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Overview

Whats’ Inside

SPECTRA isaprogram that calculates energy levels of f-electron ions. It provides a
visual Windows-based interface for performing calculations of electronic structure
and finding parameters of the Hamiltonian for ions with unfilled f-shells. The
electronic structure can be calculated for freeion states, f-ions in solid-state
compounds and f-centersin molecular compounds.

Why You Need SPECTRA

Theoretical spectroscopy of f-ionsis an arcane and complicated field of science. It
requires substantial effort to learn and practice. Quantum chemical ab-initio methods
of calculating eectronic structure for f-ionsin compounds are till very complex.
Besides, they are extremely time-consuming and hardware demanding. On the other
side, the method of irreducible tensor operators allows very precise and fast
calculations, based on alimited number of well-defined parameters, which can be
either fitted to available experimental levels or determined from ab-initio
calculations. However, the learning curve is very steep, because the researcher needs
to understand in detail abstract concepts in group theory and have access to many
different reference texts before he can start doing some calculations for his specific
application. Such calculations are important because details of the electronic
structure of f-ions are directly related to such practically important properties as
magnetic ordering and other magnetic phenomena, transitions intensities, sample
characterization and so on.

Now, with SPECTRA and your personal computer you can take care of complicated
calculations quickly and easily. No more looking through reference booksto find
needed parameter values, no more figuring out how to build the Hamiltonian matrix,
no troubles with Clebsch-Gordon transformations and the algebra of tensor
operators, developed by Racah and Wigner. SPECTRA doesit all for you.
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SPECTRA Special Features

Your record keeping and matrix diagonalization needs are taken care of in
SPECTRA. The components of the software include parameter fitting control, a
reduced matrix elements database with an interactive interface, and different
truncation and term selection options. Special modules are under devel opment that
will let you calculate crystal field parameters in a given compound, model optical
and electron paramagnetic resonance spectra, and study other f-elementsrelated
phenomena.

Fitting

A differential evolution algorithm (a subset of genetic algorithms) is used to fit
paramters of the Hamiltonian. The algorithm scans a broad region in parameter
space, avoiding falling into alocal minimum and provides generally acceptable
results even when starting far away from optimum. However, the speed and

accuracy of fitting is not as good asin the Levenberg-Marquardt algorithm, which is
planned to be included for precisefitting in a future versions of SPECTRA.

Truncation

The full matrix for energy levels calculation in the basis of |LSJJm> f-states can be
extremely large, especially for f°-f® configurations. All calculations done previously
for these configurations included different truncation methods in order to reduce the
computational burden. In SPECTRA, there are three different options for
calculations:

1. Complete basis set of |LSIIm> states;

2. Reduced set of [LSIIm> states, based on analysis of wavefunction
composition up to a specified truncation energy;

3. Two-step diagonalization, [JJm> basisis obtained from results of LS
matrix diagonalization.

Previoudy only the third option was available. In that option, the effect of crystal
field interaction can be underestimated and the order of energy values can be
incorrect.

Reduced matrix elements database

SPECTRA includes the full database of reduced matrix elements for free-ion and
crystal field interactions. This database can be accessed in interactive mode. Its
content is similar to the well-known book by Nielson and Kaoster on spectroscopic
coefficients.

Installing SPECTRA

This section lists the system requirements necessary to run SPECTRA, and provides
instructions on how to install the software.
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System requirements

A PC with a 150 MHz or faster Pentium or higher processor (dual
Pentium Il 300 or higher recommended), running Microsoft Windows
95/98 or Windows® NT™ version 4 (recommended).

A 3.5-inch high-density diskette drive or a CD-ROM driveis necessary
if installing SPECTRA from such media. An Internet connection is
required for downloading SPECTRA from the Web.

32 megabytes of available random access memory (RAM). 256
megabytes of RAM is recommended for f>-f2 configurations.

A hard disk with approximately 10 Mb of free space on the C:\ drive.

A VGA monitor (SVGA monitor and a video card supporting 600x800
or higher resolution is recommended).

A mouse.

Registration

If you did not fill registration form from download page of the SPECTRA Web site,
please send a short e-mail messageto Dr. Guokui Liu at gliu@anlchm.chm.anl.gov .
Please include your name, institution, e-mail address, and comments or suggestions
asto improvement to the SPECTRA program.

Setting up SPECTRA

Toinstall SPECTRA on your computer you need to obtain two zipped files:
spectra.zip and db.zip. The latest versions of both can be found on SPECTRA Web
site.

First, unzip the db.zip fileto theroot C:\ folder. If using the program WinZip for
this step, you should type in the "extract to" box the following characters C:\. The
box labeled “Use folder names” should be checked. Extract all files from db.zip file
in thisway. After you finished, there should be a C:\Spectra folder on your hard
drive that containsthefiles e st.dbf, spin.dbf, and recr.dbf and several subfolders.
Never try to edit the ".dbf" files manually, because that will lead to irreversible
corruption of the contained information.

Second, unzip the spectra.zip fileto theroot C:\ folder to placed the unzipped
spectra.exe fileinto its correct destination folder, namely C:\Spectra. In the future, if
you download a new version of spectra.exe to update SPECTRA, you will need to
move to a new folder, rename, or overwrite the old version.

Third, run the spectra.exefile. Thisistypically done by double-clicking on itsicon.
After explicitly agreeing to the license agreement and the disclaimersthat are
required by Argonne National Laboratory, you are ready to start working with the
program. The text of the agreement will be written on your hard drive. If you delete
it, the splash screen window will show up again.

It is perfectly safe to delete the Spectra directory completely from your hard drive in
order to uninstall it or to install a new version from the scratch. The installation of
SPECTRA does not affect your registry or other system files. However, if you
change of the of its directory (folder) or install it on a different hard drive, then the
program will not function properly.
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Getting Started with SPECTRA

Using The Visual Interface

The main Windows-based interface for SPECTRA consists of a menu and a tool bar
with hot spot buttons and tooltips. The toolbar provides an alternative way to access
some of the main menu functionality with tooltips serving as context sensitive help
for buttons.

fe\Spectra

Eile  Parameters Start Database Tools Help
N PEE EEX A E| 2

|Star1 fitting prl:n:edure|

Help
The Windows Help fileis accesible from SPECTRA via menu Help item.

?
Help

Activated toolbar Help-Conetent button with tooltip

To activate the help system click Help and choose Content from the menu. It is
also possible to use the hot key sequence: Alt+h, Alt+c.

To get information about the current version of SPECTRA, click Help and choose
About from the menu or use the hot key sequence Alt+h, Alt+a.

Managing project

The project files with extension .des are located in C:\Spectra\Des folder. Each file
contains the following information: the name of theion, the number of electrons on
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its f-shell, the name of the host material for a given ion, the values of all parameters
(free-ion and crystal field) that fully describe the Hamiltonian for a given system.

Open project

Toload an already existing project file, click on File and then choose Open from
the menu. The corresponding hot key sequence is Alt+f, Alt+o.

F\spectra

File Farameters Start
b = 2

|Clpen existing recnrd|

Activated toolbar File-Open button with tooltip

You will be asked to choose the file that you wish to open After that you will seethe
following dialog box such as that below and that contains a basic description of the
record.

Record

Electtanic Shell Set

|f.i,:,n i | Mumber of electrons is I3_

lan Marme: Cormpound:

INd3+ ILaF3 Cancel

I~ Read Only

Y ou can make any change in the fields of this dialog box, which should be
confirmed by pressing the Set button. Y ou can not access or change the val ues of
parameters at this step. The Read Only checkbox and the d-ion item in the
"Electronic Shell" are not currently in use. They are reserved for usein future
versions.

After pressing the OK button, the database for this particular ion will be opened and
all required data will be loaded into memory. You will see the progress bar advance.
When loading is finished, the color of the SPECTRA window background will
change and a working toolbar will appear. Please note that the File-Open button
will disappear from the toolbar. That means you can only work with one record at
time. In order to open another record, you need first to close the currently opened
project by clicking File-Close (Alt+f, Alt+c) in the menu or viatoolbar button.

A guide to using SPECTRA
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I\sSpectra

File Parameters Start

L] |_!% | € &

|I3I|:|SE current recnrd|

Activated File-Close button with tooltip

Create a new record

A new record can be created in two ways.

First, you can copy one of the existing project .des files by the drag-and-drop method
in your Windows Explorer window. Then, you can open the copy and make change
in the description fields and the values of paameters. In thisway, you can keep the
values of parameters from a similar studied host and avoid the problem of finding an
appropriate set of parameters for your system.

Second, you can create a new record from scratch by clicking on File and then
choosing the New (Alt+f, Alt+n) option from the menu.

F\Spectra

Eile EFarameters
Dy | & 2

|Create e recnrd|

Activated File-New button with tooltip

In the new record, all values for parametersinitially are set to zero. After you have
filled al field in the description box, you can open a new project by the method
described in the Open Project topic.

Accessing Parameters Values

After aproject is opened, the user can access the values of all parameters by clicking
on Parameters, choosing the type of parameters to access, and then clicking the
Open (Alt+p,Alt+0) option from the menu. There are three types of parametersin
the menu:

1. free-ion parametersthat describe eectron Coulomb interaction and
spin-orbit interaction;

2. cryda fied parameters (in the Wybourne normalization,) that
describe ion-ligand interaction for any symmetry of environment;

3. advanced free-ion parameters that describe more complicated types of
free-ion interactions. The inexperienced user is advised not to change
these values or try to fit them. It is recommended that these values
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should either be kept intact or taken from reputable textbook or
scientific publications.

The parameter values can be changed. Only integer input is accepted to avoid
accidental data corruption. Please take note of the multipliersin the advanced
parameters dial og box.

The changed values are kept in memory and can be used to perform cal culations or
fitting.. To save such valuesinto the opened project, click Parameters and choose
the Save Parameters (Alt+p, Alt+s) option from the menu. All parameters will be
written to the hard drive.

AN

File Parameters Stat Database Tools

N e

Sawe current parameters

Activated Parameters-Save Parameters button with tooltip.

The difference between Parameters-...-Open and Parameters-...-New options
isthat in the first case parameters are loaded into memory from the hard drive record
and shown in a dialog box. In the second case, parameters are simply copied from
the memory. Do not forget to save changed parametersif you consider the new set of
parameters more appropriate for your project. As soon as you close the project all
values for parametersin memory will be lost. On the other hand, you can fregly
experiment with parameter sets by making several trial calculations with different
parameter values without altering the saved values which can be restored at any
moment by choosing the Parameters-...-Open option.

Calculating electronic structure

To calculate energy levels and wavefunctions, click on Start and choose Calculate
energy levels from the menu (Alt+s, Alt+c).

Ispectra

File Parameters Stat Database Tools Help

O REE £ X E| 2

|Start energy levels calculation|

Activated Start-Calculate energy levels button with tooltip
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By default you will be presented a dialog box, in which you can choose which terms
of this specific configuration are to beincluded in calculations. Select as many terms
individually as you wish and then pressthe Add button or pressthe Add All button
to select all possible terms.

After the calculations are completed, you will see a dialog box that contains the
values of energy levelsin wavenumbers and the composition of wavefunctions. To
see the wavefunction for a particular level click the energy valuein the Energy
levels column. In the Vector column, the description of stateswill be listed
(format: 25+1, L, J, 2Jm). In the Real column the corresponding coefficient for this
state in awavefunction islisted. Since SPECTRA can handle all crystal-field
symmetries, the imaginary part of wavefunction can also be present for systems that
lack an inversion center. Coefficients for these states are listed in the Imaginary
column. Calculated wavefunctions form orthonormal set.

Calculation of other physical propertiesthat are based on the obtained wavefunctions
arein adevelopment stage. Y ou may wish to try a g-factor calculation by clicking on
Zeeman and then choosing the g-factor values option from the menu
(Alt+z,Alt+g). You will find an ASCII file named vect.txt in your C:\Spectra folder
that contains the results of calculations. Y ou are on your own to interpret the format,
in which results are presented. It is supposed to be easy to understand, but sinceit is
in development stage, the format can be changed in following version, aswell as
new features can be added.

Eile Optics  Zesman

Energy levels | Nd3+ in Y25i05(1)

Eigenvectors

115630 Vector Real Imaginary
116314 | 4F 3/2 -3(2Jm) -.265 -290
125276 4F 3/2 1(2Jm) 001 Ao7
125824 4F 3/2 3(2Jm) Jeh 000
12643.4 20 372 3(2Jm) 174 000
12697.3
127294
127636
12826.9
12856.0 Ll

OK Cancel |

Y ou can save the calculated energy structure by clicking File and choosing the
Save option from the menu (Alt+f, Alt+s). Thefile will be placed in the C:\Spectra
folder. Thisfile can be opened from by clicking Database and choosing the
Energy levels option from the menu (Alt+d, Alt+e). The name of thefileis
determined by the description in a project file, which can be accesed from the
Tools-Options item in the menu. By default, all precalculated energy structuresare
placed in C:\Spectra\Lev folder. Y ou can move your own resultsinto this folder at
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any time. Please, take care not to overwrite earlier results, which you may need for
reference.

After you click the OK button, it is possible to start another calculation with a
different set of terms or changed values of parameters.

If calculation takes too much time you can interrupt it by clicking Start and then
choosing the Stop calculation option from the menu (Alt+s, Alt+s).

I\spectra

__Eile Parameters Start Database Tools Help
O B € XS 2

|St|:|p current calculatinn|

Activated Start-Stop calculation button with tooltip

You will bewarned that thisis an irreversible action, which may cause abnormal
termination of calculations with corruption of data in memory for opened project.
You are advised to close the project after such action. In general, it is safe at any
moment to quit SPECTRA application by clicking X button at the far right of title
bar or, click the File menu, and then click Exit. Y ou will loose only some temporary
datain memory for this application. No corruption of records or database data will
happen.

Fitting

To fit experimental energy levels, you should create use a text editor to create an
ASCII file whose extension is".exp" in the C:\Spectra\Exp folder. The value for
each energy level should bein wave numbers (cm™) and contain a maximum of one
digit after the period. Place each experimental value on a separate line. Any desired
comment for a given level can be typed after the value. If some of the expected
values are not available from experiment, just type 1 for each such level instead. To
obtain meaningful results, the total number of experimental levels being fit should be
larger than the number of parameters that you are going to fit.

Start the fitting procedure by clicking Start and then choosing the Fit
experimental levels option from the menu (Alt+s, Alt+f).

AENE

Eile Parameters Stat Database Tools  Help

D X & 2

|Star1 fitting pmcedure|

Activated Start-Fit experimental levels button with tooltip

Next, you can choose which file with experimental levels from C:\Spectra\Exp\
folder to usefor fitting. The dialog box, containing the names of files with .exp
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extension, will appear. After you select the file name and click OK button, the
following options for fitting will be presented.

Select parameters for fiting procedure

— Coulomb Farameters —— Configuration parameters

[ Alpha mfiE [T
¥ Beta | &Y
Crystal field -
[T Gamma i [7itA
" Cubic

& Hexagonal Magnetic parameters

¢ Tetragonal ™ Spin-Orhit interaction
€ Triganal IF  Bansramedfitfan e P4 EE
€ MNone :
I= il I= il I= e

Ok Cancel |

You can choose the crystal field symmetry that is most appropriate for your system
and which free-ion parameters you want to fit. It is recommended that inexperienced
users carry out crystal field fitting without changing free-ion parameters. Though the
limits of possible variations are restricted to avoid unphysical results, it is better to
keep thefitting of free-ion parameters and the fitting of crystal-field parameters
separate from each other.

By default Coulomb interaction can befit only in a constrained mode which means
that

F4=0.808* F2, F6=0.573*F2

The non-rigid limits (see description of differential evolution algorithm) on the
parameter changeis defined in percent from theinitial starting value. It will be
possible for user these limits via dialog box in the future versions of Spectra. Please
note that if starting values are zero, then no reasonable coverage of parameters space
will happen.

To access the parameter values from fitting click Parameters and the choose then
...-New option from the menu (Alt+p, Alt+n). Thefitting resultswill be presentedin
adialog box in which both experimental and cal culated values are avail able for
comparison. It is possible to repeat the fitting sequence as many times as you wish.
Due to the random nature of differential evolution algorithm, resulting parameter
values can vary. It is recommended to save fitting parameters periodically using
different project names. Y ou should remember that this problem is highly non-linear
and frequently several sets of parameters can be obtained with similar deviation from
experimental results. Only by comparing results with other studied isostructural
compounds or by doing a semiphenomenological crystal field cal culation using, for
example, the exchange charge model isit possible to judge the physical reliability of
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parameters from fitting. It is possible al so to use wavefunction decomposition to
analyze the symmetry of specific Stark levelsto avoid unrealistic parameter sets.

Database Query

There are two options currently in the Database menu item: Matrix elements and
Energy levels. By sdlecting Matrix elements it is possible to access the database
of matrix elements for all interactions that are present in the Hamiltonian used in
SPECTRA for eectronic structure calcul ations.

Reduced matrix elements

Saloct termes and tvpe of intaraction

First Tarm Sacond Terr Inberaction Type
4z s 45 - spintorkit -
a0 :I maaneti c(mk "J

nil 1 | ; Kl

#l;g |

Recduced matnix elemett
Lz It} LB
SATROTO0 - ATACA5D - TI074940 Finish I

Yau selected 40 4% mafric alement Tor crestal-feld{ui)

Y ou should select the pair of terms and type of interaction for which the value of the
matrix element will be displayed and then press the Query button. The values will
appear in the corresponding boxes. The values are exactly equal to

<L’S |operator|LS> matrix elements.

To access records for precalculated energy levels, click Database and then select
Energy levels from the menu (Alt+d, Alt+e).

I\spectra

Eile Parameters Stat Database Tools Help

N RE M EE X 2

|Database of energy Ievelsl_

Activated Database-Energy levels button with tooltip

Options

It is possible to change some of the program options by clicking Tools and then
choosing Options from the menu (Alt+t, Alt+o).
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Enter title for current task — Results-

|Defau|t task Wectors-
Percents

[0
—— Crystal field lization——
PySial TIeld normalzaton RlHBer l;m—

& YWhbourne normalization

) Sleyehs nurnE e

Energy

Lirnit{rac) 120000

W Manual selection of terms Limit(min) I—
- Fitting Accuracy ————
‘ K, |

Fange: 1-25 |3
By typing a new title for current task you can change the name of thefilein which
calculated energy levels will be saved.

Unchecking Manual selection of terms will lead to automatic selection of all terms
for calculations. In this case, the dialog box for manual selection will be skipped.

Fitting accuracy determinse the number of independent parameter vectorsin the
fitting procedure (see the differential evolution method description, this box
determines the value of NP). It is not recommended to change thisvalue, sinceit is
optimized both for accuracy and speed of calculations. Increasing this value will
allow more precise scan of parameter space, which in some cases might provide a
better fitting. However, the time of calculations will increase significantly.

Results group box contains two boxes: Percents and Number. Percents box
sets a lowest value for coefficients at basis vectors, which will be included in
resulting wavefunction for particular Stark level. For example, if calcul ated
wavefunction F for the Stark level consists of n different fy= |L SKM> states.

F=cif1+cfot+...+Cof,

then only those |L SckM > states, for which |c>(Percents box value)/100 will be
included in final presentation. Number box setsalimit on total number of |LSIM>
states, which can be present in cal culated wavefunction for Stark level.

Other options may appear in future versions.

Brief Description of Methods and Algorithms Used in

SPECTRA

This part covers the basic methods and algorithms used in SPECTRA.. It does not
present all these topicsin detail, neither can it substitute for understanding group
theory and tensor operator techniques as applied to atomic spectroscopy problems.

Hamiltonian

To calculate e ectronic structure, the following Hamiltonian is used in SPECTRA.
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H = 8 F'f,+z 8§ sA4+aL(L +1)

2,4.,6

+ b6 (G,)+g9G (G,)+ a T't

+a M 'm, + a P'p,+H 4

0,2,4 2,4.,6

Of the 9 termsin this Hamiltonian, the first 8 represent free-ion interactions, which
include e ectron-electron repulsion and spin orbit coupling, and the 9" term
represents the crystal-field interactions. Thefirst term represents el ectron-electron
electrostatic interactions where fy is the angular part of the interaction operator and
the F* are the Slater radial integral parameters. The second term accounts for spin-
orbit interactions defined as magnetic dipol e-dipol e interactions between the spin (i)
and angular moment (1) of the f electrons, where z isthe parameter to be adjusted to
the experimentally observed energies. The eectrostatic and spin-orbit interactions
determine the ordering of energy levels arising from af™ configuration. Thethird
through eighth terms represent minor modifications that include configuration
interactions and two- and three-body interactions (see reference: papers by B.R.Judd
and H.H.Marvin). In general, the parameters for the free-ion terms are not sensitive
to the host. The variation in these parameters across a series of compounds with
similar structure is typically a few percent.

Matrix truncation

The matrix for final energy structure calculations can be constructed in three ways.

1. All LSterms are included to build a complete set of |LSIIJm> statesthat include J-
J mixing caused by the crystal field. No limitation on the number and coupling
between states are introduced. Thisisthe only formally correct way to calcualate
energy structure. However, for f°-f% configurations, the time required to complete
diagonalization often exceeds reasonable limits (10+ hours). Even though the
resulting matrix is sparse, thereis no reliable algorithm to speed up calculations for
the studied systems. That is why the second variant is used by default. Please note
that you can usethefirst variant aswell if you set the truncation energy in the
Tools-Options dialog box to be higher than the highest free-ion |LS> state energy.

2. Inthisvariant [LS> states selected by users for calculation (including complete set
of |LS> states for a given configuration) undergo afiltering process. During this
process, the matrix of free-ion |LS > statesis diagonalized and the composition of
wavefunctions for levels up to the truncation energy level isanalyzed. If the
percentage of a given [LS> state in those wavefunctions is higher than a specified
level (accesible viathe Tools-Options dialog box), then this |LS> stateisincluded
for further usein building LSJJm states. Asin thefirst variant, a complete set of
|ILSIIM> statesis used in diagonalization. In such way, both free-ion and crystal-
field interaction are treated simultaneously; there is no separation into a basic
Hamiltonian and perturbation.

The energy of truncation in the second variant can be changed in the Tools-
Options dialog box. Please, note, that the resulting set of energy levels can include
energies higher than the truncation energy because all |LS> terms present in
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wavefunctions up to truncation energy will be included into final matrix
diagonalization.

3. In thisvariant (the most widely used), the matrix is diagonalized in two-steps.
First, the matrix of free-ion interactions, formed in the basis of |LS> dtates, is
diagonalized. Then |JJm> states obtained from thefirst step as alinear combination
of |LS> dtates, are constructed and crystal-field interaction is applied. In thisvariant,
the structure of final |3Jm> states is fixed by free-ion interaction at the first step. In
the case of strong influence by crystal field interaction, these results can be very
different from the first formally correct variant. However, the gain in speed for f°-f3
configurations is significant which make this variant the only practically usable
alternative for these configurations. Y ou can access this option for diagonalization
from the Start-Fast fit menu.

Differential evolution (DE) algorithm

The DE algorithm (see ref.7) facilitates the determination of a global minimum with
physically clear criteria by optimizing an objective function. This approach is more
effective, in terms of computation time, in reducing false minimathan are gradient
methods for this highly non-linear task.

The DE algorithm isa parallel direct search method that utilizes NP D-dimensional
parameter vectors:

Vn(Xl,Xz, . ,XD), n=1,NP,

where D isthe number of parameters to be optimized, and NP is usually about 10D.
Initial parameter vectors are chosen randomly to uniformly cover the entire
parameter space. In each generation, NP competitions are held to determine the
composition of the next generation. In particular, the ith competition pitsthe ith
population vector, known as atarget, against thetrial vector. Thetarget vector isalso
one of the trial-vector parents. Thetrial vector's other parent is arandomly chosen
population vector to which a weighted random difference vector has been added.
Mating between this noisy random vector and the target vector is controlled by a
nonuniform crossover operation that determines which trial vector parameters are
inherited from which parent. If the resulting vector yields alower objective function
value than a predetermined generation member, the newly generated vector will
replace the vector with which it was compared in the following generation.

Crystal-field parameters normalization

General formulae for crystal field parameter calculation is determined from
decomposition of the f-electron energy in the field of ligand with coordinates R,Q,F
and electric charge eq(e- electron charge). The electron coordinates arer,q,f.

e’q > & & 1 ¢ v <o
-—=——=-€da a 5¢5* C, (QF)*C (g )
|R' r | p:0k:—pRgRﬂ P P
where
Ck= iY; are spherical operators, ka are spherical harmonics.
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From proper combination of spherical operatorsit is possible to construct real
tesseral harmonics which are used for crystal-field parameter calculations. Real
polynomials construction can be performed in different ways, depending on choosen
normalizationsfor polynomials (seeref.1). The final result (energy level values)
does not depend on normalization, but the values of crystal-field parameters are
normalization dependent. For example, the zero component of the crystal field
parameter having rank 4 (B,) is proportional to the following real polynomial

0,0=35.47*-30.x2%+3.

The coefficient of proportionality is different in the most commonly used Wybourne
normalization in comparison with Stevens normalization. Parameters in these
normalizations are related to each other via the following equation

3B, (WN)=B,(SN), where a, — numerical factors. For example, a,,=1/8.

It is necessary to note that crystal-field parameter calculation currently is very
different from the simple point charge model. For more information about the most
advanced methods for crystal field parameter cal cul ations see the reference paper by
Prof. B. Z. Malkin.
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Disclaimers

General

Argonne National Laboratory is operated by The University of Chicago for the U.S.
Department of Energy under contract W-31-109-ENG-38. As such the following

rules apply:

Disclaimer of liability

Documents were prepared as accounts of work sponsored by an agency of the U.S.
Government. Neither the U.S. Government nor any agency thereof, nor the
University of Chicago, nor any of their employees or officers, makes any warranty,
express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights.

Disclaimer of endorsement

Reference to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the U.S. Government or any agency
thereof. The views and opinions of document authors do not necessarily state or
reflect those of the U.S. Government or any agency thereof, Argonne National
Laboratory, or the University of Chicago.

Copyright status

Documents authored by Argonne National Laboratory employees are the result of
work under U.S. Government contract W-31-109-ENG-38 and are therefore subject
to the following license: The Government is granted for itself and others acting on its
behalf a paid-up, nonexclusive, irrevokable worldwide license in these documents to
reproduce, prepare derivative works, and perform publicly and display publicly by or
on behalf of the Government.
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Glossary of Terms

orthonormal

Unit vectors which are orthogonal are said to be orthonormal

Clebsch-Gordon

Clebsch-Gordon coefficient is a mathematical symbol used to integrate products of
three spherical harmonics. Clebsch-Gordan coefficients commonly arisein
applications involving the addition of angular momentum in quantum mechanics.

spherical harmonics

The spherical harmonics arethe angular portion of the solution to Laplace's
Equation in spherical coordinates where azimuthal symmetry is not present. Some
care must be taken in identifying the notational convention being used. In this entry,
Q istaken asthe polar (colatitudinal) coordinate with Q =[0,p], and f asthe
azimuthal (longitudinal) coordinate with f=[0,2p].

tesseral harmonics

A spherical harmonic which is expressible as products of factors linear in x?, y?, and
Z> multiplied by one of 1, X, y, z, yz, zx, Xy, and xyz.

Wybourne normalization

There are two most commonly used types of normalization for crystal-field
parameters: Wybourne (WN) and Stevens (SN). Parametersin these normalizations
are related with each other via the following equation

3B, (WN)=B,(SN), where a, — numerical factors (see reference).

ab-initio

Complete Shroedinger equation for any real system can not be solved exactly. In
such sensg, thereis no true ab-initio method for electronic structure calculation. The
concept of ab-initio methods usually denotes a set of quantum chemical methods,

which use both wavefunctions composition and Hamiltonian parameters as varied
parameters to achieve convergence in calculation procedure. In crystal-field methods
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the basis (mathematically complete infinite set of spherical functions) is fixed and
limited number of parametersin Hamiltonian is varied to get agreement with
experiment.

electronic structure

The values of stationary energy levels and corresponding wavefunction vectors

f-ions

lons having electronsin unfilled f-shell. Most lanthanide and actinide ions are f-
ions.
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