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ABSTRACT

A simple FORTRAN program, called POWDERSPEC, for simulating

the second order powder patterns and the electron paramagnetic

resonance (EPR) spectra of ions in an orthorhombic crystal field,

or nuclear magnetic resonance (NMR) from a crystal with quadrupole

interaction, is introduced. POVDERSPEG can be used over the full

range, 0 to 1/3, of the orthorhombic field parameter X=EXD, or

that of the equivalent asymmetry parameter 7), 0 to 1, which is

used in NMR work. This program is about 60 times faster than those

based on the "grid" or on the Monte Carlo methods. It also

produces very smooth powder patterns and spectra capable of

revealing fine spectral features.



PROGRAM SUMMARY

Title o/ f>ro^ram. POWDERSPEC

number.

/rom. CPG Program Library, Queen's University

of Belfast,, N. Ireland ( see application form in this issue )

Computer /or which the program ig des^i^ned and others on which if

hag been tested, (i) CYBER-180-830, Cii) IBM PC/AT or equivalent;

JnstaZZation. (i)Instituto Nacional de Investigaciones Nucleares;

(ii) Instituto de Ciencias Nucleares (UNAM)

Operating gy^tem." (i) Network Operating System (NOS), <ii) DOS 3.0

or higher

Zan^ua^e us^ed. FORTRAN 77

Peripherals used, plotter, printer

dumber o/ lines in combined program and test deck. 585

Keywords. powder pattern, powder EPR spectra, isotropic EPR

spectra, orthorhombic symmetry, Gaussian numerical integration.



o/ (he

The interpretation of electron paramagnetic resonance (EPR)

spectra of randomly oriented paramagnetic ions is a difficult

problem because the random orientation of the crystallites dilutes

the spectral features dependent on the angular position. The main

features in these spectra can be predicted from the corresponding

absorption functions or powder patterns. It is important, then, to

have an accurate knowledge of these powder patterns for a reliable

interpretation of the spectra.

The program POWDERSPEC calculates in a fast and precise form

the powder patterns and the corresponding spectra for the full

range of the orthorhombic field parameter X, 0< X < 1/3, under the

following conditions:

i) the paramagnetic ions are isotropicaily oriented.

ii) the values of the resonance magnetic field are given by

second order perturbation theory.

Method o/

This program generates the powder patterns of polycrystaliine

samples by means of the Gaussian numerical quadrature of the

single-variable integral appearing in a general method El] for

analytical calculation of these patterns. For obtaining the



corresponding magnetic resonance spectra, the powder patterns are

numerically convoluted using the mid-point approximation [2] with

a first-derivative Lorentzian or Gaussian lineshape of convenient

width.

on the compfexify o/ the problem

Since a perturbation calculation is used, it is required

that the magnitude of 9?(Zeeman> > PP(hyperfine) and SCCZeeman) >

SfCcrystalline field). It is also assumed that the tensors g and A

are isotropic.

The convolution is made with the derivative of a lineshape

function with constant width; i.e., only samples where the line

width is independent of orientation can be treated.

TypiccrZ running time

In the CYBER-180-830: 35 CPU seconds.

In the IBM-PC/AT with numeric processor: 200 CPU seconds.

[1] V. Beltrán-Lopez and J. Castro-Tello, J. Magn. Reson. 39

(1980) 437.



[2] H. Gould and J. Tobochnik, Computer Simulation Methods

(Addison- Wesley, Publishing Company,1988) p.325.

LONG WRITE-UP

1 Introduction

The absorption function i(H) or powder pattern is

essentially the distribution function of isotropically oriented

spins, in their magnetic resonance field H. It is obtained from

the contribution at AH in H, from a very large number of

crystallites oriented in all possible directions @,#. In an

approach for calculating these functions, the unit sphere is

divided into solid angles Aw = sin@ A0 A# and the powder pattern

is formed from contributions arising from spins oriented into

these elementary angles El]. This method yields i(H) as a double

integral over the two variables @,<p. Evaluation of this integral

has been attempted numerically [2], and analytically through a

complex equivalent integral, the Kneubühl integral El], which can

only be evaluated in a few simple cases. Numerical sample methods

of simulating i(H) like the Monte Carlo E3] or the "grid" [5]

methods are also available, but they are useful only when applied

to particular problems and few general conclusions can be derived

from them.



In a general analytic method developed by Beltrán-Lopez and

Castro-Tello [3] the unit sphere is divided into elementary solid

angles comprised between the intersections of this sphere with

infinitely close isotimic surfaces defined by the function H(0,<p>

= constant, where H is the resonance magnetic field expressed as a

function of the crystallite orientation angles 9,#. The powder

pattern is then given by a single-variable integral which is

much simpler to evaluate than the Kneubühl two-variable

integral. This method has been successfully used to calculate

in analytical form some important and previously unknown powder

patterns like that of ^S ions in cubic crystals or that of

axially symmetric systems with anisotropic g and A tensors [3,43.

The calculation of powder patterns using this method becomes

increasingly difficult as the crystal field grows in complexity.

Series representations of the integrand in simpler analytical

functions can then be tried. However, if a series representation

of the integrand is slowly convergent, or impossible, an adequate

numerical calculation is convenient or necessary.

The orthorhombic crystal field presents both of these

problems: the series representation of the integrand being poorly

convergent in a certain interval of values of the asymmetry

parameter, and impossible in another. A numerical solution in the

form of a computer program is given here.

In this program, the Gaussian-Legendre numerical quadrature,

with 15 roots and 15 weights, is used for calculating the powder
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pattern in a general orthorhombic crystal symmetry. EPR spectra

are then obtained by convoluting the powder patterns with

first-derivative Lorentzian or Gaussian lineshape functions of

convenient widths.

2. Method of calculation.

2.1. The oncrtyticaZ method

Aside from constants factors irrelevant to the problem, the

absorption function i(H) or powder pattern can be written as

i(H) = CdN/dwXdw/dH) = (N /4n)(dw/dH>, (1)

where dN/dw = N /4n for an isotropic distribution of the spins and

N is the total number of spins in the sample.

The solid angle w equals the area on the unit sphere enclosed

by the curve defined by H. This area can be calculated from its

projection on a plane; w is then given by the one variable

integral [33:

r (2)

where p = p(H»<^) is the analytical function describing the

projection of the H curve on a plane perpendicular to the polar

axis. It is explicitly obtained by solving H = H(e=sin~*p,<p:> for

p. # and </> are the limiting angles of the projected H curve.



By using Leibnitz's rule on eq.(2>, the absorption function

is seen to be given by

El -(N /4n> El - < 1 - f (H,^ ) > ](d^ /dH)o

p ) >](d<^ /dH)

1

If the projected H curves enclose the point p = 0 the

limiting angles are <p = 0 and ^ = 2n. If this is not true one

can always project the H curves over another plane where they do.

Eq. (3) will then reduce to

271

= ( N /8f% ) I ( ¿)jO /0H )( 1 " p CH,<¡¿>)) d^ (4)

2.2. Second-order frcrn^ifion^ in orfhorhombtc

POVDERSPEG assumes that under conditions of randomly

distributed orientation of the crystal field, as it is found in

powders, it is highly improbable that the "satellite" transitions

, i. e., those different of the central transition m = 1/2 +-»

-1/2, will be observable at all spectrometer gain settings which

are optimal for observation of this central transition. Thus, for

polycrystalline samples virtually all of the resonance intensity
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arises from the second-order transitions C7].

The powder pattern then is evaluated by substituting into

eq.(4) the solution for p = sine of the equation for the

second-order resonance field, H = H(8,0>, in orthorhombic

symmetry. This field is given by [83:

C [( 1- \

- C {[ sin^e + \ cos2^ ( 1 +

where

C = ( D V 2 g ^ H )[ 4S (S+l) - 24 m Cm -1) -9 ]

G = ( D^/8g^ H )[ 2S (S+i) - 6 m (m -1) -3 ]
2 O 9S

H =

D = b ° , X = E/D = b

This expression is equivalent to that for the resonance

frequency of NMR lines in a crystal when quadrupole interaction is

present. This is [9J:

[(A+B) cos^e - B

cos2<̂ > sin^e [(A+B) cos^G + B ]

) - 1> ]> (6)

where

A = 24 m (m -1) -4 I <I+1> + 9,

B =(1/4X6 m (m -D-2KI+1) + 3],
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v = 3 (eq)(eQ)/2I (21 - 1) ĥ  ̂  is the Larmor frequency,

eO = nuclear quadrupole moment, eq = V , n =(V -V )/V . V =
zz xx yy zz il

components of the electric field gradient tensor in the principal

coordinate system which is chosen such that ¡V |^|V I ̂  IV I
' xx' ' yy' ' zz'

By substituting X = ?)X3 in eq.(5), H and t> reduce to

the same expression:

where

and

-< 96 H (H-H ) >/{ (2D/g/?)^[3-4S(S+l)] > for EPR (8)
o o

< 96 f (D-iv ) >/{ i, ̂ [3-41(1+1)] > for NMR

2.3.

Substitution of p = sin6 into eq.(7) yields the expression

$^ p* -§ p= + X = 0 ,

$ ^ $ and X take different forms when the intersections with

unit sphere are projected on the coordinate planes XY, XZ and YZ.

If projected on the XY plane

$ = 3 ( 3 -

§ = 12 C <6+?7*> -

X = 6( + 4%* (10)
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Prom the solutions

+ _y , 2 .^r, 2 I , ̂ , 2

of eq.(9) for the variable p, up to five regions of integration

are in general discerned for the variable ?. These regions take

three different characteristic relative positions in the unit

sphere, giving rise to qualitatively different powder patterns,

for three different intervals of the asymmetry parameter 7?. This

is summarized in Table 1.

The regions A, B, and C, taken over the four quadrants,

enclose the point p = 0. Equation (4) can then be used used for

calculating the contribution of these regions to the powder

patterns i(H), with f>̂  as given by eqs.(9) and (10) directly.

The regions D and E for all values of 7) and G for V 2/3 < 7)

< 1 do not enclose the point ¿> = 0 when projected in the XY plane.

They do, however, enclose it when projected on the XZ and YZ

planes, respectively. The equations for the projected curves are

seen to be given still by expressions of the form of the eqs.(9)

and (10) but with $ , $ , and X as given by:

on XZ

$ * 3 C (3+7))- (3-7)) sin̂ f» ],

(12)

$ = 6 [ (3+7))(5+7)) - 5(3-7))(l+7)) sin*<p ],
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TABLE 1

o/

*

n
9

A

B

C

D

E

0 < % < 1/3

8(1-%) ̂  * ^ 8(1+%)
3 ^ 3

2%* ^ , ^ 8(1-%)
3 ^ 3

_(3-%)' ^ . ^ _2%=

" 6 -?- ' 6

1/3 < % < V 2/3

8(1-%) ̂  * ^ 8(1+%)

2%^ ^ ^ 8(1-%)
3 ^ 3

3 3

6 ^ 3

(3+%)^ ^ ^ 4(1-%^)
6 ^ 3

Y 2/3 < % < 1

8(1-%) ̂  * ^ 8(1+%)
3 ^ 3

4(1-%^) ,^ 8(1-%)
3 ^ 3

3 ^ 3

6 ~ 3
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o»

6

X = 6 f + ( 3 + % :/ (13)

The expressions for $ , $ and X from eqs.(lO), (12) and

(13) in accord with Table 2 and that, of eq.(ll) for p can be

substituted in eq.(4) for expressing i(H) as the single-variable

integral:

i(H) (14)

- 4 /r:

where irrelevant constant factors have been neglected.

In regions B, C, D and E, <p = 0, <̂  = Tr/2 and in region

, where

(1/2) cos"
2(6+77^)-3/lT 1

cío - yir" >?) J

2.4.

The powder pattern i(H) is obtained by piecewise numerical

calculation of the single variable integral of eq.(14), over the

various regions mentioned above. The singularities appearing
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TABLE 2

,$

o/ i

fhe

R
*
O
n
s

A

B

C

D

E

0 < % < 1/3

Projection on
XY plane
(eq.10)

Projection on
XY plane
(eq.10)

Projection on
XY plane
(eq.10)

Projection on
YZ plane
(eq.13)

1/3 < y? < V 2/3

Projection on
XY plane
(eq.10)

Projection on
XY plane
(eq.10)

Projection on
XY plane
(eq.10)

Projection on
XZ plane
(eq.12)

Projection on
YZ plane
(eq.13)

/ 2/3 < % < 1

Projection on
XY plane
(eq.10)

Projection on
XY plane
(eq.10)

Projection on
XZ plane
(eq.12)

Projection on
XZ plane
(eq.12)

Projection on
YZ plane
(eq.13)
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between these regions are thus avoided. The calculation is

performed by using the Gaussian quadrature algorithm. This

requires evaluation of the integrand at only a few points which

are determined by known roots r of some convenient approximating

orthogonal functions such as the Legendre, the Laguerre, or the

Hermite polynomials [10]. The integral is approximated by the sum

of the values of the integrand in points proportional to r ,

multiplied by adequate weights V , i.e.

\f[
(B-A)r + (B+A)

i = 1

In this program n = 15 is taken, but this number can be
*

changed if necessary.

2.4. Convolution with or yir^t-derit/ortiue Lorentzian or

/unction.

The powder pattern obtained from this quadrature corresponds

to transitions with a infinitely narrow widths; i.e., Dirac 6

functions. Since the width of the experimental absorption line is

not negligible, the true line I(H) is best approximated by the

convolution of the powder pattern 1CH) with a lineshape function

L(H-H') which is usually taken as a Lorentzian or a Gaussian. I(H>

is then given by



ICH) = j" L(H-H') i (HO dH' = L*i

Since the experimental spectra are usually recorded as a

first derivative of the absorption function I(H>, then [113:

dI(H)/dH = Î (H) = CL*i]' = L̂ *i (15)

POVDERSPEG calculates I'(H) by performing the convolution of

eq.(15) with a preselectable first derivative Lorentzian or

Gaussian lineshape function.

Different types of numerical convolution or integration like

Simpson's rule and the Gaussian quadrature were tried. However,

the best results were obtained by use of the mid-point

approximation when enough intervals were taken.

The mid-point approximation [12] is one of simplest

quadratures. It is initiated by dividing the integration interval

H -H in n subintervals AH= (H -H >/n and taking H = H + (i-l)AH
L F L F i F

+ AH/2. The mid-point approximation to the integral is then given

by

= ¿ r(Ĥ:f(H) dH % ) f(H ) AH

I = i

3. Program description

The source program with comments which describe every step in

detail is given in Technical Report I8A-PF 9
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4. Input description.

The input variables are described in Table 3.

TABLE 3

The input /or the program POI/DERSPEC are

Format Variable Comment

A7

A7

*

*

*

DATA

RESULT

G

S

FREQ

WIDTH

LINE

SUIN

Name of the file with the input data.

Name of the file with the output data.

g value for the central transition. This

corresponds to the magnetic field value

Ho=

Value of the crystal field parameter E

expressed in 10 cm .

Value of the crystal field parameter D

expressed in 1O cm .

Value of the spin S of the ion.

Value of the microwave frequency in GHz.

The elementary linewidth in Gauss.

1 if you want Lorentzian lineshape.

2 if you want Gaussian lineshape.

The number of intervals for the

convolution and plotting. .
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5. Output description.

If you wish to plot the graphs of the resulting powder

patterns and spectra you need to input the file with the results

to the graph program available to you. From here on the graphs

program, v.g. LOTUS or SIGMAPLOT, takes over according to the

options selected for scales, colors, etc.

6. Test Run Input.

1.992,27.3,319.3,3.5,9.53,41.37,1,1000.0 g,E,D,S,frequency

width,line,suin

1.992,158.5,718.4,3.5,35.15,41.37,1,1000.0 g,E,D,S,frequency

width,line,suin

1.992,192.2,662.3,3.5,35.17,35.0,1,1000.0 g,E,D,S,frequency

width,line,suin

7. Test Run Output.

\ 1, 2, 3.



E=27.3
0=319.3

G=1.992
FREQ=9.53 .GHZ

-8.9 -5.7 -2.4 0.8 4.0 7.3

F/g. 1



E=158.5
0=718.4

G=1.992
FREQ=35.15.GHZ

-7.3 -3.1 1. [75



E=192.2
0=662.3

G=1.992
FREQ=35.17.GHZ

-137o -8*.2 -3I5 10.7 15'.5

Fig. 3



FIGURE CAPTIONS

Fig. 1. Powder pattern and spectrum for data file 1.

Fig. 2. Powder pattern and spectrum for data file 2.

Fig. 3. Powder pattern and spectrum for data file 3.
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