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The resonance fields and peak-to-peak amplitudes of the ESR
spectrum of Cr3+ in axial symmetry have been computed as functions of
the zero-field splitting parameter, D, for three orientations of the
magnetic field relative to the symmetry axis: 00, 40° and 90°. The re~
sults, which are presented in graphical form, may be used for the iden~

3+

tification and interpretation of Cr spectra in single crystals and in

polycrystalline materials.

Os campos de ressonancia e amplitudes pico-a-pico do espectro

de ESR de Cro*
tro de desdobramento de campo zero, D, para trés diferentes orienta-

em simetria axial foram calculados em fungdo do parame-

¢des do campo magnético en relagdo ao eixo de simetria: 00, 40° e 90° ,
Os resultados, que sdo apresentados em forma de graficos, podem ser usa-
3+

dos para a identificagcdo e interpretacdo de espectros de Cr en mono-

cristais e en materiais policristalinos.

1. INTRODUCTION

The ESR spectrum of a diamagnetic sample doped with a paramag-
netic impurity generally consists of several lines. Some of these lines
are due to the dopant, and may correspond to one or more symmetry si-
tes; others are due to unwanted paramagnetic impurities, which are fre-
quently present in significant concentrations. in order to interpret
the spectnum, one generally assumes that a particular 1ine or a set of
lines is due to a particular ion in a given symmetry site, compatible

with the symmetry of the matrix. This initial assumption can then be
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checked by predicting the associated spectrum for other orientations
and/or for other transitions. There are two characteristic features of
a resonance line which are easily measured in a conventional ESR espec-
trometer with first-derivative presentation: the resonance field, ti, ,
and the peak-to-peak amplitude, P. These can be used together to resol-
ve ambiguities in the spectrum, as it happens when the resonance field

is about the same for different ions.

The calculation of resonance fields and peak-to-peak amplitu-
des for arbitrary angles and syrnmetries is a cumbersome procedure, which
involves the diagonalization of the spin Hamiltonian. A simple method
to estimate the line positions and amplitudes given a particular set of
spin Hamiltonian parameters or, conversely, to estimate the spin Hamil-
tonian parameters given a particular spectrum, is clearly desirable. In
the present work, such a method is developed for a spin S = 3/2 inaxial
symmetry. It consists in generating a set of graphs for the resonance
fields and relative amplitudes as functions of the zero-fields splitting
parameter, D, for selected angles between the magnetic field and the

crystal ¢-axis.

. . 2+
The ions likely to have a spin angular momentum of 3/2 are V

Cr3+ and Mnlw_ The principal isotopes of vanadium and manganese have a
nonzero nuclear spin and this leads to hyperfine splitting, whichisnot

included in the calculations that follow. The direct application of the

present work is therefore restricted to Cr3+.

2. THEORY

2.1. Spin Hamiltonian

The energy levels of the ground state of Cr13+ (5=3/2) in axial

symmetry can be described by the spin Hamiltonian
= 2.
H= g5, + g,BUS S + D [52-5(5+1)/3] (m

whereHz. Hx and Hy are the components of the applied field, B8 is the
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Bohr magneton, g,, and g, are the spectroscopic splitting factors, D is
the zero-field splitting parameter and the z axis is taken along the
crystal c-axis. The difference between g,, and g is usually very small?
and will be neglected in the calculation that follow. In the case of
Cr3+, the assumption that g,, =g =g = 198 is a fairly good approxi-

mation?.

To perform the necessary calculations we have rewritten the
Hamiltonian of eq. (1) in a laboratory system of reference axes, x!
y', z', where the 2’ axis is along the applied field L. The y' axis is
chosen to coincide with the y axis. If the applied field L' makes an
angle 6 with the c-axis, the laboratory coordinates x', y' , 2' of a

point x, y, 2 in the unprimed system are given by

x' = x cosb + 2 sind
y' =y (2)
z' = -x sinB + z cosb

The spin operators Sx’ SY and Sz are transformed to Sx" Sy"

g in the same way as the coordinates. In this coordinate system the
1

3. . .
spin Hamiltonian becomes

H= gBS '+ (1/2)D(3 cos*0-1)[s%,-5(s+1)/3]
+ D sinB cosB I:Sz ’Sx' + Sx,SZ ,]
+ (1/2) D sin®e 52, - s;,] (3)
The parameter D can be eliminated by writing G = gBH/D, so

that, taking S = 3/2, the Hamiltonian assumes the form
H=6s,,+ (1/2)(3 cos?8-1) (S ,-15/12)
+ sinb cos6 [Sz ,Sx,+ Sx'Sz ,]

+ (1/2) sin%6 [s;, - s;,:l (4)
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2.2. Line Amplitudes

The paramagnetic resonance absorption is produced by applica-

tion of a microwave radiation field H, coswt, that induces transitions

among the energy levels described in the preceding section. in the
usual experimental configuration, #; is parallel to the y' axis. The
relative transition probability for a transition between two particular
levels, i and g, is given by®:
, oH
. 2 9L ..
Pij= gB l<7’|5yrle7>l 70 Q,LJ(H) (5)

where v is the microwave frequen¢y and Y j(H) is the 1lineshape func-

tion.

If the line shape is the same for all transitions, as is fre-
quently the case, thefactoqu.(H) may bedroppedfromeq. (5). The
relative line intensity can thus be written as:

_ . .2 0H
I7,'j - gB I<7’isyllc7>l ah\) (6)

If the modulation amplitude is much less than the linewidth,
the line intensity Iij is proportional® to the peak-to-peak ampl 1 tu~
de of the first-derivative line, Pij’ times the square of the peak-to~
-peak linewidth, A#Z _:
pp

..=P.. AH?
=7 ij T pp (7)

In a field swept spectrum, the linewidth is given by?3:

9H
A = Av 8
pp RV " pp ®
where AUp is the linewidth in a frequency swept spectrum.
According to egs. (6), (7) and (8), and assuming that Avpp is

the same for all transitions, we have:
g8l<zls, 131"

P.. (9)
zd dH/ MU
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The value of 3#/34v in eq. (3) is given by®:

oH 1 -1 (10)
7 " g8 I<ils, 1> - <ils, >

The relative amplitude may thus be expressed as:

P.. . . N . . , 11
27 = I<ils, 1212 <tls, i - <gls,le) (O

3. CALCUIATIONS

The matrix derived from the Hamiltonian (4) is given below.

|3/2> /2> |-1/2> |-372>
<3/2| —I.SG + 4 B3 '3 0 1
<1/2] BY3 0.5G - 4 0 '3 (12)
f =<-|/2] o3 0 -0.56 - 4 -8/3
<-3/2] o o3 -B/3  -1.5G + 4
where

4= (3 cos?0 - 1)/2
B = sinf cosH (13)
¢ = (sin%8)/2

The matrix above was diagonalized with the help of a computer
program written in FORTRAN. For a given angle, 0, and a given normalized
.., P.., defined as
)

follows. f/,7.. = ﬁi - F_/é is the difference in energy between pairs of eigen-

field, 7, the program calculated the parameters Wij’ X

values, expressed in dimensionless units of Av/D. Xij=G/lT/7/.j=gf3H/hU is the
normalized resonance field. It can also be expressed as H/H,, where Hy=
= hu/gB is a convenient parameter. Pij is the relative peak-to-peak am-
plitude, calculated according to eq. (11). By repeating the calculations
for several values of G, it is possible to obtain plots of AW/D vs. H/H,

and P vs. Au/D for a given angle 6.
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Due to practical limitations (at least two plots are needed for'
each angle) the results are presented for only three angles: 00, 40° and
90°

single crystals, the sample is generally cut perpendicularly to the e-

. This choice has been made for the following reasons. In the case of

-axis and the first measurements are taken with the magnetic field pa-
rallel and perpendicular to this axis. After the Hamiltonian parameters
have been estimated, measurements may be taken at another (arbitrary) an-
gle to check the results. With polycrystals, transitions are usually ob-
served® only at the turning points of the Hamiltonian, i.e, at fields
where 8Z/36 ~ 0. For a spin 3/2 in axial symmetry, the turning points
occur®at 00; 90O and an angle between 350 and 1450. The angle of 40° was
chosen as a compromise. Graphs for p=40° allow a fairly accurate estima-
te of the line positions for off-axis transitions in polycrystalline spe~
cimens. On the other hand, in the case of polycrystals, the line ampli-
tude depends not only on the single-crystal amplitude at the turning
points, but alsoon thefactors sind and 38/30 (see Reference 3). Asa
rule, the transitions with turning points at 9=90° and 0 40° are more
intense and the transitions with turning points 6=0° are weaker (actual-
ly, the only transitions that may have turning points at 0 ~ 40° are 2-3
and 1.4).

4. RESULTS

The results of the computations described in the preceding
section are shown in Figs. 1-6. The plots of WD (= Au/D) as a func-
tion of H/H, for 6 = 0°, 40° and 90° are show in Figs. 1-3. The plots
of P as a function of WD for 8 = 00, 900 appear in the same graph,
Fig.4. Figs. 5 and 6 show the relative intensity for 0 = 40°. The
transition are labeled in terms of the energy levels involved. The

energy levels are numbered in order of decreasing energy.

The use of the graphs is illustrated in the exemples that

follow.
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5. EXAMPLES

5.1. ESR of Cr3+ in Single-Crystal Al,O,

5.1.1. Sample Preparation

The Al,0; single crystal used in this work was cut from an
ingot kindly provided by Prof. Zoraide Arguello of UNICAMP. The ingot
was oriented by x-ray diffraction, using Laue's back scattering tech-

nique, and sliced with a diamond saw.

5.1.2. Experimental Results and Discussion

The spectrum of a sample of single-crystal Al,03 shows se-
veral lines, which are attributed to impurities. Chemical analysis

3+ 3+

shows that the main paramagnetic impurities are Cr” and Fe It is

not possible to measure the line positions with good accuracy at 8=00,
because some lines are partially superposed. At 6 = 900, the spectrum

is much simpler (Fig.7a): it consists of four well-separated lines,
that for a microwave frequency of 9.25 GHz appear at fields of 1325,
1954, 3369 and 5387 gauss.

We begin by assuming that g = 1,98, so that, with v = 9,25
GHz, we get H = hv/gB = 3428 gauss. The normalized fields for the
four lines are thus H/H0 = 0.39, 0.57, 0.98 and 1.57. If thelinewith

H/H, = 157 (line D) is attributed to the Cr3+

ion in axial symmetry,
it can be due only to the 1-2 transition (see Fig.3). If this is the
case, W/D ~ 1.60 and a second line (transition 3-4) is predicted at
H/H, ~ 055, i.e., atH ~ 1900 gauss. Since a line is found near the
predicted position (line B), this hypothesis seems to be correct. Mo-
reover, no other transitions should be observed, and therefore the li-
nes at H/H, = 0.39 and 0.98 (lines A and C) are attributed to the

Fe3+ ion.

As a check, one may compare the predicted line positions at
6 = 40° with the experimental results. This spectrum is shown in Fig.
7b. According to Figs. 2,5 and 6, three lines should be observed, cor-
responding to transitions 3-2, 3-4 and 2-3, at fields of 390, 2690
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Fig.7 - ESR spectra of a sample of single-crystal Al,0, containing Cr
and Fe as impurities (room temperature, v= 9.25 GHz). (a) & = 90° ;
(6) 8 = 40°. Field values for the Cro* lines, in gauss: A. 1325; B,
1954; c, 3369; D, 5387; E, 395; F, 2670; G, 4510.

and 4520 gauss. Three lines are indeed found near these positions (li-

nes E,F,G). The line corresponding to the 1-2 transition is not seen
due to its low amplitude (see Fig. 5). All other lines in Fig. 7b are

+ .
due to Fe:3 ions.
The best estimates from this analysis are therefore:

g = 1098

[D|/% = v/1.60 = 5.78 GHz

where D is expressed in frequency units.

The best experimental values for the Hamiltonian parameters
+ . i .
of Cr3 in Al,0,, obtained by fitting the experimental results for se-

veral angles in high-purity crystals, are®:

g,, = 1.9817
g, = 1.9819
[D|/h = 5.747 GHz
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5.2. ESR of Cr>* in Polycrystalline MgO

5.2.1. Sample Preparation

The chromium-doped Mg0 sample used in this work was prepa-
red from pure oxides carefully grinding them together and then firing
the rnixture for 96 hours at 1350° C. Actual chromium concentrationwas

determined by x-ray fluorescence spectrometry tp be 0.8 cation% Cr.

5.2.2. Experimental Results and Discussion

The spectrum of a chromium-doped sample of Mg0 powder (Fig.
8) shows, beside a strong line at 3338 gauss, due to the Cr3+ ion in
cubic symmetry®, weaker lines at 712, 2560, 3233, 3712 and 4317 gauss,
which are attributed to the Cr3+ ion in lower symmetry sites.

in order to find out whether some or all of these lines are

due to Cr3+ in axial symmetry, we begin by assuming that the strongest

1000 G

Fig.8 - ESR spectrum of a sample of Mg@ powder containing 0.8 cation¥
Cr3+ (room temperature, v = 9.25 GHz). Field values for the axial
spectrurn, in gauss: A, 712; 8, 2560; C, 3233; D, 3712; E 4317. The
central, hjgh-amplitude Jine is due to Cr3+ ions in cubic symmetry si-
tes.
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line, at 3712 gauss, is due to a 8 = 90° turning point. The normali-
zed field for this line, using the same value for H as in the prece-
ding example, is H/H, = 1.08. According to Fig. 3, a line with
H/Hy ™ 1.0 could be attributed to transition 2-3 with a low value of
D, of the order of 0.1 W In that case, however, Figs. 3 and 4  show
that another high-amplitude transition, transition 3-4, should be ob-
served in the neighborhood of H/#, = 0.9, i.e., H = 3085. Since this

line is not seen, our initial assumption is clearly wrong.

In the next try, we assign the second most intense line, the
one at 3233 gauss, to a 8 = 90° turning point. The normalized field
is H/Hy = 0.94. According to Fig.3, a line with #/F, ~ 0.95 could
be attributed to transition 2-3 with W/D ~ 4. Figures 3 and % show thaf
if this assignment is correct, other strong lines should be observed
at H/H, = 0.75 (transition 3-4) and H/Hy = 1.25 (transition 1-2 ).
The corresponding fields are 2571 and 4285 gauss.-Since two lines are
found near the predicted positions, our assumption is probably cor-

rect.

As a check, we use Figs, 2 and 5 to predict the positions
of other high-amplitude lines in the spectrum. Since we know® that
the only transitions that may have turning points at 8 v 40O are 2-3
and 1-4, the off-axis transitions are predicted to occur at H/HO =0,2
(transition 1-4) and H/H, = 1.1 (transition 2~3). The corresponding
fields are 686 and 3771 gauss. Two lines are indeed found near the

predicted positions (lines A and D in Fig.8).

The lines corresponding to the turning points at 6 = 0° are
too weak to be observed in the scale of Fig. 8. 1If the gain of the
instrurnent is increased, however, additional lines are seen near the

positions predicted with the help of Figs. 1 and 4.

All lines in the spectrum of Fig.8, except the central strong

3+

line, can thus be attributed to the Cr ion in axial symmetry. The

Harniltonian parameters are estimated to be:
g =198

{Di/h = v/4.00 = 2.31 GHz

i
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The experimental values for the Hamiltonian parameters of
+ . . . . . .
Cr3 in axial symmetry sites in Mg0, obtained from single-crystal

7
work, are’:

g, =g, = 1.9782

[D|/h = 2.45 GHz

6. CONCLUSIONS

The examplesof the preceding section show that with the help
of the graphs presented in this work it is possible to identify the 1i-
nes due to the Cr3+ ion in axial symmetry sites, both in single crys-
tals and in polycrystalline materials. 1s is also possible to estimate
the value of the zero-field splitting parameter, D, with fairly good

accuracy.
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