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ABSTRACT

There are basically two ways to determine precision values for nuclear quadrupole moments (Q): measurements for stable or reasonably
long-lived (mostly ground) states by atomic and molecular spectroscopy and measurements for much shorter-lived excited states using
nuclear condensed-matter techniques like Mossbauer or perturbed-angular distribution and correlation (PAC) spectroscopy. In all cases, the
direct experimental result is the product of the electric-field gradient (EFG) at the nuclear site with Q. The EFG for atomic and simple
molecular systems can now mostly be calculated by theory with good accuracy, while the present status of density functional calculations of
solid-state systems used for short-lived excited states limits the accuracy, generally to a 10%-20% level. Thus, the EFG of at least one matrix
where data for exited states exist must be calibrated by measuring a ground state with known Q using magnetic or quadrupole resonance.
This procedure is obviously not applicable to elements having no stable isotope with I>1/2. For Cd, the problem has now been overcome
using a concept proposed in Berkeley half a century ago, measuring isolated free Cd (and Hg) molecules with PAC. A similar project for Pb

ongoing at ISOLDE/CERN is sketched, as well as a related one for Sn.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0001877

I. HISTORICAL BACKGROUND

Around 1970, the use of nuclear properties to study matter
was becoming an important area of research worldwide. For stable
nuclei in their ground state, the techniques of nuclear magnetic res-
onance (NMR) and nuclear quadrupole resonance (NQR) had
been already used extensively in solid-state investigations and high-
resolution microwave molecular spectroscopy was developed for
free molecules. The technique of Mdssbauer spectroscopy (ME) as a
tool to study condensed matter using radioactive isotopes was start-
ing to be applied in various labs, in particular also by the group of
Professor David Shirley at Lawrence Berkeley Laboratory." This
highly active group had also performed pioneering experiments on
hyperfine fields in ferromagnets using the perturbed-angular correla-
tion (PAC)” and low temperature nuclear orientation’ techniques.
The results obtained first lead to an understanding of the magnetic
hyperfine fields acting on nuclei in magnetic solids." Specifically
noteworthy were the first successful combinations of these tech-
niques with NMR detection,™ as well as the first perturbed-angular

distribution (PAD) experiment’” supplemented in the same manner.
All these efforts were concentrating on the interaction of magnetic
nuclear moments (u) with magnetic fields (B) by measuring the
Larmor frequency,

Of interest for the materials studied are the internal fields acting on
the nuclei. These can directly be obtained from the measured vy,
since experiments with fields created by external magnets are also
generally possible for normalization.

The world-wide first efficient multidetector spectrometer for
PAC constructed in this laboratory was originally designed for the
novel concept to study the motion of biomolecules in liquids.>” It
also opened the possibility to study the nuclear quadrupole interac-
tion (NQI) in condensed matter on a large scale. The multitude of
isotopes suitable for this technique not only allowed the investiga-
tion of materials, such as metals, semiconductors, ionic and
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attempts at other laboratories.'” The early PAC results for NQI
correct such in metals at Berkeley also stimulated the introduction
of the accelerator-based PAD method in this field."*

The direct experimental information from all such experi-
ments is the nuclear quadrupole interaction constant,

vo = Vzz Qelh,

of the nuclear quadrupole moment (Q) with the electric-field gra-
dient (EFG), the second derivative tensor of the electronic charge
density at the nucleus (Vzz) acting at the nucleus. Since there is no
possibility to create an EFG of sufficient strength for observable
interaction in the laboratory, one is forced to rely on calculating the
electronic charge distribution by theoretical methods. 50 years ago
such calculations were not even approximately correct. One thus
had to resort to models and approximations. The uncertainty for
o the nuclear quadrupole moments extracted, opposite to the case of
magnetic moments, therefore, was quite high. Figure 3 illustrates
@ the situation. This severely limited the interpretation of extracted
EFG, one of the few experimentally available direct measures of
1 charge distribution in the matter, as it essentially contains informa-
tion on the asymmetry in the local p- (or d-) orbitals, a property
time (ns) frequency (Mrad/s) intimately related to chemical bonding.

tensity
g

FIG. 1. Schematic explanation of PAC measurement. The Cd nucleus with
quadrupole moment Q interacts with the electric-field gradient of the electrostatic
potential at the nucleus Vi, = 9*®(7")/(x/dy) (EFG) created by Cd elec- Il. ACCURACY OF EFG CALCULATIONS
tron distribution modified by bonding to the neighboring atoms (here Br). This is

observed by the modulation of time distribution of the two y rays emitted in the Precise nuclear quadrupole moments are essential not only for

decay of ""™Cd. The energy splitting of the nuclear intermediate state is directly any quantitative analysis of NQI measurements in solids, molecules,

seen as transition frequencies () in the Fourier transform. Reproduced with or atoms, but they can also contribute much to a detailed under-

permission from Haas et al,, Phys. Rev. Lett. 126, 103001 (2021). Copyright standing of nuclei. Obviously, at least for one reference system for

2021, American Physical Society. each element, a highly precise calculation of the EFG is an essential
requisite.

molecular solids, but also liquids and high-density gases.'” Figure 1
sketches the principles of PAC measurement. 18

The picture of our present work-horse spectrometer (Fig. 2) [g] 114 5/2+
could as well have been taken 50 years ago, since only the detector 6 1
crystals and the computerized electronics'' have changed.
The idea to apply this technique to isolated molecules as well 14 1
failed at the time, however, due to technical problems,'” as did later
12 1
1.0 1
o
038 1 + + n+ +
0.6 - +
o %
o !
0.2 4 dark ages
0.0 . . :
1960 1970 1980 1990 2000

FIG. 3. Ancient history of Q for 'Cd 5/2*. “Measurements” (black squares)
FIG. 2. Table-top setup of a typical PAC experiment. and estimates (open squares).
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For atomic systems, the quantum mechanical methods to cal-
culate the EFG have by now become generally quite successful in
the interpretation of data, at present mostly coming from collinear
laser spectroscopy. Also, more recently, molecular data—mostly
from microwave spectroscopy—have been analyzed by quantum
chemistry methods that have become very precise. The present ref-
erence data'” for Q have, therefore, often reached a precision on
the 1% level.

With the advent of the density functional technique (DFT),
also suitable for metals,'® a possibility to routinely calculate EFGs
in solids became available. For several test cases, the early results
had been quite promising.'”'® Such calculations with a full-
potential linearized augmented plane waves code WIEN2Kk,"
mostly using the generalized gradient approximation,” are now
often performed also to calculate the EFG in solids with the aim to
get an accurate Q. An example is a case of the 5/2 state in '''Cd,
of particular importance for the interpretation of PAC measure-
ments in condensed matter.”"*” It has been known for some time,
however, that the standard DFT procedures severely fail to repro-
duce the known EFG in some cases such as Cu,0,> a semiconduc-
tor, As and Sb,”* semimetals, and the asymmetry parameter 1 for
the solid halogens,” insulators. Similarly, values found for Q from
DFT calculations for halogen™ or Sb*’ solids were systematically
larger than the currently accepted ones.” It had also become
apparent that such techniques, even for simple metals, can underes-
timate the actual EFG by some 10%-20%.”° Even more severe, the
effects of intermolecular interaction may be overestimated by a
factor of 2.”° There is a possibility that more accurate values can be
obtained with hybrid DFT calculations,”® as the PBEO method,”’
where a fraction of Hartree-Fock (HF) exchange is mixed to the
DFT one. Such an approach, however, suffers from the inclusion of
a material-dependent mixing parameter and typically requires 1000
times longer computing times.

I1l. MISSING-LINK PROBLEM

Considering the present status of theoretical precision for EFG
calculations, the analysis of experimental measurements with an
aim to obtain accurate values for Q from the atomic or molecular
data may be considered satisfactory in most cases, though more
careful calculations might still be required in some problem cases.

There are, however, almost as many attempts to measure the
nuclear moments for short-lived excited states in the 1 ns to 1 ms
lifetime range as for the long-lived cases, as shown in Fig. 4. For
these, on the other hand, a different approach must be taken.

It is obvious that in cases where—for at least one of the mate-
rials—a precise measurement for an excited state is available, the
EFG for the corresponding element can be normalized by measur-
ing it for a ground state with techniques such as NQR, NMR, or
ME. The problem is thus solved. This technique to link the mea-
surements of short-lived states to those of long-lived ones evidently
only works for the “easy” cases, where a stable isotope with spin
greater than 1/2 is available. As demonstrated in Fig. 5, this has
been accomplished with reasonable accuracy in most of these cases.

That leaves the “missing link” cases, where no suitable stable
isotope is available. We have started to attack some of these in pro-
jects at the ISOLDE isotope separator’’ using the idea discussed
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FIG. 4. Extent of the problem linking existing quadrupole moment data for the
number of long-lived states (blue, left column) to short-life state measurements
(red, right column).

10

some 50 years ago in Berkeley, ’ to measure the isolated molecules

by PAC.

IV. Cd, Hg, AND Zn ISOTOPES

During the last decade, a more advanced extension of the
standard DF methods, the admixture of some HF exchange to the
DFE,’' has been very successfully applied in chemical research. Such
hybrid calculations for solids have also recently solved a long-
standing problem of standard DF calculations, the failure to repro-
duce electronic gaps in semiconductors and insulators.’”>” It has
been noted that this procedure significantly changes the computed
EFG as well. ™

We had, therefore, first applied the hybrid DFT in a redeter-
mination of Q for Cd and Zn. By combining the results with new
calculations for molecules [Cd(CH;),, ZnS] and atoms (°P; state of
Zn), we have arrived at a consistent picture for Q in both cases,
resulting in a substantial shift (more than 15%) from the previ-
ously accepted values. This achievement has solved a problem that

Cu Zn Ga Ge As Se Br Kr Rb Sr
NQR || ME || NQR ? NQR NQR || ME || NMR ?

Ag cd In Sn Sb Te | Xe Cs Ba
1S640 || NQR || IS673 [[ NQR NQR ? NMR ?

Au Hg (| TI Pb Bi Po At Rn Fr Ra
ME || NQR 1S703 || NQR

FIG. 5. Easy (underlined) and problem (red) cases for linking solid state to
atomic or molecular data. The ISOLDE/CERN projects (Cd, Sn, Pb) discussed
here are shown.
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has been around for some 50 years to a large degree, demonstrated
by the history for the Q of '''Cd summed in Fig. 3. As final values,
we reached,

Q(*"'Cd 5/27) = 0.641(25) b and Q(*’Zn gs) = 0.125(5) b,

the major uncertainty involved for Cd is the estimation of the
effect of intermolecular interactions in solid Cd-dimethyl.

This then raised the old idea to measure free molecules, where
the intermolecular interaction does not exist, to a project 1S640 at
ISOLDE/CERN. The basic idea of this concept was the fact that for
rotating free linear molecules, the rotational angular momentum J
is always perpendicular to the molecular axis. Thus, the tensor
component of the (traceless) EFG tensor is minus 1/2 the molecu-
lar one along the bond direction. Therefore, for large J, one should
expect to see a PAC perturbation with half the frequency (twice the
period) of a fixed molecule. The technical problem then boils down
to the production of samples where the free flight time of the radio-
active molecules is long compared to the measurement time.

The idea was first tested with sources of 199mHg, where the
half- hfe of the 5/27 intermediate state is only 1.8 ns. The obtained
spectra’® shown in Fig. 6 clearly demonstrate the predicted behav-
ior, as well as the well-known effect of additional gas collisions.

In quantitative analysis, the obtained values for EFG in the
HgCl, and Hgl, molecules are in complete agreement with the
results of CCSD-T calculations available from an earlier work,” in

LU UL l I UL
DR )

|
Sk ;
ol 6.

g|20°C

NUEIVSPRE U

0.10
0.05—=¢
0.00 i

Hgl, 300

0.10

TEEE SEETRS SeetE.am

i "i \Hl

5 10 15 0 5 10 15 20
time (ns) time (ns)

FIG. 6. Observed PAC patterns for Hg halides at room temperature (top), in the
gas phase (middle), and with additional other gas (bottom) (blue points: data,
red lines: theory). Reproduced with permission from Haas et al, Phys. Rev.
Lett. 126, 103001 (2021). Copyright 2021, American Physical Society.
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this manner also confirming the well-known Q for this state’®*?

and the basic concept of the project. Of additional interest is that,
in these cases, the corresponding solids also crystallize as an assem-
bly of molecules. The effects of intermolecular interaction on the
EFG are, however, quite strong for these materials, in disagreement
with the expectation from earlier DFT calculations.””*" A more
comprehensive theoretical analysis of these unique experimental
results is still to be performed.

The corresponding measurements using '''Cd 5/2" in three
Cd halides were technically much more demanding due to the con-
siderably longer state half-life of 80 ns, the higher measuring tem-
peratures needed, and the lower thermal molecular stability.

The high quality of the obtained spectra®® shown in Fig. 7
allows to clearly see the three (practically) equidistant transition
frequencies in the Fourier transform, as expected for the nuclear
spin 5/2. In the detailed theoretical analysis, small contributions of
vibrational excitation, centrifugal stretching, and the quantum
nature of the coupling of the nuclear spin I to the rotational ] had
to be included. The value of Q obtained from the data for the three
dihalides obtained, when compared with new CCSD-T calculations,
is practically the same. Figure 8 shows the progress in precision
achieved in getting to

Q('Cd 5/2 %) = 0.664(8) b.

V. Pb, In, AND Ge ISOTOPES

Using the method applied for '''Cd to the other state well
suited for PAC, the 4" level in ***Pb should be quite straightfor-
ward in principle, and a project IS703 is proposed to do exactly
that by measuring PbO and other Pb chalcogenides. Due to the
even longer state half-life of 280 ns, the higher spin, and still higher
measuring temperatures required, the technical problems will be
more severe, however. Considering the importance of accurate
numbers of Q, in the interpretation of the abundant experimental
frequency data available for the excited states in closed-proton shell
Pb isotopes (cf. Fig. 4), it will be worthwhile to attempt.

For the series of Sn isotopes, where a similar situation exists,
measurements in the gas phase using the exited 3/2* state in ''°Sn
appear quite out of range at the moment. Fortunately, in the abun-
dant literature on this state, widely used in Mossbauer spectro-
scopy, there are a few NQI data for matrix-isolated molecules. We
have made a preliminary analysis of such information for SnO that
shows the Q now recommended'” as grossly wrong. This finding
will, however, have to be augmented by more precise frequency
ratio measurements to other excited states (project IS673) for a con-
sistent picture.

For the Ge isotopes, in principle, it should be “easy” to link
the existing measurements for several excited states to the known Q
of the ”’Ge ground state. Unfortunately, the experiments one could
envision using ME or NMR are quite challenging. One, thus, will
presumably be forced to rely on an improved solid-state theory of
the EFG for Ge as an impurity in solids like Zn, Cd, or Sn to
improve the existing attempt.”' Equivalent calculations of the EFG
at neighboring impurity elements with now precisely known Q
could serve as a reliability check of such an approach.
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VI. IMPLICATIONS FOR NUCLEAR THEORY

The nuclear moments for high-spin states often show a
remarkable simplicity as a function of neutron number. A particu-
lar example are the quadrupole moment values of the 11/27 states
in Cd isotopes. They have long been known to change very system-
atically, and the linear trend for heavier isotopes had actually been
applied in the early estimations of Q for the '''Cd 5/2* state from
the results of PAD experiments.”>*’ This linear trend has recently
been confirmed by high precision collinear laser spectroscopy”*
and then explained within the nuclear covariant density functional
theory (CDFT)." Since the PAD experiments relate the quadrupole
moments of the short-lived 11/27 states in '*'%°Cd accurately to

500
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FIG. 8. Final results for Q of ""'Cd 5/2*.

2025
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FIG. 7. Observed PAC patterns for Cd
halides in the gas phase. The Fourier
transforms  (right) clearly show the
three frequencies typical for nuclear
spin 5/2. Reproduced with permission
from Haas et al,, Phys. Rev. Lett. 126,
103001 (2021). Copyright 2021,
American Physical Society.

that of '"'Cd 5/2", determined with high precision, we can now
further extend the observed trend. In Fig. 9, a saturation of the
quadrupole moments is clearly demonstrated for ''**Cd.

This saturation is fully consistent with the prediction from
new nuclear calculations® with the same CDFT procedure used
earlier for the heavier isotopes. The obvious agreement with the
experimental results there is very satisfactory. However, the

0.8

4

0.6

Q [b]

5/2*
0.4

02

0.0

Link

H.

11/2-

105 107 109 111 113 115 117 119 121 123 125

FIG. 9. Systematics for Q of 11/2~ and 5/2" states in Cd isotopes, demonstrat-
ing the importance of linking atomic (black dots) to solid-state (black squares)

data. The circles are from the theory.
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emerging trend for the 5/2" states—hopefully soon augmented by
new laser spectroscopy (°*'°%19195Cd) and PAC (''°Cd) data—
will require a more microscopic nuclear theory approach.
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