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Interactive programs for paramagnetic resonance

The package consists of several complementary programs devoted to help researchers tc
treat experimental spectra of Electron Paramagnetic Resonance, EPR, to simulate obsen
spectra and treir angular dependences, to obtain spectroscopic characteristics of
paramagnetic spices, and to prepare representative figures for publication.
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Preface

The AVisual EPRO p ad komplamentaryg programs devoted to Betpv e r a
researcherand studentso treat experimental spectra of Electron Paramagnetic Resonance, EPR

or Electron Spin Resonance, ESR, to simulate observed specttearahgular dependencés,

obtain spectroscopithaacterstics and to prepareepresentative figures for publication.

The programs were developed during many yeaardosed collaboration with experimenters in

the labs where main manpoweruadergraduatend graduatestudents. Thereforghey have

simple and convenient interface, are flexible enough to solve most of everyday tasks, and do not
require additional programming. For instance, a change of point group symmetry, values of
electron and nuclear spins, number of equivalent centers or any parashej@rsHamiltonian
takesafew clicksonly.

A balanced combination of exact numerical diagonalization of-ldpimiltonian matrices and
perturbation theory allowecreating algorithms, whichre fast enough to calculate spectra of the
Gd** or Mn**in afew minutesusing conventionalesktops and laptopShe programshave a lot

of uniqueuseful findings inside, which help you to manage with many difficulties of spectra
treatment.

Sincethe firstdistribution ofDOSversions in 1992 hie programshave beersuccessfully usd in
dozen spectroscopic groups from different countriBesginning 2005 programior Windows
operational system (from Windows XP to Windowsai® available

Atpresentthe AViI sual EPRO package i ncl uldaesaridum | | o wi
aspects of ER spectra treatment:

Fields.exei to calculate energy levels andsonance magnetic fieldsimulate spectra
and compare experimental and calculated angular dependencies,

Paramsexeil to determine spiHamiltonian parametersylitting experimentatiata,

View_spc.exel to view and comparemeasured spectrdreat them (filtering, peak
pi c ki andgcéllect angular dependenaaf resonance line positions, intensities and
widthsin a file,

FAIW.exe T to represent on one plot fedimensional table of angular dependences of
resonance magnetic field, line intensities and vadfieldsAngles|ntensitiesWidths
dependencies), to compare observed and calculated dependendes, prepare the
picture for publication

Cos_Eul.exei to find principal values and directions of principal axes of general
Cartesian and irreducible tensors of second rank.



Visual EPR

These everyday programanaccelerate experimental data treatment, enhance trustworthiness of
obtained results, improve accuracy of detewdi characteristics, and increase efficiency of
conducted research in laboratories, which need in characterization of magnetic prdpeeties.
visual representation of calculation results, theyataabe used for educational purposes.

Acknowledgement Findings and solutions of several generations of researchers have been used
for the program developmerithave avery great respect to authors nfimerouspublications,

which made direct or indirect influence on the program features (algtaat theend of the
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Definitions and notations

Coordinate systems

a,b,c Crystallographic coordinate system

a,b,c Coordinate systerfor monoclinic crystalsc* is perpendicular tab
plane

X, Y, Z Local coordinate system related to one paramagnetiercéfigh

symmetry crystalsnayhave severatlectrically identical, but
magnetically norequivalent centers with different coordinate systems.
For instancey, y, zand-x, y, zif a crystal has mirror planec.

1,2,3 Coordinate system relatéal principal axesofy-t ensor ( imagnet
axes system)

X, Y, Z Laboratory coordinate system related to external magneticHield

Vectors and Tensors
Aog P, Q=X,Y,2Z Cartesian components of second reansor of hyperfine interaction

Aq k=0,2;0=-k , €, Irkeduciblecomponents of second raténsor of hyperfine interaction

B,Byp=XY,2 Cartesian vector of external magnetic figtohinly in SI units, mili
Tesla (or mT), sometimes in Gauss (or G) for a compatibility with
measured spectrum files

By, By p=X,Y, Z Cartesian vector of microwave magnetic field

Brgs Ccq Components of irreducible tensafsscribed zero field splittindZFS)
k=2,4,6,0=k , ¢, Kk

&q fig Components of irreducible tensalsscribed Zeeman splittings of high
k=2, 4, 6;0=-k , é , order BS’andBS’)

Opq g-tensor.Sometimes, @pital letterG is used in screen labels to
facilitate readability of subscript&effis ges

9%q Symmetricalg-g or g* tensor

On Nuclear gfactor
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Ll p=XY,2

J! Jpqy p! q :X1 y! z

o0& g=0, 6, k
ah ol é, k
qu1 p! q: X! y; z

qu1 k:O;qu:‘k ] é ]

S,S£p==X,y,Z
Thog=k é, k

Greek symbols
a,b,g

c,h,z

UB
Hn
oy

Other terms
nsl, ns2

Ms

Vector of nuclear spin

Tensor of exchange interaction

Irreducible tensor operators

Irreducible tensor operators

Cartesian components of second reanksor of quadrupole interaction

Irkeducible components of second rdaksor of quadrupole
interaction

Vector of éectron spin

Irreducible tensor operators

Alpha, Beta, GammakEuler angledor the description of magnetically
non-equivalent centers (English definition)

Xi, Eta, Zeta Euler angledor the description ofrystal misalignment
(German definition)

Microwave frequencyMHz)
Bohr magneton
Nuclearmagneton

Thetg Phii polar and azimuthal angles characterized direction of
external magnetic fields.

numbers of states of the sgiamiltonian

projection of electron $p on quantization axis ( sip quantum number)

Definitions and notations
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Files and their extensions
Most files have the ASCII format. Their full description is placed in the Appendix.

.gem Output file forView_spw.exeprogram with experimental angular dependence
(road map). It cotains angles defined directions of external magnetic field with
respect to crystal axes, resonance magnetic figltsities and line widther
every EPR line.

.gep Input file for Fields.exeandParams.exeprogram. It contains all required
informationabout paramagnetic center symmesyin-Hamiltonian
characteristicsinstrumentation parameters €ltie file can be created using the
spreadsheet iRields.exe

.gfm Output fileof Fields.exeprogram with full angular dependencies of resonance
magnetidields in three perpendicular plane$8(® degrees dependencies fx
xy andyz planes FAIW.exe program can be used in order to view and compare
its contentby special graphical representation of resonance magnetic fields,
intensities, line widths of ER lines and angles characterized directions of
external magnetic field.

.grm Output file of Fields.exeprogram with angular dependencies of resonance
magnetic fields in three perpendicular plan8§® degrees dependencies fox;
xy andyz planes (road @ap).Input file for FAIW.exe.

grt Output file of Fields.exeprogram with angular dependencies of resonance
magnetic fields in one selected platedined by input angleSimilar file with
experimental datean be created bByiew_spw.exe Input file forFAIW.exe.

Jdx Spectrum file in the formatcommendedy theJoint Committee onAtomic and
MolecularPhysicalData Exchange (JCAMHDX) for electronmagnetic
resonanceCan be viewed and treated with the hel¥@w_spw.exe

fls Spectrum fileoften used irtomputerized EPR spectrometefan be viewed and
treated with the help dfiew_spw.exe

.dsc, .dta Bruker description and spectrum data files (BEST fornhaput file for
View_spw.exe

.par, .spc Bruker parameters and spectrum data files (binary fQrimgaiut file for
View_spw.exe

Definitions and notations
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Spin Hamiltonian

The following general sp#amiltonian is used in the Visual EPR programs:

H = n@Bag")S' + a fg anlol(s’) + & Wwe)
i,p=2,46 & 0,.p q %..p

. € 3
+ma éa eqoq(B SYy + a fd WBS')
p=2.46n

Here

_|_a g gik) gk +a3l A (i) +a(j)Q(j)|(j) ﬂzB @G)M)
j j

i<k

[@m C/

i,k= 1, <€electr@ spin numberg=1 , ,®9- nucleus number
ug I Bohr magnetony, i nuclear magnetgn
f,=1/3,f,=1/60,f=1/1260;

B 1 vector of external magnetic field,

S, | i vectors of electron and nuclear spins,

0, On 1 electron andnuclearg-tensos,

J, A, Q1 tensors of exchangbyperfineand quadrupole interactien
Oy, g1 irreducible tensor operators

by?, ¢, T parameters of zero field splitting,

&7, f,71 parameters digh-order Zeemasplitting (BS®).

Nl

Quick start
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&EAI AO

Synopsis

This tutorial is divided intdour consecutive sections, designed to illustrate capabiliti€setds
program for users of different levels. We recommend that you follow all the steps (indica
the numbered boxes) in order to build up your undersignd

In the first section we calculate energy levels and simulate simple EPR spectrum using r
sets of required characteristics of a paramagnetic ion or defect (we shall call it a cent
instrumentation parameters.

In the second section we expahe sets of characteristics in order to simulate spectra and
angular dependences for real crystal. These include information about crystal structure, it
group, possible electrically equivalent, but magnetically different centers, exchang
hyperfine interactions, allowed and forbidden transitions.

In thethird section we use interactive tools to compare simulated and experimental spec
to determine spectroscopic characteristics of observed paramagnetic defects.

In the final section we describe menu of Ehelds.exeprogram.

Relations of Fields.exe to other programs of the Visual EPR package
View_spw.execan be used to prepare experimental spectrum for comparison with calculat
one.Thepreparatiorincludes filtering baseline correction and conversion to proper format.

View_spw.exemustbe used to prepasngular dependeresof experimental spectra for
comparisorwith calculateddependencies

View_spw.execan be used to prepaadigh quality graplof comparisorof experimentahnd
calculatedspecta for publicaion.

FAIW. execan be used for pestlculation vieving obtained angular dependéss; their
comparison and preparation of gthmiquality graph for publication.

Params.execan be used for refinement of obtairsgin-Hamiltonianparameters by fitting
experimental angular dependencies.

CosEul.execan be used fa conversion o$pin-Hamiltonianparametersrom Cartesian to
irreducibletensorcomponentsas well asfor evaluation of principal values and principal axes
second rank tensors.

Calculation of energy levels and resonance fields Page8
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Section A. Calculation of energy levels and resonance magnetic fields

1. Quick start
Thesimplestway to begin calculations following:

Associ ate 0. gerel@s.exdx.t eAnfsti eorn twh aiih hadd | 0O* .
the icon shown at the left. d2zers of such files are present in the folders
OEXAMPLES. DEMBEXAMPLES. TUTO6 TRANS¢HITONING ,

RARE_EARTH 4f-l ONS 6 , and OOTHER_DEFECTS®6. The
templates.

Double click on ankoriastmae| aldlCe 3 fpfttragegép
program loadingcharacteristics of axialr’* centerandinstrumentation paraeters

appear Parametd@ ew i gnathcoprogram nenu andspeedbuttons onits
toolbar become enabled.

¥.Grachev. “Visual EPR". FIELDS =izl

Fle Parameters Smdation “to | Window Help

D | |e|w| & |am s=|5|s1] 2 |vB[Aa]| 2| A| | ] o] v | | Bl s

Toolbar

Parameters from: F:\012_¥E_  w\cr3p_LN.gep
Pixial center Cra+. bzim-3370,

12,6 §f'Visual EPR” by V. Grachev
EPR simulation by fields_w exe
Physics Department, MSU Maximai field, mT

LiNDO3 uded orystal or substance 1.000 Starting step for resonance fiekd calculation, mT

1.00 Crystal or substance composition 0.10000 Irtensity level

s Studed defect 0.0002 Line shape: stock(0), Gauss{1), Lerertz(2), Mixt{:

0.0t Defect concentration 0.0000 ot

0.0000 o T0)
19: C3v = 3m Crystal Paink Symmetry Group 1
603,56 Center Foint Symmetry Group 50,000
1 HNumber of equivalent centers 300,000
0.00 0,00 9850.00 Euler angles for the center | 300,000
o Miror plane X
o Mror plane YX F:\012_VE_Hedplcr3p_LN.gep Project file
o Mirror plane YZ
000 100 90.00 Thetal, dTheta, Thetaz
0.00 1000 0.00 Fhyl, dPhy, Phyz
1 Wusrber of particles
4 (2*5pirv+1) For particle 1
z Mumber of SH parameters for particle 1
110 NI For particle |
o Irreduchle (0) or Cartesian (1) g, 5-5, 5 tensors

Temperature To in normalzing Factor (2kTo/hy), K

o I 1

197000 Q00
-3870.000 b20

HFI {perturbation theory)

11

AD015.000

az0 0000

Azl 0.000

Az 0000

Az 0000

Azz 0,000

A0 0,000

ALl 0,000

A1 0,000

Q2 0000

Qz1 0000

Q1 0000

o7z ___nam

[Mouse x, v: 789, 442

Fig. Al

Click onthe Energy levelsbuttonon the toolbafindicated byred arrowon Fig.
A1l). In a new window(Step by step form Fig. A2) you find: the horizontaltoolbar
with several speeduttons left panel with most important parameters for the
simulation graphic pand, and status bar. The left panel has the radio group
Parameter selector which allows you to select theariable parameter21 input
strings for spirHamiltonian parametsy two input strings forpolar angleq and
azimuthal anglg definedmagnetic field orientatioifTheta and Phi), input strings
for microwave frequency, line width and temperatur€, three input strings defining
the range of the variation of the parametero(m, Step, To, yellow arrowon Fig.

Quick start
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Statusbar

A2), Undo button to restore data after changad tvo selectos for spectrumGain
(%) and spectrum position othe screenSpc shift (%). Before calculationall
parametertiave some initial (default) values values taken from input file

The Task selector(indicated byred arrowon theFig. A2) has six itemsEnergy
levels Differences Intensities, Spectrum, S(selected param.) and S(random
param.). Initially, it ses up for calculation ofEnergy levels Hit Run button to start
calculation. Obtained picture onthe Graphic pand (Fig. A2) has: calculated
dependence oknergy levels gkew lines) on external maghie field, allowed
transitions between them (vertical lines) and simulated EPR spectrum (blue line)

7 | B ]| Aa o | | %] 5 85| ] Feeooe <l o = | [ BB

TW SH parameters Toolbar
Selector E 3 I LILILILI I LILELIL I LU l LI I LILELIL I TTrTT I LB
s Calculated
Parametef: spectrum
selector |-
E Levels,
Left ” (1/cm)
panel |- Graphic
- panel
==

100 360 620 880 1140 1400

: Field (1) .
o= 9950,000 = 20,020 =35700,1_800= 15.0, Thets= 0.0, Pri= 0.0, Wickh= 50,0, T)=300 omment Strmg Flg A2

The list of parameters used for the calculatierpresenpn the left panel of the
screen(vertical toolbay. Any parameter has its notation and input/edit stringhis
example the energy levels and spectrane calculated forisotropic gfactor
g00 go°=1.97, the parameter ofzerofield splitting b20' b,’=-3870<10* cm?,
microwave frequency 9850 MHzandfor direction ofexternal magnetic field along
z-axis of the axial centefq = 0, ] = 0). Gaussian line shape with lingidth
D=100x10* cm™ was ugd for he spectrum simulation at temperature T=300 K.
Same of these parameters are listed in th@mment string below the picture:
3uw=9850MHz, Theta=0, Phi=0.

All spinrHamiltonianparametes (except of components oftgnsor) and linevidth
are speciid in 10* cm®. Polar q and azimuthalj angles (Theta and Phi) are
specified in degreesnicrowave frequency - in MHz, and temperaturelT i in
Kelvin.

Calculation of energy levels and resonance fields PagelO
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You can change any parameter onléfiepanel For instancein order to calculate
E EPR spectrum &” z you shouldinput 90 degrees in the edit string fiineta angle
(indicated by green arroen Fig.A3) and pres&kun.

=18 x|

V.Grachev. "Visual EPR". Step by step

EEEEE e b | %] 55 85| | [ mooe = Fom] = | 8 [ B
: 189:llllllllllllllIlllllllllllllllyllllllll
- |
- I
c 113
» E
(o -
ol —
c E
c E
- Energy F
c Levels,
c (1/cm) E
(ol -
r E
c E
) |- e E
- 113 F
~ -
C 3000 | i
u =
Seeis] -1.89 E
| e | 100 360 620 880 1140 1400
| Field (mT)

m Vi = 9850, g00 = 20,120 =-38700,1_A00= 150, Theta= 0.0, Pri= 0.0, Width= 500, T()=3000

Fig. A3

If the itemDifferencesis selected irthe Task selector(red arrow)the FigA4
appearsifter hitting Run button

V.Grachey. "Visual EPR". Step by step

251 ] s o e < o] =

Bifulu| A4len k&

0.88

b Nis N e B R i Nia Nia Nie The ia Mie Nia His Tie Nie Nie Nia Nis Nie N Nis Tia N Nie |

DIff. of [ 3
energy E E Energy of
levels, - £ 3 microwave
(1/em) E 1
3 3 quantum
3 &3
0.22 / =
000 EIII_II IIIIIIIIIIIIIIIIIVIIIIIIIIIIIIIIIIIIIIIIIIIE
100 360 620 880 1140 1400

Field (mT)

oy = 9950, 900 = 20,620 =-3070.0,1_AD0 = 150, Theta= 90.0, Phi= 0.0, Widihe 50.0, T(K)=300.0

Fig. A4

The pcture represents calculatettpendencies oflifferences of energies for all
enggy levelson applied magnetic field. Resonance lines are located at values of

Quick start
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magnetic fields corresponding to crossing points of energy level differences and
horizontal line é microwave quantum energy.

For the itemintensitiesin the Task selectorthe result screen looks as following
(Fig. A5)

V.Grachey. “Visual EPR". Step by step =lel x|

E 498 Illllllll|IIIIIIIII|IIIIllIIIlIIIllllllllllllllllE
. i 4 Numbers
- =1 J levels
c C=
i Transit. j? 3
> intensity ) 3
» (a.u.) 3
: 3
s 1.00 3
< Center: —z

Shift UOO L1 I 141 I 111l I 11 11 1 I 11 11 I 11 11 I 114l I 111 I L I:

100 360 620 880 1140 1400
spc (%) Field (mT)
— “MW-QB:D.\’II- 2.0,b20=-38700,1_ADD= 150, Theta= 90.0, Phi= 0.0, Width= 50.0, T(K)=300.0 Flg . A5

L [ Theta was selected

Color lines represent dependencies todnsition probabilities (or relative line
intensities) on applied magnetic field. The probabilities are calcusestjuares of
matrix element®f interaction of electron spin(s) with microwave magnetic fi@ds

IMlM,_, - KMl | BlgSIM 2>‘2

Energy levels are numbered frotihhe lowest (1) to the highest one (2S+1Jhe
numbers of energy leveld; andM, are shown onhee Fig. 5. It should be noted that
simulated EPR signal depends also difference ofslopes of energy levelSwo
transitions with the same probabilities have different line width if slopes of energy
levels are different: the smaller slope differentiee broade EPR signal.

In order to avoid overlapping calculated lines and spectrum you can shift the last
usingShift spc (%) (green arrow on the Fid\5).

Hit Task selectofSpectrumandRun buttonin order to obtain EPR spectrum
graphadjusted taraphicpane(Fig. A6).

ChangingGain (%) (green arrow on FigA6) you can reveal tiny details of the
spectrum.

Calculation of energy levels and resonance fields Pagel2
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A e e S e e P E i
= E
C
- III|IIIIlllllllllllllIlllllllllllllllllIIIIIIlI
» T
-
- EPR
p signal —J( AY
: (a.u.)
« |i_awp
© | 000 |
c
©
s (3000 |
|~
Gain IIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
100 360 620 880 1140 1400
) e Field (mT)
m vy = 9050, 900 = 20,020 =-3870.0, 1_A00 = 15.0, Theta= 90.0, Phi= 0.0, Widthe 50.0, T(K)=300.0 Fig. A6
Hitting Task selectorS(selectedparam.) and Run allows you to calculate
dependence of EPR spectrum on any selected parameter -bfaspittonian (for
instance,go’ or by"), as well as polaangleq (Theta), azimuthal anglg (Phi),
mi crowave frequency 3, l i ne width, and
R Sr:nbyst:l.' ! ‘ - ! =lEx
[Alcenters =] %2l ;{v.ﬁ[ -,,\,, gy = !ij]E!I Fitpage =] Fomt| = | FH | BB
—) Theta .
g L LU B, TR B L UL LU B, R
L 0.00 ~
c 5.00 "
C 10.00 " i A
- 15.00 " 1
" 20.00 r
c 25.00
c 30.00 -
- 35.00 v Y
c 40.00 v v
c 45.00
" 50.00
c 65.00
: 60.00
) |- 65.00 [
c 70.00
s 75.00
s 80.00
|::>-[ 85.00
90.00
NPT I T P T T P T P
100 360 620 880 1140 1400
Field (mT) Fig. A7
Fig. A7 shows calculatedngulardependence of EPR spectrum on polar angle
Theta (green arrow)rom stat angleq = 0° to final angleq = 9¢° with angular
stepDg = 5° (see yellow arrow)
Quick start
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Other dependencies of EPR spectrum on can bbétained in similar way
by corresponding choice of theParameter selector(indicated by green arrow
on Figs.A8-A10).

Figures belowshow examples of calculated dependenciesspm-Hamiltonian
parameter ¥ (Fig. A8), mi cr owave f r &@), wedfine widts (Fid. Fi g .
A10).

V.Grachev. "Visual EPR". Step by step
[ 5| = |F\|Ir.m=|: =] w2l ¥
Slzelected param) ¥

=18 x|

2 [ A wn] | %] 55 85| [ mooe =T omd] = | 8 | B

-500.00

-1000.0

-1500.0

-2000.0

-2500.0

-3000.0

-3500.0

7l lim N Nie Nie Nin Hie Nie Nin Nie Nia Hie Nie Hin e Nin Hie Nin Hie Nie Hia ie Nie Hie Nie S Nin |

-4000.0

00 000
(500}
{500 |
=El 100 360 620 880 1140 1400
|

Field (mT) Flg . A8

Fig. A9
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