [3] have discussed a metal—
nonmetal transition in expanded liquid Hg. This cal-
culation was based on the k-space method, which uses
unit cells of 50 atoms. To study the electronic proper-
ties, Jank and Hafner [4] have used the linear-muffin-
tin orbital with atomic sphere approximation (LMTO-
ASA), while Bose [5] has reported a scalar-relativistic
tight binding LMTO calculation. On the experimental
side, Cotti et al. [6] have reported measurements of the

photoemission spectrum of liquid mercury. On the ba-
sis of photoemission work, Oellhafen et al. [7] have
also pointed to the existence of a minimum in the DOS
at the Fermi level in liquid mercury. Yao [8] has re-
ported electronic properties of expanded mercury us-
ing optical absorption spectra.

Within the last three decades, Compton scattering
has emerged as a powerful tool for the investigation of
the behaviour of valence electrons [9]. The Compton
profile (CP), J(pz), can also be directly interpreted in
terms of the ground state momentum distribution p (p)
of the target, i. e.

(o) = [[ p(B1dprcy.

In this paper we report first the experimental Compton
profile of liquid Hg, measured at room temperature. In
addition to usual data corrections, we have included
for the first time a new back ground correction owing
to bremsstrahlung radiation generated in such experi-
ments.

We have decided to measure the CP of liquid Hg
for two reasons: (a) non-availability of theoretical
directionally—dependent Compton profiles of Hg, and
(b) difficulty in growing, handling and orienting single
crystals of mercury.

(1.1)

0932-0784 / 04 / 0900-0543 $ 06.00 (©) 2004 Verlag der Zeitschrift fir Naturforschung, Tubingen - http://znaturforsch.com



544 B.L. Ahuja et al. - Electronic Structure of Liquid Mercury using Compton Scattering Technique

7

Beam stop

72> PRE-
AMPLIFIER

g

PC based
PRI TER
M B

I
ADC HAMPLIFIER| | HVPS li

0 10 20 30 40 cm

Fig. 1. Layout of 137Cs Compton spectrometer shown here are: Steel chamber 115 cm - 35 cm - 40 cm (1), lead partition (2),
137¢s source (3), HPGe detector crystal (4), detector collimation (5), sample (6), port for evacuation (7), additional window
for 90° scattering (8), volume seen by detector (9), beam stop (10), collimating slits (S1 to S3) and lead bricks (LB). Other
shaded regions also shows the lead shielding. The lead shielding (5—7 cm) all around the steel chamber is not shown here.

Since the renormalised-free-atom (RFA) model is
known to be a reasonable compromise between band
structure and simple atomic calculations, we have also
attempted to interpret our experimental data in terms
of RFA and free-electron models.

2. Experiment

The details of the Compton spectrometer (as shown
in Fig. 1) are published in [10]. The performance of the
spectrometer was tested using well-explored standard
samples like Al, Ta. The Compton profiles of the stan-
dard samples were found to agree very well with the
reported experimental and theoretical data. The salient
features of the experimental set-up are: The Comp-
ton spectrometer is based on a 20 Ci3¥’Cs source,
which emits photons of 661.65 keV. The sample (lig-
uid Hg) was kept in an ampoule having a bulk thick-
ness of 3 mm and mylar windows. The distance be-
tween source and sample was 380 mm. The incident
beam, scattered inelastically on the sample through
160° (£0.7°), was detected by a high purity planar
Ge detector (Canberra GLP0210P), 548 mm distant
from the sample. The channel width of the multi-

channel analyser (Genie2000, Canberra) was approx-
imately 0.035 a.u. on the electron momentum scale
(1 a.u. of momentum = 1.993-10 ~?* kg ms~1), and the
overall momentum resolution of the spectrometer was
0.38 a.u., which is much better than for conventional
241 Am based Compton spectrometers (0.6 a.u.). An in-
tegrated Compton intensity of 13 million photons was
obtained during the measuring time of about 15 days.
Figure 2 shows the raw data of the Compton profile
of Hg. During the measurement, the stability of the
system was checked several times, using weak %'Co
and 13%Ba calibration sources. The background was
measured by running the system with empty ampoule
for a period of about 4 days, and was then subtracted
from the raw-data point-by-point after scaling it to the
counting time of the sample. Thereafter, the profile was
corrected for the effects of detector response function,
energy dependent detector efficiency, absorption and
scattering cross-section, following the data correction
package of the Warwick group [11]. The correction of
the detector response function was restricted to strip-
ping the low energy tail off the resolution function and
smoothing the data leaving the theory to be convoluted
with a Gaussian of 0.38 a.u. (full width at half maxi-
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Fig. 2. Energy distribu-
tion of 661.65 keV pho-
ton from a 137Cs source
scattered at 160° (+0.7°)
from liquid mercury. Each
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mum). After converting the profile into the momentum
scale, a Monte Carlo simulation [12] of the multiple
scattering was performed. The percentage of multiple
scattering in the final profile (—10 a.u. to +10 a.u.)
was 10.6%, which increases the J(0) value by 4.62%.
Thereafter, the profile was corrected for the additional
background correction due to bremsstrahlung radia-
tion, as discussed later on.

Finally the experimental profile for Hg was normal-
ized to have the area of 28.73 electrons being the area
of the free atom profile in the momentum range of 0 to
+7a.u. [13].

3. Calculations

a) Renormalized Free Atom (RFA) Model

In absence of band structure Compton profile cal-
culations, the profile was computed using the RFA
model [14,15], which was found to be a reasonable
choice in case of 4d and 5d transition metals, see, for
example [16-19]. The free-atom Hartree-Fock (HF)
wave function for 6s electrons in Hg were taken from
the table of Hermann and Skillman [20]. The wave
function was truncated at the Wigner-Seitz (WS) ra-
dius (3.34 a.u.) and normalized to unity to preserve
charge neutrality. It turned out that only about 66% of
the 6s wave functions was contained in the WS sphere.
For the 5d wave function the corresponding number
was about 99%. Therefore, the Compton profile Jes(pz)
due to only 6s electrons (where the wave function was

channel corresponds to
about 63 eV (0.035 a.u. of
momentum).

T T
3200 3400

quite extended) was computed as

Jos(Pz) = 41 Y | D (Kn)|2Gn(p2),

where ®§(Kn) is the Fourier transform of the
RFA wave function and Gn(p;) is an auxiliary func-
tion involving reciprocal lattice vectors (Ky), number
of points in the n" shell in reciprocal space, Fermi mo-
mentum pg, etc. To incorporate the crystalline effect,
25 shortest reciprocal lattice vectors were taken into
account to compute the Jgs(pz). It is worth mention-
ing that the isotropic Compton profile is almost inde-
pendent of the structure, the determining factor being
the average electron density, as mentioned by Ahuja et
al. [21]. It is supported by the work of Papanicolaou
et al. [22], who assumed the hcp Zr to be a fcc metal
to calculate the isotropic Compton profile. In our RFA
calculations we have assumed the structure of Hg as
fcc: which in fact is a distorted fcc structure.

3.1)

b) Free Electron Calculation

The free electron Compton profile was obtained for
6s electrons within the framework of free electron
model [15] using the formulae

3n(pg — p2)/4p¢ for p < pr,
Jos(p2) = (e —P2)/4p 2= 32)
0 for p; > pr.

In case of Hg, the number of free electrons (n) was
taken as 2.

For both model calculations, the contribution of core
electrons and also the outermost d electrons was di-
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rectly taken from the tables of Biggs et al. [13] and
was added to these valence profiles. The total theoreti-
cal profiles (0—7 a.u.) so obtained were normalized to
28.73 electrons as the experimental ones.

4, Results and Discussion

In Table 1 we present the experimental Compton
profile of Hg together with the unconvoluted RFA
for 4f145d1%6s2 configuration and free-electron pro-
files. For actual comparison of experiment with the-
ory (columns 2, 3), the theoretical profiles were con-
voluted with a Gaussian of FWHM 0.38 a.u. The dif-
ference profiles AJ (convoluted theory minus experi-
ment without bremsstrahlung background correction)
are depicted in Figure 3. It can be seen that near J(0),
both the theoretical profiles are higher than the exper-
imental ones, while a reverse trend is seen in the mo-
mentum range 0.7 to 2.0 a.u. Near 3 a.u. the theory
becomes higher than the experiment, as can be seen
from the Table 1 and Figure 3. It is obvious that there
are small deviations in the high momentum regime
(5 to 7 a.u.), in which the contribution from the va-
lence electrons is almost negligible. Such deviations
were also seen in the Compton study of some 4d/5d
metals (see, for example, [21] and [23]). Some of the
possible causes may be the continuous spectrum of
bremsstrahlung (BS) emitted by photo and Compton

Table 1. Theoretical (unconvoluted) and experimental
isotropic Compton profiles of liquid Hg, measured at room
temperature. All quantities are in atomic units (a. u.). The sta-
tistical errors (o) are sometimes shown.

J(p,) inela.u.

o RFA Free Expt. Expt. Bremsstrahlung
4f145410652  electron  (without BS)  (with BS) profile
0 10.19 1029  9.72+0.02 9.76+0.02 0.031
0.1 10.10 10.21 9.66 9.70 0.031
0.2 10.07 10.16 9.54 9.58 0.031
0.3 9.77 9.89 9.37 941 0.031
04 9.52 9.57 9.15 9.19 0.031
0.5 9.06 9.16 8.89 8.92 0.031
0.6 8.64 8.64 8.61 8.64 0.031
0.7 7.95 8.02 8.34 8.37 0.031
0.8 7.79 7.74 8.06 8.09 0.031
1.0 741 7.37 7.514+0.02 7.53+0.02 0.031
12 6.93 6.89 7.02 7.04 0.031
14 6.40 6.36 6.43 6.45 0.031
16 5.86 5.82 5.89 5.90 0.031
18 5.34 531 5.37 5.38 0.031
2.0 487 4.85 491 4.92 0.031
3.0 3.44 3.44 3.36+0.01 3.35+0.01 0.031
4.0 2.85 2.84 291 2.90 0.030
5.0 2.38 2.38 2444+0.01 2.43+0.01 0.030
6.0 193 1.93 1.98 1.96 0.030
7.0 1.56 1.56 1.59+0.01 1.57+0.01 0.030

electrons and the low energy tail in the primary radia-
tion due to self scattering within the source.

In this section, we also discuss the contribution of
BS, which was not explored properly for 661.65 keV
137Cs Compton scattering experiments. It is well es-
tablished that the photo and Compton electrons ejected
during the interaction process produce BS under the
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influence of atomic nuclei. These BS photons also
contribute in the measured Compton profiles [24, 25].
We have estimated the total contribution of these
BS photons due to both photoelectric and Compton

SQE
2 T or
P

o, @ p (4 P’ + P}
aW_Wp0{3 ZEOE( i )

)
Pop

effects. For the computation of the BS intensity we
have used the prescription of Koch and Motz [26].
Accordingly, the differential BS cross-section (within
relativistic Born approximation) for the emission of a
photon with energy w is given by

(4.1)

[SEOE WA (EZE? + pgp?)  w
+L
2pop

3pop p3p3

where

EoE + p3 EoE + p? 2WEE
(( P 0>8°_< pe )H P2p3 )]}

L=2In [%} , €0 :In(E°+p°> ,e=In (?) and @y =Z?-5.78-10 *% cm.

Eo — po

Here Eg and E are the initial and final total energy of
the electron in a collision, in mec? units; pg and p are
the initial and final momentum of the e~ in a collision
in mpc units; w is the energy of the emitted photon in
MpC? units, Z is the atomic number of the target ma-
terial. It is to be noted that the initial kinetic energy
of Compton electrons is obtained by considering the
average energy of the Compton scattered photons as
189 keV (Compton peak). We define RD" as the rela-
tive differential BS contribution due to photoelectrons
from all the shells of the Hg atom, and RD® as that due
to Compton electrons.

Then,
Y opei do

c_w_ (d®
and RD _EOGC(dw>

RDP =

(4.2)

(o corresponds to respective cross-sections).
The total BS intensity (&) due to photo and Comp-
ton electrons, can be written as

Dy = Dup + D, (43)

where

To

To
_ P _ C

To is the initial kinetic energy of the electrons in mgc?
units.

The spectral distribution of @, for liquid Hg (at
661.65 keV incident energy) for photon energies in

the range 1 keV to 660 keV is shown in Figure 4.
We have used this plot to find the ratio ISs/15% (i.e.
the intensity of BS in the Compton region relative to
the total BS intensity). For this, we calculated (from
Fig. 4) the ratio of areas of total BS cross-section (@)
in the Compton energy range (176 keV to 202 keV:
corresponds to —7 a.u. to +7 a.u.) and the total energy
range. This ratio came out to be 0.0527. Further, the
ratio 122! /120! (where 1% is the total intensity of the
Compton radiation) for liquid Hg was obtained using
the relations given in [25, 27], which was found to be
equal to 0.1447. Thus, the ratio of the total BS intensity
in the Compton region (Igs) to the total Compton In-
tensity (1) was obtained by taking the product of the
above two ratios. It was found to be equal to 0.0076.
This product was then multiplied by the number of
electrons in the Compton region —7 a.u. to +7 a.u.
viz. 57.46 to get the area under the curve of the BS
profile. It was calculated to be equal to 0.44 e. There-
fore, the area under the BS curve in the Compton re-
gion (—7to +7a.u.) of Fig. 4 was normalizedto 0.44 e
to get the data of the BS profile in e/a.u. units. This cor-
responds to an additional BS background contribution.
After subtracting the BS profile point by point from
the duly corrected experimental profile (column 4), the
BS corrected profile was again normalized to the to-
tal area of free atom profile viz. 28.73 e in the range
0 to +7 a.u. The duly normalized profile after BS cor-
rection and BS background profile are also given in
column 5 and 6 of Table 1.

Coming back to Fig. 3, it can also be seen that, even
after BS correction, in the low momentum region (0—
0.6 a.u.), the theoretical values are higher than the ex-
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perimental ones. This may be due to s-p hybridiza-
tion in the valence states of mercury. Our experience
in this field guides us that the Compton profile cor-
responding to 6p electrons of Hg is supposed to be
flatter than the 6s electrons. Hence incorporation of
6p electrons in theoretical calculations will decrease
the magnitude of the total theoretical profiles in this
region which will lead to a good agreement between
theory and experiment. Since 6p electron wave func-
tions are not available in the literature, it is not possi-
ble to consider these electrons within the RFA scheme.
The poor agreement between experiment and the free
electron Compton profile (even after BS correction: not
shown here) shows the inapplicability of the free elec-
tron model for liquid mercury. The s-p hybridization
suggests a “‘covalent like” character of liquid (rhombo-
hedral) mercury, which agrees with the LMTO calcu-
lation of Bose [5] and the scalar-self consistent calcu-
lation of Singh [28].

5. Conclusions

The observed discrepancies between the experi-
mental and theoretical data (RFA and free electron)
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