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Relaxation processes in a multilevel spin system investigated by linewidth analysis
of the multifrequency high-frequency EPR spectra
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The line shape measurements of the high-field high-frequency electron paramagnetic resonance transitions
for paramagnetic Pb31 in calcite performed at four frequencies between 95 and 285 GHz as function of
temperature are reported. The linewidth analysis is based on a recent theory of relaxation for multilevel spin
systems at high temperatures and is used to identify the spin lattice relaxation~SLR! mechanisms at such high
microwave frequencies. In comparison with previous results obtained at lower microwave frequencies, this
analysis emphasizes for a multilevel spin system two relevant new features:~a! the direct SLR process by
modulation of the hyperfine interaction significantly contributes to the linewidths even at room temperature and
~b! the SLR time of some simple transitions measured from the linewidth under conditions of negligible
saturation could be very different from that measured by the continuous saturation method. The difference
between the perpendicular-detected transitions and the parallel-detected transition concerning the contributions
of the different SLR processes to the SLR times measured by the two methods mentioned above comes out to
be very significant.

DOI: 10.1103/PhysRevB.67.014425 PACS number~s!: 76.30.Da, 76.20.1q, 32.70.Jz
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I. INTRODUCTION

The applications of the high-frequency high-field electr
paramagnetic resonance (HF2EPR) spectroscopy have bee
thoroughly illustrated and discussed in the literature.1–9 Most
of the authors agree on a number of real and/or poten
advantages offered by HF2EPR techniques compared to co
ventional EPR. The potentialities of HF2EPR in the study of
the relaxation mechanisms in paramagnetic systems ins
have not been thoroughly explored up to date. HF2EPR of-
fers the possibility to undertake the study of relaxati
mechanisms with a multifrequency approach in a bro
range of frequencies and temperatures. This is particul
desirable for multilevel spin systems which show importa
differences compared to simple two-level spin systems s
as those originated by a single unpaired electron withou
hyperfine~HF! interaction. An example will presented he
that, as a consequence of its simplicity, can be consider
school case in the investigation of the many different mec
nisms that can affect the paramagnetic relaxation in a m
level spin system. The relaxation properties of the Pb31 ion
in irradiated calcite will be investigated by linewidth~LWD!
analysis of continuous-wave HF2EPR spectra in a range o
frequencies going from 95 to 285 GHz. Due to the 6s1 elec-
tron configuration of the Pb31 ion, the HF interaction is
dominated by the Fermi contact term and is thus unusu
large compared to that observed in transition-metal ions.10–12

The HF interaction of Pb31 in calcite is about 38 GHz,13

larger than conventional microwave bands~9–35 GHz!.
Thus, using frequencies in the 95–285 GHz range we w
able to study a larger number of transitions than in conv
tional electron paramagnetic resonance~EPR!. The transi-
tions observable at high frequency and those observab
the conventionalX, K, andQ bands of the microwave spec
trum are reported in Fig. 1. The large HF interaction is ve
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sensitive to some dynamic effects such as those generate
the lattice vibrations. The Pb31 ions substitutionally replace
Ca21 ions in the CaCO3 lattice. Since Pb mass is about
times that of Ca, the vibrational properties of Pb31 in calcite
are characterized by a large-amplitude resonant mode.
latter is in turn the origin of the strong temperature dep
dence of the EPR linewidths.13 At relatively high tempera-
tures, the spin lattice relaxation~SLR! times are of the order
of 1028–1029 s or even shorter. These extremely short v
ues represent the main obstacle to the direct measureme

FIG. 1. Energy levels and EPR transitions of Pb31 in calcite.~a!
X, K, andQ bands,~b! 95–285 GHz.
©2003 The American Physical Society25-1
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the SLR times by standard pulse or cw methods. If the
mogeneous broadening mechanisms are dominant, the L
analysis at high temperatures allows the measurements o
SLR times.14 The processes operative in electron relaxat
are many and often overlapping. For a Kramers doublet,
direct and first-order Raman relaxation mechanisms
modulation of the spin-orbit interaction~MSO! depend
strongly on the frequency of the oscillating field. Th
second-order Raman relaxation processes are, instead,
pendent of frequency, but strongly dependent
temperature.12,15 In conventional EPR~9–35 GHz!, for di-
luted paramagnetic solids at relatively high temperatu
only the second-order Raman processes have been p
evidence.12,14–16 This work will evidence that at high fre
quency, even at room temperature, the direct relaxa
mechanism by modulation of the HF interaction~MHF! sig-
nificantly contributes to the linewidths.

Three different methods are generally used to measure
SLR time: ~i! the saturation recovery method,~ii ! the con-
tinuous saturation method, and~iii ! linewidth analysis under
negligible saturation conditions. In the case of anS51/2 spin
system with no HF interaction, these three methods give
same result within experimental error. Consequently, in
analysis of SLR for a simple two-level system a unique S
time T1 is generally introduced. For a spin system with mo
than two levels this condition does not hold anymore and
three methods can give different values of the measured
times. In the temperature range in which the EPR line co
sponding to a simple transition between the levelsm andn is
homogeneously broadened,14

~T2
mn!215~T2

SS!211~ lwdT1
mn!21, ~1.1!

where (T2
SS)21 and (lwdT1

mn)21 are the contribution to the
linewidth of the spin-spin and of the spin-lattice relaxati
processes, respectively. The superscriptlwd indicates the
SLR times measured by LWD analysis under negligible sa
ration. The first is usually temperature independent.12 For a
spin system with a number of levelsK.2, in the saturation
recovery method, the return to equilibrium is described
K21 exponential terms.15,16 The K21 time constants are
not simply related tolwdT1

mn or to the satT1
mn measured by the

continuous saturation method.satT1
mn andlwdT1

mn can in turn
be different. For instance, it will be shown that the contrib
tion of the relaxation mechanism by MHF to the SLR tim
defined above can be very different for some transitions
volved in the considered four-level system and, in particu
for the parallel-detected transitions.

II. SPIN SYSTEM AND THE EXPERIMENTAL RESULTS

The calcite single crystals used in the present serie
experiments areg-ray-irradiated specimens~with doses up to
1 Mrad!, containing Pb31 as an impurity. The optical and
neutron activation analyses16 have indicated a low concen
tration of impurities such as Zn, P, and Mn, the most ab
dant being Pb (>0.1%). The configuration of Pb31 is 6s1

and gives rise to an2S ground term. The system shows th
nearly isotropic EPR spectra. The207Pb isotope withI 5 1

2 is
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present in a percentage of 22.1, while the other isotope
the metal haveI 50. The Pb31 EPR spectrum has been stu
ied in the conventional microwave frequency bands in s
eral diamagnetic lattices.17,18 It has been investigated in ca
cite in X, K, andQ bands.13,16

Calcite contains a combination of elements~Ca, O, C!
with a very low natural abundance of nonzero nuclear s
isotopes. As a result, the EPR lines do not show inhomo
neous broadening due to a superhyperfine interaction. In
dition, the highly isotropic character of the EPR spectra
Pb31 leads to negligible mosaic structure effects and to i
tropic broadening mechanisms. For the LWD analysis thi
an important simplification. Consequently, the line shape
the different transitions does not show sizable angular dep
dence and has a dominant Lorentzian character.

The appropriate spin Hamiltonian for207Pb31 is

Ĥ5bBgS1BAI2gnbnBI . ~2.1!

The first term represents the electronic Zeeman interact
the second the HF interaction, and the last the nuclear Z
man interaction. This Hamiltonian can be exactly diagon
ized for magnetic field orientations along principal axes13,19

if the g andA tensors are collinear. When the static magne
field is along thez axis andI 5S5 1

2 the energy levels of the
system are given by the Breit-Rabi formula

E1,352
Az

4
7

1

2
A~gzbB!2~11d!21

1

4
~Ax1Ay!2,

~2.2a!

E2,45
Az

4
7

1

2
A~gzbB!2~12d!21

1

4
~Ax2Ay!2,

~2.2b!

whered5gnbn /gb.
Pb31 in calcite shows an axial EPR spectrum with ve

small anisotropy. At theX band and 77 K the spin Hamil
tonian parameters are13 gi52.004660.0002, Ai5(37.868
60.005) GHz, g'2gi50.001960.0002, and A'2Ai
5(0.03060.001) GHz. Therefore, to a good approximatio

gz>gx5gy5g, Az>Ax5Ay5A. ~2.3!

In this approximation, the wave functions corresponding
the levels~2.2! are

C1,35aU71

2
,6

1

2L 7gU61

2
,7

1

2L , C2,45U71

2
,7

1

2L ,

~2.4!

where the usualums ,mI& set of states was adopted as a ba
of the spin space, and where

a21g251, a25
1

2 F11
gbB

@~gbB!21A2#1/2G . ~2.5!

Let us denote byB1 , B2 , B3 , B4, andBi the resonance
fields corresponding to the transitions shown in Fig. 1,
tween the levels 4 and 1, 3 and 2, 2 and 1, 4 and 3, and 3
1, respectively, and byB0, the transition corresponding t
5-2
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the Kramers doublet due to the Pb isotopes withI 50. As
shown in Fig. 1~a!, because of the large HF splitting, at theX
band it is possible to observe only the lines atB0 , B2, and
B4,13 and in theK andQ bands those atB0 , B2, andB3.16 At
high frequency we observed the linesB0 , B1 , B2, and Bi
@see Figs. 1~b! and 2#. In the following the peak-to-peak
linewidths of the above transitions will be denoted asDBi ,
with i 50 –4, andi .

The EPR measurements have been performed over
range of temperature from 20 K to 300 K and at 95, 1
240, and 285 GHz using an ultrawide-band EPR spectr
eter operative at a HF2EPR infrastructure located in Pis
~Italy!.20 The typical appearance of the four main lines of t
spectrum at 190 GHz and 100 K is reported in Fig. 2. T
spectrometer allows multifrequency experiments by usin
single-pass probehead. At 95, 190, and 285 GHz the so
is a Gunn effect diode. At 240 GHz we used a homeb
source: a CO2-pumped far-infrared~FIR! laser especially op-
timized for a millimeter band.20 The magnet system is a su
perconductor magnet with maximum field of 12 T. The h
mogeneity of the magnet is about 10 ppm in a 1-cm-di
spherical volume. The sweep coil was used in the lo
temperature regime where some of the lines become
narrow.

III. LINE SHAPE ANALYSIS

The line shape of Pb31 EPR spectra in calcite has a dom
nant Lorentzian character. However, because of the
Hamiltonian parameter strain caused by local defects in
lattice or by the inhomogeneity of the static magnetic fie
the line shape has a degree of inhomogeneous broade
which is reflected in a Gaussian contribution to the lin
width.

In order to analyze the contribution of the SLR proces
to the linewidth, one needs to separate the Lorentzian f
the Gaussian contribution. Stoneham21 gave a simple and
accurate expression to deconvolute the two contributions
DBi

L andDBi
G are, respectively, the Lorentzian and Gauss

FIG. 2. The EPR spectrum of Pb31 in calcite at 190 GHz and
110 K.
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contributions to the peak-to-peak linewidth of thei line DBi ,
then the expression

DBi5
~DBi

G!210.8085DBi
GDBi

L10.4621~DBi
L!2

DBi
G10.4621DBi

L

~3.1!

gives an accuracy of better than 1% ofDBi for bothDBi
L and

DBi
G .

A. Gaussian contribution

Beyond the contribution given by the strain of the sp
Hamiltonian parameters indicated in the following asDBi

Gc ,
other effects can contribute to (DBi

G), which can be conse
quently expressed as

DBi
G5A~DBi

Gc!21~DBi
Gn!2. ~3.2!

DBi
Gn can be, for instance, the contribution of the inhom

geneity of the static magnetic fieldDBi
Gn5x•Bi , wherex

depends on the dimension of the sample.
Using approximation~2.3! in Eqs. ~2.2!, the Gaussian

contributions to the linewidths due to the strain of the EP
parameters are16

DB0
Gc5U2 dg

g
B0U, ~3.3a!

DB1,2
Gc5U2 dg

g
B1,27

dA

2gb S 17
A

2hn D 22U, ~3.3b!

DB3,4
Gc5U2 dg

g
B3,46

dA

2gb S 12
A

2hn D 22U, ~3.3c!

DBi
Gc5U2 dg

g
Bi2

dA

gb

A

gbBi
U, ~3.3d!

wheredg anddA corresponds to theg andA strain, respec-
tively. For a given paramagnetic center these strains could
correlated when they have the same physical origin.

B. Lorentzian contribution

The spin-spin relaxation rate (T2)21 is expressed as a
function of the peak-to-peak derivative Lorentzian linewid
DBL by15,22

~T2!2157.623106gDBLsec21, ~3.4!

whereDBL is in gauss, andg is the spectroscopic factor. Fo
a multilevel spin manifold,g can be defined asd(hy)/bdB,
whereB is the static magnetic field andn is the frequency of
the applied electromagnetic field. Therefore,

~T2!2157.623106gDBL
d~hn!

bdB
. ~3.5!

The spin-spin relaxation rates~3.5! of the allowed transi-
tions reported in Fig. 1 become
5-3
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MARTINELLI, MASSA, PARDI, BERCU, AND POPESCU PHYSICAL REVIEW B67, 014425 ~2003!
~T2
14,23!2157.623106gDB1,2

L a2, ~3.6a!

~T2
12,34!2157.623106gDB3,4

L g2, ~3.6b!

~T2
13!2157.623106gDBi

L~a22g2!. ~3.6c!

(T2
mn)21 represents the Lorentzian linewidth of a simp

transition in a frequency sweep experiment, whileDBi
L rep-

resents the Lorentzian linewidth in a magnetic field swe
experiment.

If the electromagnetic field is near them↔n resonance,
the microwave power absorbed by the sample is

Pmn5
2~Em2En!~Nm

0 2Nn
0!^pmn

2 &~T2
mn!21

Dvmn
2 1~T2

mn!2212^pmn
2 &~T2

mn!21~ satT1
mn!

,

~3.7!

where (T2
mn)21 is the Lorentzian linewidth given in our cas

by Eqs.~3.6!. satT1
mn is the SLR time measured by the co

tinuous saturation method.Em , En andNm
0 , Nn

0 are, respec-
tively, the energies and populations of the two levels
volved in the transition at thermal equilibrium.Dvmn is the
deviation of frequency from the resonance condition a
^pmn

2 & the mean-square value of the Rabi frequency given

^p14
2 &5^p23

2 &5a2
~gbb'!2

4\2
,

^p12
2 &5^p34

2 &5g2
~gbb'!2

4\2
, ^p13

2 &54a2g2
~gbbuu!

2

4\2
,

~3.8!

whereb' and bi are the perpendicular and parallel comp
nents of the applied electromagnetic field with respect to
static magnetic fieldB.

If the line is not saturated, the Lorentzian linewidth of t
m↔n transition can be expressed in terms of the relaxa
matrix elements as (T2

mn)2152Rmn ,23,24 with

Rmn5Rmn
SS1Rmn

SL , ~3.9!

whereRmn
SS and Rmn

SL represent the spin-spin and spin-latti
contributions, respectively. The second term of the rig
hand side in this equation can in turn be expressed as

Rmn
SL5 (

pÞn
Rnp

mn1 (
pÞm

Rmp
mn ,

where theRnp
mn are the real parts of the relaxation matr

elements. The pseudodiagonal elements of the relaxation
trix due to the SLR processes are

Rmn
mn52

1

2
wmn , Rmn

nm52
1

2
wnm , ~3.10!

with

wnm

wmn
5expFEn2Em

kT G , ~3.11!
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where the SLR ratewmn is the sum of two components:~i!
wmn

D corresponding to the direct SLR processes and~ii ! wmn
R

corresponding to the Raman relaxation processes:

wmn5wmn
D 1wmn

R . ~3.12!

The off-diagonal elements of the relaxation matrix are

Rnp
mn52

1

2
wnp

D 2
1

2
~12x!wnp

R . ~3.13!

It was demonstrated25 that the Redfield theory and th
theory of relaxation based on the dressed-state formalism
equivalent in the second order of perturbation where, in
~3.13!, x50. However, it was shown that in the dresse
state formalism, perturbation orders higher than the sec
give nonvanishing contributions to the off-diagonal eleme
of the relaxation matrix corresponding to the second-or
Raman relaxation mechanism. In this case, in Eq.~3.13!, x
> 1

2 . Therefore considering negligible all perturbation term
higher than the second-order terms as assumed by Blo22

Redfield,23 and Abragam24 is correct only for a Kramers dou
blet without a HF interaction. In fact the relaxation matr
for a two-level spin system contains only pseudodiago
elements, and the conditionx50 is always verified.

For Pb31, only two SLR mechanisms are expected to
operative: the first one is originated by MSO and the sec
by MHF.16,26At high temperature,

En2Em

kT
!1, ~3.14!

and according to Eq.~3.11!, wmn>wnm . For the lead iso-
topes withI 50, the SLR rate is

wmso5kD
2 1kR

25k2. ~3.15!

The first term corresponds to the direct relaxation proc
by MSO, which involves phonons at the same frequency
the applied electromagnetic fieldn. If the condition~3.14! is
fulfilled,12,15

kD
2 5CDr~n!n2T, ~3.16!

wherer(n) is the phonon spectral density of the lattice at t
frequencyn. Then2 dependence is due to the breaking of t
time-reversal symmetry of the Kramers doublet by the el
tronic Zeeman interaction. The second contribution in E
~3.15! is due to the two-phonon relaxation processes. T
first- and second-order Raman processes by MSO re
sented bykRI

2 andkRII
2 have also different sizes. In particula

the first is askD
2 at a reduced rate of the order (hn/D)2,

making it usually negligible,12 D being a crystal field split-
ting. The Raman SLR processes have a strong tempera
dependencef (T) and involve the entire phonon spectrum
the lattice16:

kR
2.kRII

2 5CRf ~T!, ~3.17!
5-4
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wherekRI
2 has been neglected. From the best fit of the te

perature dependence of the EPR linewidths of Pb31 in cal-
cite, f (T) was found to be16

f ~T!>FexpS u

TD21G21

, ~3.18!

which well agrees with the temperature dependence of
HF interaction.13 This behavior is due to anharmonic effec
These effects are typical for paramagnetic impurities affe
ing the vibrational properties of the lattice16,27,28and, in par-
ticular, point to the presence of a large-amplitude reson
mode involving the Pb31 ions.

For Kramers doublets with a large HF interaction, if t
condition ~3.14! is fulfilled, the corresponding SLR rate
are16

w14>w415a2k2, w23>w325a2k2, ~3.19a!

w12>w215g2k2, w34>w435g2k2, ~3.19b!

w13>w31>wmh f5a2g2~a22g2!2d2, ~3.19c!

w42>w24>0. ~3.19d!

wmh f is due to the direct and Raman relaxation by MH
~Ref. 26!:

wmh f5a2g2~a22g2!2d2, d25dD
2 1dR

2 . ~3.20!

wmh f depends on the steady magnetic field through26

a2g2~a22g2!25
~gbB!2A2

4@~gbB!21A2#2
. ~3.21!

It must be pointed out thatwmh f is nonvanishing because th
wave functionsC1 andC3 given by Eq.~2.4! corresponding
to distinct vibrational levels of the electronic ground sta
cease to be orthogonal.26 In this case the SLR rate betwee
these vibrational levels is nonvanishing because the vi
tions mix excited states, and the HF interaction correspo
ing to distinct vibrational levels is not exactly the same.
far as the direct and Raman SLR contributions are conce
one has12,15

dD
2 5BDr~n!T, ~3.22a!

dR
25BRf ~T!, ~3.22b!

where f (T) is given by Eq.~3.18!.
The relaxation rates (T2

mn)21 are given by Eq.~1.1!. Mak-
ing use of Eqs.~3.10!–~3.22!, the SLR timeslwdT1

mn of the
allowed transitions of Pb31 in calcite are given by

lwd~T1
0!215 lwd~T1

0!R
215k2, ~3.23a!

lwd~T1
14,23!215 lwd~T1

14!R
212

1

2
g2kR

22
1

4
a2g2~a22g2!2dR

2 ,

~3.23b!
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lwd~T1
12,34!215 lwd~T1

14!R
212

1

2
a2kR

22
1

4
a2g2~a22g2!2dR

2 ,

~3.23c!

lwd~T1
13!215 lwd~T1

13!R
212

1

2
kR

2 . ~3.23d!

lwd(T1
mn)R

21 are the values predicted by the Redfield theo

lwd~T1
14,23!R

215 lwd~T1
12,34!R

215k21
1

2
a2g2~a22g2!2d2,

~3.24a!

lwd~T1
13!R

215k21a2g2~a22g2!2d2. ~3.24b!

The SLR time corresponding to the pair of levelsm, n in Eq.
~3.7! is satT1

mn5Kmn
n 2Kmn

m . The SLR timesKk j
i are given

by a system of coupled equations29

(
iÞm

~2Kmn
m wmi1Kmn

i wim!5(
iÞn

~Kmn
n wni2Kmn

i win!51,

(
iÞ j

~Kmn
j wji 2Kmn

i wi j !50 ~ j Þm,n!. ~3.25!

By inserting Eq.~3.19! into Eq. ~3.25!, for207Pb31 isotopes
with HF interactions, the SLR timessatT1

mn in the approxima-
tion ~3.14! are16,26,29

satT1
12,345

1

k2 F11
a2k2

2g2@~a22g2!2d21k2#
G , ~3.26a!

satT1
14,235

1

k2 F11
g2k2

2a2@~a22g2!2d21k2#
G ,

~3.26b!

satT1
135

1

2a2g2@~a22g2!2d21k2#
, ~3.26c!

while for Pb31 isotopes without HF interactions,

satT1
05

1

k2
. ~3.27!

IV. ANALYSIS OF THE RELAXATION MECHANISMS

A. X, K, and Q microwave bands

As mentioned in the previous section, the coincidence
lwdT1

mn measured under nonsaturation conditions andsatT1
mn

obtained by continuous saturation method is true only fo
Kramers doublet with no HF interaction. Taking into accou
a recently formulated theory of spin relaxation predicti
this fact,25 the low-frequency EPR spectra of Pb31 in calcite
were investigated again using the results of a series of
periments that were previously made inX, K, andQ bands.16
5-5
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At relatively high temperature the line shape ofB0 is
entirely Lorentzian. Moreover, its linewidthDB0 is indepen-
dent of frequency and shows a temperature depend
which nicely follows Eq.~3.18!; therefore it was concluded
that only the second-order Raman relaxation by MSO c
tributes to the SLR process12,15 and from Eq.~3.23a! one
obtains

~T2
0!21>~T2

SS!211kRII
2 . ~4.1!

Since u.400 K, at low temperature,kRII
2 becomes negli-

gible in comparison with (T2
SS)21. From the observed line

width at 77 K, one can find the contribution of the spin-sp
relaxation rate as (T2

SS)215DB0
expt(77 K)5(0.6060.05)G,

where 1 G51.5253107 s21.
The linewidth of the transitions relative to the207Pb31

isotope exhibits a similar temperature dependence asDB0
expt.

Therefore also in this case, only second-order Raman S
processes are expected to contribute to the linewidths of
EPR transitions. As forDB0, at low temperature the contri
butions of the Raman SLR processes to (T2

mn)21 are negli-
gible in comparison with (T2

SS)21. However, the measure
linewidths DB2

expt5(1.0560.05) G and DB4
expt5(4.25

60.2) G are different from the values predicted by E
~3.6a! and ~3.6b! which are 0.8 G, and 3.2 G, respective
These experimental values were satisfactorily fitted introd
ing a strain of the HF tensordA(77 K)5(4.7060.25) G in
Eqs.~3.3!. The validity of this hypothesis was confirmed b
high-frequency measurements~see Tables II, III, and IV!.

At room temperatureDB0
expt5(15.060.5) G is constant

within error at all the investigated frequencies: namely, 9
GHz, 24.11 GHz, and 34.43 GHz. From Eq.~4.1! one obtains
kR

2(295 K)5(14.460.5) G. The resonance fieldB3 in theQ
band is about 0.2 T. At such value of magnetic field t
contribution given by Eq.~3.21! is very small, and the Ra
man relaxation process by MHF can be neglected. From
measured linewidthDB3

expt5(3662) G, by using Eq.~3.3c!
in Eq. ~3.1!, the strain of the HF interactiondA(295 K)
5(9.060.5) G was found. Taking into account the latt
contribution for the observed transition of Fig. 1~a!, Eq.

~3.23! gives the mean valuedR
2̄ (295 K)5(94.0610) G ~see

Table I!. This value is about 3 times smaller than that o
tained if one assumes16 lwdT1

mn> satT1
mn .

The Redfield theory, corresponding to putx50 in Eq.
~3.13!, is unable to reproduce correctly the experimental d
in the Table I. For example, according to Redfield theory,
calculated linewidthDB4 is 80.4 G. Neglecting the contribu

TABLE I. Calculated values for the Raman SLR contribution
MHF 1

4 dR
2 from the LWD analysis at room temperature of the lin

width DBi
expt of the EPR transitions inX, K, andQ bands.

Frequency~GHz! DBi
expt(G) 1

4 dR
2(G)

9.43 (X band! DB2
expt520.060.5 27.965

9.43 (X band! DB4
expt552.062 18.667.5

24.11 (K band! DB2
expt518.560.5 24.767

34.43 (Q band! DB2
expt517.060.5 23.067.5
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tion of the relaxation by MHF represented by the third te
in Eq. ~3.23c!, one obtains a value of 75 G which is still ver
different from the observed 52 G. Only by including terms
order higher than the second in the perturbation theory co
the observed linewidths reported in Table I be satisfacto
reproduced. One can also obtain a reasonable fit of the
served linewidth replacing in Eq.~1.1! lwdT1

mn given by Eqs.
~3.23! with satT1

mn given by Eqs. ~3.26!. In fact, since
( satT1

mn)21,( lwdT1
mn)R

21 , this substitution gives rise to nar
rower calculated values of the linewidths than those p
dicted by the Redfield theory. This was actually the hypo
esis made in the previous work.16 It is only the
multifrequency spectra and their analysis described in
article that evidenced the contribution of higher-order pert
bation terms in the spin relaxation process. As already sta
above, such terms correspond to puttingx> 1

2 in Eq. ~3.13!.

B. High-frequency high-field analysis

The LWD analysis of the low-frequency spectra report
above gave us some clues about the SLR processes ope
in the investigated system and the values ofkR

2 , dR
2 , and

(T2
SS)21. These values will be used hereafter. The transitio

observed at high frequency are reported in Fig. 1~b!. The
LWD analysis of these transitions at different temperatu
and frequencies is summarized in Tables II, III, and IV.

1. High-field multifrequency LWD analysis for Pb3¿ with IÄ0

The temperature dependence of the linewidth of theB0
transition at high frequency is similar to that found at lo
frequency. The room-temperature valueDB0.15 G is con-
stant within experimental error at all high frequencie
Therefore we can puthighT2

0> lowT2
0, where the superscript

low and high stay for the relaxation times measured at lo
and high frequencies, respectively. One can thus conc
that the linewidth of the Kramers doublet under conditions
negligible saturation depends, at all frequencies, only on
second-order Raman relaxation originated by MSO. InX, K,
and Q bands the broadening mechanism ofB0 is entirely
homogeneous and the shape is Lorentzian. There
DB0

low5DB0
L . At high frequency, the Lorentzian compone

DB0
L is the same measured at low frequency. Thus,

Gaussian contributionDB0
G is obtained from Eq.~3.1!.

In the low-temperature regime, high-frequency spec
show differences compared to the low-frequency ones.
high magnetic fields, the Gaussian contribution to the lin
width is in fact not negligible and has two components.
order to estimate the relative size of the two compone
given in Eq. ~3.2!, two crystals of different volume were
used. The two samples will be labeled with the superscripI
andII in the text and in the tables. Both samples were rho
bohedral and of dimensions of about 130.730.3 cm for I
and about 13130.5 cm forII , having thus roughly 2 times
larger volume. For the latter we observed aDB0

Gn value 2
times larger than that of the smaller crystal. This proves t
DB0

Gn is mainly due to the inhomogeneity of the steady ma
netic field. These data are reported in Table II, III and IV
DB0

GnII and DB0
GnI for the larger and smaller crystals, re
5-6
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TABLE II. Experimental and calculated linewidths of the EPR spectra of Pb31 in calcite at 95 GHz and
240 GHz and their temperature dependences for sample I.

Frequency~GHz! 95 95 95 95 95 240

T (K) 60I 110I 135I 180I 295I 225I

dA (G) 4.760.25 4.860.25 5.660.25 6.560.25 8.060.25
DB0

Gc(G) 20.260.1 20.260.1 20.2560.1 20.3060.1 20.460.1 21.0060.1
DB0

GnI(G) 0.260.1 0.260.1 0.260.1 0.260.1 0.260.1 0.460.2
dD

2 (G) 5.066 866 1266 1866 770680
DB0

calc(G) 0.7 1.25 2.9 6.35 15.0 9.0
DB0

expt(G) 0.860.1 1.3560.1 2.960.2 6.3560.2 14.961.0 9.060.2
DB1

calc(G) 3.8 4.30 6.10 9.65 12.45
DB1

expt(G) 3.760.2 4.1560.2 5.9060.2 9.9060.3 12.660.3
DB2

calc(G) 2.15 2.60 4.25 7.70 12.15
DB2

expt(G) 1.960.2 2.7560.2 4.560.2 7.860.3 11.960.3
DBi

calc(G) 2.25 2.60 3.85
DBi

expt(G) 2.460.2 2.6060.2 4.0560.2
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spectively.DB0
Gc is due to the strain of the Zeeman intera

tion and is given by Eq.~3.3a!. This Gaussian contribution
increases with a steady magnetic field intensity and temp
ture. Its values explain why at lower fields the Gaussian c
tribution DB0

G is negligible.
At T<77 K, the relaxation rates determined by MSO,k2,

are much lower than (T2
SS)21, and they cannot be measure

by linewidth analysis. It is well known in fact that at low
temperature, the Raman SLR processes become negligib
comparison with the direct processes. The SLR rate co
sponding to the direct relaxation process originated by MS
kD

2 , is reduced by a factor of (hn/D)2. Pb31 with a (6s)1

configuration has a ground state which is well isolated fr
the excited states. AlthoughkD

2 shows an4 frequency depen-
dence,hn/D and consequentlykD

2 are expected to be ver
small even at the frequencies used in this experiment. AT
,50 K the B0 transition becomes strongly saturated. Th
fact confirms that the SLR timesatT1

0 is very long. In this
01442
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case the saturation factor in Eq.~3.7! becomes very large
and the line is strongly broadened. In addition, the li
shows a Lamb dip especially for the second sample, beca
in this case the Gaussian contribution is more important.

2. High-field multifrequency LWD analysis of the perpendicular
detected transitions for207Pb3¿

At high frequency the LWD analysis of the EPR spec
relative to the spin multiplet207Pb31 shows new interesting
features compared with the low-frequency observation.
sides the contributions of the second-order Raman relaxa
mechanisms measured at low frequency, this analysis rev
a direct spin-lattice relaxation process by MHF,dD

2 , given by
Eq. ~3.22a!. For the perpendicular detected transitions,

~ highT2
14,23!21>~ lowT2

23!211
1

2
a2g2~a22g2!2dD

2 . ~4.2!
ces
TABLE III. Experimental and calculated linewidths of the EPR spectra of Pb31 in calcite at 190 GHz and their temperature dependen
for samples I and II.

T (K) 20I 35II 50II 60I 110II 140II 175I 200II 255II 295I

dA(G) 4.7060.2 4.7060.2 4.7060.2 4.7060.2 4.8 5.4 6.260.25 6.860.2 8.160.2 960.5
DB0

Gc(G) 20.560.1 20.560.1 20.560.1 20.560.1 20.560.1 20.660.1 20.660.1 20.760.1 20.860.1 21.060.2
DB0

GnI(G) 0.460.1 0.460.1 0.460.1 0.460.1
DB0

GnII(G) 0.760.1 0.760.1 0.760.1 0.760.1 0.760.1 0.760.1
dD

2 (G) 35.064 6065 90610 110610 200620 270625 327630 360635 450645 560650
DB0

calc(G) 1.25 1.0 2.1 3.1 6.35 7.85 11.9 15.0
DB0

expt(G) 3.760.2 1.2560.1 1.0560.1 2.360.2 3.260.2 6.3560.2 7.9060.3 11.960.4 15.460.5
DB1

calc(G) 3.15 3.05 4.15 5.7 8.6 10.6 15.05 18.5
DB1

expt(G) 6.260.3 3.060.2 2.8560.2 4.260.2 5.660.3 9.160.3 10.160.4 15.060.5 18.060.7
DB2

calc(G) 3.0 2.90 3.95 5.0 8.65 10.0 14.35 18.4
DB2

expt(G) 2.8060.2 2.7060.2 3.860.2 5.260.3 8.760.3 10.060.4 14.460.5 18.260.7
DBi

calc(G) 1.35 1.55 1.75 1.80 3.2 4.6 6.85
DBi

expt(G) 1.560.15 1.5560.15 1.9560.2 1.8560.15 3.2560.2 4.860.3 6.8560.3
5-7
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TABLE IV. Experimental and calculated linewidths of the EPR spectra of Pb31 in calcite at 285 GHz and their temperature dependen
for samples I and II.

T (K) 50I 50II 85II 110I 135II 150II 180II 230I 295I

dA(G) 4.760.25 4.760.25 4.760.25 4.860.25 5.260.25 5.760.25 6.560.25 8.160.25 9.060.5
DB0

Gc(G) 20.760.1 20.760.1 20.760.1 20.860.15 0.8560.2 0.960.2 1.060.2 21.360.2 22.060.3
DB0

GnI(G) 0.560.1 0.560.1 0.560.1 0.560.1
DB0

GnII(G) 1.060.2 1.060.2 1.060.2 1.060.2 1.060.2
dD

2 (G) 200650 200650 300650 400650 470650 520650 700675 10706100 13506100
DB0

calc(G) 1.05 1.45 1.5 1.70 3.0 3.9 6.5 9.8 15.0
DB0

expt(G) 1.160.1 1.5560.15 1.7060.2 1.960.2 3.260.2 4.260.25 6.660.25 9.860.3 14.861
DB1

calc(G) 2.55 2.80 2.85 3.25 4.65 5.75 8.35 13.05 18.4
DB1

expt(G) 2.660.2 2.8060.2 3.160.25 3.360.25 4.9560.3 5.660.3 8.760.35 13.1560.4 18.661
DB2

calc(G) 3.1 3.20 3.45 3.75 5.6 6.25 9.0 13.45 18.4
DB2

expt(G) 3.160.2 3.060.2 3.3560.2 3.7560.2 5.460.3 6.560.25 8.960.35 13.7560.4 17.561
DBi

calc(G) 1.45 1.95 2.35 2.8 3.6 4.4
DBi

expt(G) 1.2560.2 2.0560.2 2.260.2 2.660.2 3.3560.3 4.260.4
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Figures 3~a! and 3~b! illustrate the temperature depe
dence of the linewidth for the perpendicular detected tra
tion B1 measured at 190 and 285 GHz, respectively. At b
frequencies Eq.~4.2! gives a satisfactory fit of the exper
mental data. Analogous results were obtained for the perp
dicular detected transitionB2. The second term on the righ
hand side of Eq.~4.2! shows a linear dependence o
temperature and thus corresponds to a direct SLR pro
~see Tables II, III, and IV!. It must be originated by MHF for

FIG. 3. Temperature dependence ofDB1 ~a! at 190 GHz and~b!
at 285 GHz. The solid lines are calculated with the present the
The dashed lines are calculated without the contribution of the
rect relaxation process by MHF. The experimental and calcula
values do not include the magnetic field inhomogeneity.
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two reasons:~i! DB0 does not exhibit similar effects and~ii !
it has approximately a linear dependence onn2. Figure 4
shows the frequency dependence of the relaxation by M
at T5100 K. At this temperature, the Raman relaxation co
tribution by MHF is very small compared to the direct rela
ation process by MHF. The observed frequency depende
can be explained by Eq.~3.22a!. A direct relaxation mecha-
nism by MHF is expected to be proportional to the phon
spectral density of the latticer(n). In the Debye approxima-
tion at low frequencyr(n) has an2 dependence.12,15 At 95
GHz, the observed linewidth is smaller than the calcula
value ~see Fig. 4!. This fact shows that, as observed by i
frared spectroscopy,30 at relatively high frequency,r(n) has
not exactly an2 dependence. The direct relaxation proce
by MHF dominates the SLR rates atT,100 K. At frequen-
cies higher than 95 GHz, the direct SLR rate dominates o
Raman relaxation process by MHF. At 95 GHz and hi
temperature, these two processes are instead of compa
size.

At T,50 K, the perpendicular detected transitionsB1,
andB2 are, as theB0 transition, strongly saturated@see Table
III and Fig. 3~a!#. In this condition in fact for207Pb31 ions
the direct relaxation rate by MHF is much faster than t
relaxation rate by MSO, i.e.,d2@k2, and from Eq.~3.26b!,

y.
i-
d FIG. 4. Frequency dependence at 100 K of the direct relaxa
rate by MHF.
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sat~T1
14,23!21>~T1

0!215k2. ~4.3!

At high temperature, the Raman SLR process is imp
tant. The Lorentzian linewidths of the perpendicular detec
transitionsB1 and B2 are expected to be narrower than t
values predicted by the Redfield theory. However, sincedR

2

!dd
2 and at high magnetic fieldsg2!1, the contribution of

the perturbation terms higher than the second order is ne
gible. Moreover, since the distance of the resonance field
the two HF componentsB1 andB2 is about 1.4 T~38 GHz!,
g2(B2),g2(B1). Although g2!1, the contribution to the
Lorentzian linewidth of the direct relaxation by MHF is im
portant, as shown in Fig. 3, becausedd

2 is very large at 190
and 285 GHz. Consequently, from Eqs.~3.6a!, ~3.21!, and
~4.2!, at all the frequenciesDB1

L.DB2
L . The fact that, at 285

GHz,DB2 is slightly larger thanDB1 ~see Table IV! is due to
a Gaussian contribution. The linewidths of the perpendicu
detected transitions were satisfactorily fitted, allowing cor
lation among thedg and dA parameters in Eq.~3.3!. The
minus sign fordg compared todA in Tables II, III, and IV
means thatdg anddA have opposite signs. This is the reas
why at 285 GHz, beingDB2

Gc.DB1
Gc , DB2 is a little larger

than DB1. For the perpendicular detected transitions in E
~3.2!, (DB1,2

Gc)2@(DB1,2
Gn)2.

3. High-field multifrequency LWD analysis of the parallel
detected transition for207Pb3¿

Due to the experimental configuration and in particu
the lack of a resonator in the high-frequency spectromete
was possible to observe the parallel-detected transition
far as the contributions of the different SLR mechanisms
concerned, there are two important differences between
parallel- and perpendicular-detected transitions. The first
is related to the contributions of the different SLR proces
to the Lorentzian components of the linewidth under nons
uration conditions. The second difference concerns the s
ration of these transitions.

In Fig. 5 is shown the temperature dependence of
linewidth of the parallel transition at 190 and 285 GHz. T
solid line is calculated with Eq.~3.23d!, while the dashed
line is calculated not including the contribution of the dire
SLR processdD

2 . As one can see in Figs. 3, and 5, and
Eqs. ~3.23!, ~3.24!, and ~3.20!, the contribution to the line-
width of dD

2 is 2 times stronger for the parallel- than for th
perpendicular-detected transitions. At high temperature,
contribution of the direct process to the linewidth is comp
rable to that of the Raman process. AtT,77 K, the contri-
butions of the Raman SLR processeskR

2 anddR
2 to the line-

width are negligible. The direct processdD
2 defined in Eq.

~3.22a! instead contributes significantly to the linewidth
Bi even at lower temperatures. This is the reason why at
GHz, theBi line becomes narrower by decreasing the te
perature from 60 K to 20 K~see Table III and Fig. 5!.

At low temperature the perpendicular-detected transiti
are much more easily saturated than the parallel one. AT
,50 K, in fact,d2@k2. Thus, from Eq.~3.26c!, for the Bi
transition,
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sat~T1
13!21>2a2g2~a22g2!2d2. ~4.4!

The ratio between the saturation factors relative to
perpendicular- and parallel-detected transitions is

^p14
2 &~T2

14!21T1
14

^p13
2 &~T2

13!21T1
13

>
a2~a22g2!2b'

2 d2

2buu
2k2

>
b'

2 d2

2buu
2k2

@1,

~4.5!

because atn.95 GHz, a2@g2, and in our experimenta
setup the perpendicular and parallel components of the m
netic amplitude of the oscillating field in the sample are co
parable.

As a result, the LWD analysis and the saturation of t
EPR transitions in our system confirm that the direct S
process by MSO,kD

2 , is negligible in comparison with the
direct SLR process by MHF,dD

2 . Similar results were ob-
served for other Kramers ions.31,32

At high fields, the contributions of the perturbation term
higher than the second order to the Lorentzian linewidth
the perpendicular-detected transitions are negligible. On
contrary, for the parallel-detected transition this contributi
is very important, as shown in Eq.~3.23d!. Figure 5 shows
that at 190 GHz and 285 GHz the Redfield theory, rep
sented by the dotted line, predicts larger values ofDBi than
the measured ones, especially at high temperature.

Besides the Lorentzian contributions, Gaussian contri
tions have been considered.DBuu

Gn depends on the sampl
dimension, whileDBuu

Gc is given by Eq.~3.3d!. Sincedg and
dA are correlated and have opposite signs, at 285 G

FIG. 5. Temperature dependence ofDBi ~a! at 190 GHz and~b!
at 285 GHz. The solid lines are calculated with the present the
The dashed lines are calculated without the contribution of the
rect relaxation process by MHF. The dotted lines correspond to
Redfield theory. The experimental and calculated values do no
clude the magnetic field inhomogeneity.
5-9
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(DBuu
Gc)2!(DBuu

Gn)2. Therefore as far as the Gaussian co
ponent at 285 GHz is concernedDBuu

G>DBuu
Gn . DBuu

GnII is
about 2 times larger thanDBuu

GnI , which explains the differ-
ence reported in Table IV between the linewidths observe
285 GHz for the two samples at 50 K. At all the used fr
quencies and for all the transitions,DBi

Gn>xI ,II 3Bi . For
the smaller crystalxI>0.531025, while for the larger one
xII >1025. As the larger crystal is a rhombohedron of abo
1 cm, we obtained a value of the homogeneityx of the mag-
net of about 10 ppm in a 1-cm-diam spherical volume, wh
confirms the specification of the supplier~Oxford Instru-
ments, U.K.!.

dg and dA have temperature dependences analogou
that of the HF interaction,13

dA~T!5dA~0!S 11da coth
\vR

2kTD , ~4.6!

and an analogous expression fordg, wherevR is the fre-
quency of the resonant mode associated with the lead im
rity in calcite. In the above equations\vR>uk, whereu can
be found from the temperature dependences of the Ra
SLR processes given by Eq.~3.18!. While A decreases if the
temperature increases,dg and dA both increase with the
temperature. The vibration mode mixes excited states
the grounds orbital of the Pb31. Consequently, thes char-
acter decreases, and the Fermi contact HF interactionA de-
creases too. The lower-symmetry positions due to the lo
defects generate a similar effect. Thus,dA(0) corresponding
to the static local defects andda corresponding to the
changes in the vibration properties due to the local defe
have the same signs. For Pb31 in calcite,guu andg' are both
larger than the free-electrong value 2.0023. An increasing o
g corresponds to a decreasing of thes character of the Pb31

orbital and to a decreasing ofA. That is whydg anddA have
opposite signs in Eqs.~3.3!. The fact thatdg and dA are
correlated in Eqs.~3.3! proves that they have the same phy
cal origin. Therefore it is expected thatdg anddA strains are
mainly due to a large resonant mode of frequencyvR. This
normal mode dominates the vibration properties of the P31

impurity in calcite. Consequently, all three dynamic effe
in the EPR spectra of Pb31 in calcite—the temperature de
pendence of the HF interaction, of the Lorentzian, and of
Gaussian linewidth—are correlated with the presence of
resonant mode.

V. CONCLUSIONS

EPR studies in a wide temperature and frequency ra
allowed a detailed investigation of the relaxation process
multilevel spin system. The different mechanisms opera
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in the SLR phenomena could be disentangled by this mu
frequency study and the related theory25 successfully tested
From the LWD analysis of the HF2EPR spectra of Pb31 in
calcite we can draw the following conclusions:~i! The high-
frequency Lorentzian component of the linewidth corr
sponding to the Pb31 with zero nuclear spins is the same
that measured at low frequencies. However, unlike the lo
field case, at high fields there is a Gaussian component
to the strain of the Zeeman interaction and the inhomoge
ity of the magnetic field.~ii ! For 207Pb31, which is a multi-
level spin system, there are two relevant new features:~a! the
direct relaxation mechanism by MHF significantly contri
utes to the linewidths even at room temperature and~b! the
SLR time of a simple transition measured from the linewid
under conditions of negligible saturation could be very d
ferent from that measured by the continuous satura
method.~iii ! Since the frequency of the oscillating field
higher than the zero-field splitting, it becomes possible
observe and analyze the parallel-detected transition. T
analysis makes a clear distinction between the contribu
of the SLR mechanism originated by the modulation of t
HF interaction and of the spin-orbit interaction to the lin
width of the parallel- and perpendicular-detected transitio
Concerning this distinction we emphasize the following:~a!
the contribution of the Raman relaxation mechanisms
MSO to the linewidth of the parallel-detected transition is
times weaker than the contribution to the linewidth of t
perpendicular-detected transitions. This is in agreement w
a recent theory of relaxation.25 ~b! The contribution of the
direct relaxation rate by MHF is 2 times larger for th
parallel-detected transition than for the perpendicul
detected transitions.~c! A much more important difference
was observed for the SLR times that characterize the sat
tion of these transitions at low temperatures. Thus,
perpendicular-detected transitions are much more easily s
rated than the parallel-detected transition. This proves
although the SLR times obtained by different methods
pend only on the SLR rateswi j , their measured values coul
be very different.
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