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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 P 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 rela@tiBhmechanisms 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 featayethe 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.
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[. INTRODUCTION sensitive to some dynamic effects such as those generated by
the lattice vibrations. The Bb ions substitutionally replace
The applications of the high-frequency high-field electronC&* ions in the CaC@ lattice. Since Pb mass is about 5
paramagnetic resonance (HEPR) spectroscopy have been times that of Ca, the vibrational properties of’Pbn calcite
thoroughly illustrated and discussed in the literattitéMost ~ are characterized by a large-amplitude resonant mode. The
of the authors agree on a number of real and/or potentidptter is in turn the origin of the strong temperature depen-
advantages offered by HEPR techniques compared to con- dence of the EPR linewidths.At relatively high tempera-
ventional EPR. The potentialities of FIEPR in the study of tures,ﬁghe spin lattice relaxatidSLR) times are of the order
the relaxation mechanisms in paramagnetic systems inste&i 10 ~—10"" s or even shorter. These extremely short val-
have not been thoroughly explored up to date?EFR of-  UeS represent the main obstacle to the direct measurement of
fers the possibility to undertake the study of relaxation
mechanisms with a multifrequency approach in a broad
range of frequencies and temperatures. This is particularly
desirable for multilevel spin systems which show important
differences compared to simple two-level spin systems such
as those originated by a single unpaired electron without a
hyperfine(HF) interaction. An example will presented here
that, as a consequence of its simplicity, can be considered a
school case in the investigation of the many different mecha-
nisms that can affect the paramagnetic relaxation in a multi-
level spin system. The relaxation properties of théPion B
in irradiated calcite will be investigated by linewid(bWD)
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analysis of continuous-wave KEPR spectra in a range of 8

frequencies going from 95 to 285 GHz. Due to thet @lec- % 61 11//%1/1%2
tron configuration of the PB ion, the HF interaction is % 4 )
dominated by the Fermi contact term and is thus unusually T 2

large compared to that observed in transition-metal {n% < 0]

The HF interaction of Pb in calcite is about 38 GHZ S 2

larger than conventional microwave ban@—35 GH2. Q4 1pan
Thus, using frequencies in the 95-285 GHz range we were 2 61 12122
able to study a larger number of transitions than in conven- = 430 7 4 6 & 10 b

tional electron paramagnetic resonar&?R). The transi-
tions observable at high frequency and those observable in
the conventionak, K, andQ bands of the microwave spec-  FIG. 1. Energy levels and EPR transitions of Plin calcite.(a)
trum are reported in Fig. 1. The large HF interaction is veryX, K, andQ bands,(b) 95-285 GHz.
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the SLR times by standard pulse or cw methods. If the hopresent in a percentage of 22.1, while the other isotopes of
mogeneous broadening mechanisms are dominant, the LWibe metal havé=0. The PB™ EPR spectrum has been stud-
analysis at high temperatures allows the measurements of tled in the conventional microwave frequency bands in sev-
SLR times!* The processes operative in electron relaxatioreral diamagnetic lattice’s:*® It has been investigated in cal-
are many and often overlapping. For a Kramers doublet, theite in X, K, andQ bands:>®

direct and first-order Raman relaxation mechanisms by Calcite contains a combination of elemeriGa, O, Q
modulation of the spin-orbit interactiofMSO) depend with a very low natural abundance of nonzero nuclear spin
strongly on the frequency of the oscillating field. The isotopes. As a result, the EPR lines do not show inhomoge-
second-order Raman relaxation processes are, instead, indeous broadening due to a superhyperfine interaction. In ad-
pendent of frequency, but strongly dependent ondition, the highly isotropic character of the EPR spectra of
temperaturé®® In conventional EPR9-35 GH3, for di- P leads to negligible mosaic structure effects and to iso-
luted paramagnetic solids at relatively high temperaturestropic broadening mechanisms. For the LWD analysis this is
only the second-order Raman processes have been put am important simplification. Consequently, the line shape of
evidencet?14-18 This work will evidence that at high fre- the different transitions does not show sizable angular depen-
guency, even at room temperature, the direct relaxationlence and has a dominant Lorentzian character.

mechanism by modulation of the HF interactiMHF) sig- The appropriate spin Hamiltonian féf"PB** is
nificantly contributes to the linewidths. R
Three different methods are generally used to measure the H=BBgS+BAI—g,3,Bl. (2.1

SLR time: (i) the saturation recovery methodi) the con- The first term represents the electronic Zeeman interaction,

tinuous saturation method, afi) linewidth analysis under the second the HF interaction, and the last the nuclear Zee-

negligible saturation conditions. In the case ofSan1/2 spin . ion. This Hamiltoni b v di |

system with no HF interaction, these three methods give tha'a! Interaction. This Hamiltonian can be exactly diagonal-

same result within ex erimenial error. Consequently, in thézed for magnetic field orientations along principal a¥es
. P ) quently, if the g andA tensors are collinear. When the static magnetic

analysis of SLR for a simple two-level system a unique SLR.. |, " : a1

. : . d ! field is along thez axis andl = S= 5 the energy levels of the

time T is generally introduced. For a spin system with mOre . om are given by the Breit-Rabi formula

than two levels this condition does not hold anymore and theY 9 Y

three methods can give different values of the measured SLR A1 1

times. In the temperature range in which the EPR line corre-  E; 3= — ZZ Iz\/(gZIBB)Z(l-F 8%+ Z(AX+AV)2’

sponding to a simple transition between the levelandn is

homogeneously broadené&l, (229
mn —1 SS -1 lwdTmn —1 AZ—l 2 2 1 2
(T30~ = (T3 + (T 7, (1D Eza= 75\ (9:8B)%(1- 8+ 7 (A—A))%,
where (1597 and (9T ! are the contribution to the (2.2b
linewidth of the spin-spin and of the spin-lattice relaxationwhere §=g,,8,/98.
processes, respectively. The superschpd indicates the PB*" in calcite shows an axial EPR spectrum with very

SLR times measured by LWD analysis under negligible satusmall anisotropy. At theX band and 77 K the spin Hamil-
ration. The first is usually temperature independéror a  tonian parameters dr’eg”=2_0046t 0.0002, A|=(37.868
spin system with a number of leves>2, in the saturation ~ +0.005) GHz, g, —g;=0.0019-0.0002, and A, —A,
recovery method, the return to equilibrium is described by=(0.030+0.001) GHz. Therefore, to a good approximation,
K—1 exponential term&!® The K—1 time constants are

not simply related t49TT"" or to the S3T"" measured by the 9:=09x=0y=0, A=A=A=A. (2.3
continuous saturation method'T{" and"“TY'" can in tumn | this approximation, the wave functions corresponding to
be different. For instance, it will be shown that the contribu-the |evels(2.2) are

tion of the relaxation mechanism by MHF to the SLR times

defined above can be very different for some transitions in- ~1 1\ 1 _1 1
volved in the considered four-level system and, in particular, Viz=a +§,i§ +Y i§,+§ v Woum R TR
for the parallel-detected transitions. (2.4)

where the usudimg,m;) set of states was adopted as a basis
of the spin space, and where

The calcite single crystals used in the present series of
experiments are-ray-irradiated specimen(gith doses up to
1 Mrad), containing PB" as an impurity. The optical and
neutron activation analys&shave indicated a low concen-
tration of impurities such as Zn, P, and Mn, the most abun- Let us denote by, B,, B;, B4, andB the resonance
dant being Pb#0.1%). The configuration of Bb is 6s'  fields corresponding to the transitions shown in Fig. 1, be-
and gives rise to aRS ground term. The system shows thus tween the levels 4 and 1, 3 and 2, 2 and 1, 4 and 3, and 3 and
nearly isotropic EPR spectra. TR&'Pb isotope witH =3 is 1, respectively, and b, the transition corresponding to

II. SPIN SYSTEM AND THE EXPERIMENTAL RESULTS

98B

a’+y*=1, a’=5|1l+ —
7 [(gBB)2+AZ]V2

. (29
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6632 6635 7.380 7.383 contributions to the peak-to-peak linewidth of tHane AB;,
B, Bo then the expression
5 (ABP)2+0.808BCAB} +0.4621 ABf)?2
" ' ABS+0.46210B-
'§ (3.
E gives an accuracy of better than 1%A0B; for bothABiL and
x25 %300 x1 x25 G
£
®©
A. Gaussian contribution
Beyond the contribution given by the strain of the spin
i By B, Hamiltonian parameters indicated in the followingB°°,
602 6.025 6770 6.773 other effects can contribute ta\BF), which can be conse-
B (Tesla) quently expressed as
FIG. 2. The EPR spectrum of Pbin calcite at 190 GHz and ABiGZ \/(ABiGC)Z-i-(ABiG”)Z. (3.2

110 K.
ABS" can be, for instance, the contribution of the inhomo-

the Kramers doublet due to the Pb isotopes with0. As  geneity of the static magnetic fieldB"=x-B;, wherex
shown in Fig. 1a), because of the large HF splitting, at tke depends on the dimension of the sample.

band it is possible to observe only the linesByt, B,, and Using approximation(2.3) in Egs. (2.2), the Gaussian
B,,'®and in theK andQ bands those &, B,, andB;.'°At contributions to the linewidths due to the strain of the EPR
high frequency we observed the linBg, B;, B,, andB parameters at&
[see Figs. (b) and J. In the following the peak-to-peak

linewidths of the above transitions will be denoted/; , Ge_|_ @

with i=0-4, and|. 480 ‘ g >0 (333
The EPR measurements have been performed over the

range of temperature from 20 K to 300 K and at 95, 190, Ge 69 SA [ AP

240, and 285 GHz using an ultrawide-band EPR spectrom- ABrz= g By 27298 1+m ., (33D

eter operative at a HEPR infrastructure located in Pisa

(Italy).?° The typical appearance of the four main lines of the 59 SA A2

spectrum at 190 GHz and 100 K is reported in Fig. 2. The ABSS=| - _B3’4_ﬁ< 1- m) ,  (3.30

spectrometer allows multifrequency experiments by using a 9 9

single-pass probehead. At 95, 190, and 285 GHz the source 59 SA A

is a Gunn effect diode. At 240 GHz we used a homebuilt ABSC=| — —Bj— = —= (3.30

g9 98 98By

source: a C@pumped far-infraredFIR) laser especially op-

timized for a millimeter k_)ana‘? T_he magnet system is a su- where 5g and SA corresponds to thg andA strain, respec-
perconductor magnet with maximum field of 12 T. The ho-jely. For a given paramagnetic center these strains could be

mogeneity of the magnet is about 10 ppm in a 1-cm-diantrrelated when they have the same physical origin.
spherical volume. The sweep coil was used in the low-

temperature regime where some of the lines become very B. Lorentzian contribution

narrow.
The spin-spin relaxation rateT§) ! is expressed as a
function of the peak-to-peak derivative Lorentzian linewidth
Ill. LINE SHAPE ANALYSIS AB by15'22
The line shape of P8 EPR spectra in calcite has a domi- (T,)~t=7.62x 10°gAB sec *, (3.4)

nant Lorentzian character. However, because of the spin
Hamiltonian parameter strain caused by local defects in thevhereAB' is in gauss, and is the spectroscopic factor. For
lattice or by the inhomogeneity of the static magnetic field,a multilevel spin manifoldg can be defined ad(hv)/BdB,
the line shape has a degree of inhomogeneous broadeninghereB is the static magnetic field andis the frequency of
which is reflected in a Gaussian contribution to the line-the applied electromagnetic field. Therefore,
width.

In order to analyze the contribution of the SLR processes d(hv)
to the linewidth, one needs to separate the Lorentzian from BdB
the Gaussian contribution. Stonetfangave a simple and
accurate expression to deconvolute the two contributions. If The spin-spin relaxation raté€8.5) of the allowed transi-
ABF andAB? are, respectively, the Lorentzian and Gaussiartions reported in Fig. 1 become

(T,) 1=7.62x10°gABt (3.5

014425-3
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(TE423-1=7 62x 10°gABL .02, (3.6a  where the SLR ratevy,, is the sum of two components)
’ wP _ corresponding to the direct SLR processes @ndvy ,

(T323%71=7.62x 10PgA B} 42, (3.6p  corresponding to the Raman relaxation processes:
(T 1=7.62<10°gAB}(a®— %), (3.60 Winn= W+ Win. (312

(T9™ ! represents the Lorentzian linewidth of a simple The off-diagonal elements of the relaxation matrix are
transition in a frequency sweep experiment, whﬁIBi'- rep-

resents the Lorentzian linewidth in a magnetic field swee 1 1
experiment. ’ P Rip="— EWEP_ E(l_X)WED' (3.13
If the electromagnetic field is near tim«~—n resonance,
the microwave power absorbed by the sample is It was demonstratéd that the Redfield theory and the
theory of relaxation based on the dressed-state formalism are
_ 2(En— E)(Np = NO(pa) (T3 1 equivalent in the second order of perturbation where, in Eq.
m“_Awﬁm_i_(Trznn)—2+2<pﬁm>(Tr2nn)—l(sat—l—rlnn)’ (3.13, x=0. However, it was shown that in the dressed-

(3.7) state formalism, perturbation orders higher than the second
give nonvanishing contributions to the off-diagonal elements

where (T9'") ~* is the Lorentzian linewidth given in our case of the relaxation matrix corresponding to the second-order
by Egs.(3.6). **'T]"" is the SLR time measured by the con- Raman relaxation mechanism. In this case, in Bql3, x
tinuous saturation methoé&,,, E,, and Nom, Nﬂ are, respec- =3. Therefore considering negligible all perturbation terms
tively, the energies and populations of the two levels in-higher than the second-order terms as assumed by Bfoch,
volved in the transition at thermal equilibrium.w, is the  Redfield?®and Abragarff is correct only for a Kramers dou-
deviation of frequency from the resonance condition anddlet without a HF interaction. In fact the relaxation matrix

(p2,) the mean-square value of the Rabi frequency given bjor a two-level spin system contains only pseudodiagonal
elements, and the conditigp=0 is always verified.

5 ) ,(98b,)? For PB*, only two SLR mechanisms are expected to be
(p1y=(P2d=a Tapz operative: the first one is originated by MSO and the second
by MHF 1626 At high temperature,
2 2 (ngL)Z 2 (ngH)Z _
(p12>=<p34)=727, <p13>:4a27’2W, EnkTEm<1’ (3.14)
(3.9

whereb, andb are the perpendicular and parallel compo-and according to Eq(3.11), Wiy=Wypy. For the lead iso-
nents of the applied electromagnetic field with respect to théopes withl =0, the SLR rate is
static magnetic field.
If the line is not saturated, the Lorentzian linewidth of the Winso= K5 +Ka= k2. (3.19
m« n transition can be expressed in terms of the relaxation
matrix elements asTh'") ~*= — Ryn, 2> with The first term corresponds to the direct relaxation process
by MSO, which involves phonons at the same frequency of
Rmn=RoS+R5E (3.9 the applied electromagnetic field If the condition(3.14) is
SS SL . . . . fulfilled,12'15
whereRy; and Ry, represent the spin-spin and spin-lattice
contributions, respectively. The second term of the right- 2 _ 2
hand side in this equation can in turn be expressed as Kp=Cop(¥)vT, (3.19

wherep(v) is the phonon spectral density of the lattice at the
RE]IB: E RMM4- 2 ng f_requencyv. Thev? dependence is due to the breaking of the
p#n p#m time-reversal symmetry of the Kramers doublet by the elec-
tronic Zeeman interaction. The second contribution in Eq.
3.15 is due to the two-phonon relaxation processes. The
rst- and second-order Raman processes by MSO repre-
sented byk3, andkZ,, have also different sizes. In particular
the first is aské at a reduced rate of the ordehu/A)?,

where theR[ are the real parts of the relaxation matrix
elements. The pseudodiagonal elements of the relaxation m
trix due to the SLR processes are

1 1
RMN= — >Wmn, RIM= — >Wam, (3.10  making it usually negligiblé? A being a crystal field split-
ting. The Raman SLR processes have a strong temperature
with dependencé(T) and involve the entire phonon spectrum of
the latticé®:
Wnm En—Em
wmn—exﬁ{—m } (313 k&=KZ = Cf(T), (3.17

014425-4
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wherek3, has been neglected. From the best fit of the tem-

) 1 1
perature dependence of the EPR linewidths ot Pim cal- " (T1>39 1= "4(TiH — Eazké— Za27z(a2— y?)2d3,
cite, f(T) was found to b¥ (3.230

f(T)=

0 -1
eXF{ T) — 1} , (31& IWd(Ti3)71: IWd(T%3)|;1_ %k% (323d

which well agrees with the temperature dependence of th@vq
HF interaction'® This behavior is due to anharmonic effects.
These effects are typical for paramagnetic impurities affect- 1
ing the vibrational properties of the lattié¢”-?®and, in par- Iwd( 1423 -1 wd(T1234 21124 = 02,2042 2)2(2,
ticular, point to the presence of a large-amplitude resonant 2
mode involving the PY' ions. (3.249
For Kramers doublets with a large HF interaction, if the
condition (3.14) is fulfilled, the corresponding SLR rates

aret®

(T'"M g are the values predicted by the Redfield theory:

IWd(Ti3)§1:k2+a2,y2(a2_ 72)2d2. (324b

The SLR time corresponding to the pair of leveisn in Eq.

Wi =Wy = a2K2, Wog=Wap= a?k?, (3193 BDis saT=Kn —Kn,. The SLR timesKj; are given
by a system of coupled equatidiis
W1o=Wo 1= 'yzkz, W34EW43: ’yzkz, (3196 . .
2 2, 2 2242 E (_Kmnwmi"'KlmnWim):z (Knmani_KlmnWin):l,
W13= W3 = W= @y (a”— )%, (3.190 i#m 1#n
W 40=W,,=0. (3.199

> (Khawi—KLwi)=0 (j#mn). (3.29

Wnni IS due to the direct and Raman relaxation by MHF
(Ref. 26: By inserting Eq.(3.19 into Eq. (3.29, for’PB** isotopes
B P . with HF interactions, the SLR tim&TT'"in the approxima-

Wihi=a“y (a“—y9)%d%, d°=dp+dz. (320  ion (3.14) ard®26:29

Wpmns depends on the steady magnetic field thréfigh

Nl P o , (3.263
az'yz(az— yz)zz (gﬁB)ZAZ | (3.20 k2 | 272[((12_ ,y2)2d2+ k2]_
4[(gBB)*+A?]?
. . _ 1 'y2k2
It must be pointed out that,,,,; is nonvanishing because the SatTi4'23:—2 t =5 5|
wave functions¥'; and ¥, given by Eq.(2.4) corresponding k°l  2a(a”—y9)°d"+k7]

to distinct vibrational levels of the electronic ground state (3.26h

cease to be orthogonl.In this case the SLR rate between

these vibrational levels is nonvanishing because the vibra- satrl3 1

tions mix excited states, and the HF interaction correspond- =57 2. 2\242 4 1.27] (3.269
) = - ; 207y (a”— y9)d +k7]

ing to distinct vibrational levels is not exactly the same. As

far as the direct and Raman SLR contributions are concernagile for Pb* isotopes without HF interactions,

one ha¥*®

1
d3=Bpp(»)T, (3.223 T (3.27)
d2=Bgf(T), (3.22h

wheref(T) is given by Eq.(3.18. IV. ANALYSIS OF THE RELAXATION MECHANISMS

The relaxation ratesT(;") ~* are given by Eq(1.1). Mak- A. X, K, and Q microwave bands
; H lwdrmn
ing use of Eq.s.(3.1®—(;§2.), the SLR times™“T7" of the As mentioned in the previous section, the coincidence of
allowed transitions of in calcite are given by wdTmn measured under nonsaturation conditions @™

obtained by continuous saturation method is true only for a
Kramers doublet with no HF interaction. Taking into account
a recently formulated theory of spin relaxation predicting
this fact?® the low-frequency EPR spectra of Pbin calcite
were investigated again using the results of a series of ex-
(3.23h periments that were previously madeXnK, andQ bands'®

IWd(Tf{)fl: IWd(Tg)al: k2, (3233
lwd/ 714,23 —1_ lwd,/ 714, —1 1 21,2 1 2.2/ 2 2\242
(Tl'% ="(T)r =5 vkr— 72y (a”—y)dg,

2 4
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TABLE I. Calculated values for the Raman SLR contribution by tion of the relaxation by MHF represented by the third term
MHF %d2 from the LWD analysis at room temperature of the line- in Eq. (3.230, one obtains a value of 75 G which is still very

width ABP*™ of the EPR transitions iiX, K, andQ bands. different from the observed 52 G. Only by including terms of
L order higher than the second in the perturbation theory could
Frequency(GH2) ABP(G) 7dR(G) the observed linewidths reported in Table | be satisfactorily

reproduced. One can also obtain a reasonable fit of the ob-

9.43 (X ban AB$®=20.0+0.5 27.9+5 ST o :
0.43 g bang Aéexpt: 52 00 2 186+75 served linewidth replacing in Eq1.1) "W9T"" given by Egs.
24.11 K band ABgipE 185105 24707 (3.23 with ST given by Egs.(3.26. In fact, since
. . . fyjus _ -1 . . . . .
34.43 Q band ABZP=17.0+0.5 23.0£75 (saTPM i (WdTM 21 this substitution gives rise to nar-

rower calculated values of the linewidths than those pre-
dicted by the Redfield theory. This was actually the hypoth-
At relatively high temperature the line shape Bf is  €Sis made in the previous wotk. It is only the
entirely Lorentzian. Moreover, its linewidthB, is indepen- ~ multifrequency spectra and their analysis described in this
dent of frequency and shows a temperature dependené’é’fide that evidenced the contribution of higher-order pertur-
which nicely follows Eq.(3.18); therefore it was concluded bation terms in the spin relaxation process. As already stated
that only the second-order Raman relaxation by MSO conabove, such terms correspond to puttjps 7 in Eq. (3.13.
tributes to the SLR proce¥s™® and from Eq.(3.233 one
obtains B. High-frequency high-field analysis

(T 1=(T5H 1+ K2, 4.0 The LWD analysis of the low-frequency spectra reported
_ 5 ~above gave us some clues about the SLR processes operative
Since =400 K, at low te?p_elrathdﬁRn becomes negli- in the investigated system and the valueskgf d3, and
gible in comparison with 159 ~*. From the observed line- (TS$-1 These values will be used hereafter. The transitions
width at 77 K, one can find the contribution of the Spin'spinobserved at h|gh frequency are reported in F|@)1The
relaxation rate asT5") ~'=AB§®(77 K)=(0.60-0.05)G,  LWD analysis of these transitions at different temperatures

where 1 G=1.525<10" s %, and frequencies is summarized in Tables I, lll, and IV.
The linewidth of the transitions relative to tH@Pp**
isotope exhibits a similar temperature dependenceBf™. 1. High-field multifrequency LWD analysis for PB* with 1 =0

Therefore also in this case, only second-order Raman SLR The temperature dependence of the linewidth of Bae
processes are expected to contribute to the linewidths of the .= per P A

o . fransition at high frequency is similar to that found at low
EPR transitions. As foAB,, at low temperature the contri- frequency. The room-temperature vald@.~15 G is con-
butions of the Raman SLR processes 1§'{) ! are negli- g Y- b 0

ile i ) ith 159 L. H h q stant within experimental error at all high frequencies.
gible in comparison wit 157 . However, t © Measured Therefore we can puti9"T9="""T9, where the superscripts
linewidths ABS®=(1.05-0.05) G and AB{*=(4.25

2 . low and high stay for the relaxation times measured at low
+0.2) G are dn‘fergnt from the values predicted by' Eds.ang high frequencies, respectively. One can thus conclude
(3.6a and (3.6b which are 0.8 G, and 3.2 G, respectively. it the linewidth of the Kramers doublet under conditions of
These experlmental values were satisfactorily fitted 'ntr.OdUCheingibIe saturation depends, at all frequencies, only on the
ing a strain of the HF tensa¥A(77 K)=(4.70-0.25) G in  gecond-order Raman relaxation originated by MSOXIK,
E.qs.(3.3). The validity of this hypothesis was confirmed by 5.4 Q bands the broadening mechanism By is entirely
high-frequency measuremeer(ttﬂae Tables II, |||,.and V. homogeneous and the shape is Lorentzian. Therefore
At room temperature\Bg™=(15.0+0.5) G is constant ABIP"=AB}. At high frequency, the Lorentzian component
within error at all the investigated frequencies: namely, 9.43AB(L) is the same measured at low frequency. Thus, the
(32Hz, 24.11 GHz, and 34.43 GHz. From EQ-D one pbtains Gaussian contributiorﬁkBoG is obtained from Eq(3.1).
kR(29§ K)=(14.4£0.5) G. The resonance fief, n theQ In the low-temperature regime, high-frequency spectra
band_ IS _abou_t 0.2 T. At such .value of magnetic field thegy,,\ gitferences compared to the low-frequency ones. At
contrlbutlon.glven by Eq(3.21) is very small, and the Ra- high magnetic fields, the Gaussian contribution to the line-
man relaxapon procesgptay MHF can be ”eg'eCtEd- From th@idih is in fact not negligible and has two components. In
measured linewidtiAB3™=(36=2) G, by using Eq(3.30  grger to estimate the relative size of the two components
in Eq. (3.1), the strain of the HF interactiodA(295 K)  given in Eq.(3.2), two crystals of different volume were
=(9.0+£0.5) G was found. Taking into account the latter yseq. The two samples will be labeled with the supersctipts
contribution for the observed transition of Fig(al EQ.  and|l in the text and in the tables. Both samples were rhom-

(3.23 gives the mean valug3(295 K)=(94.0-10) G (see bohedral and of dimensions of aboux0.7x0.3 cm forl
Table ). This value is about 3 times smaller than that ob-and about X 1x0.5 cm forll, having thus roughly 2 times
tained if one assum&s'WAT "= satyn, larger volume. For the latter we observed\85" value 2
The Redfield theory, corresponding to pyt0 in Eq. times larger than that of the smaller crystal. This proves that
(3.13, is unable to reproduce correctly the experimental data\B§" is mainly due to the inhomogeneity of the steady mag-
in the Table I. For example, according to Redfield theory, theetic field. These data are reported in Table II, Il and IV as

calculated linewidthAB, is 80.4 G. Neglecting the contribu- ABS™' and ABS™ for the larger and smaller crystals, re-
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TABLE Il. Experimental and calculated linewidths of the EPR spectra df Rb calcite at 95 GHz and
240 GHz and their temperature dependences for sample I.

Frequency(GHz) 95 95 95 95 95 240
T (K) 60' 110 135 18d 295 228
oA (G) 4.7+0.25 4.8-0.25 5.6-0.25 6.5-0.25 8.0-0.25
ABSY(G) -0.2+0.1 -0.2+01 -025+0.1 -0.30+0.1 -0.4+0.1 —1.00+0.1
ABS"™(G) 0.2+0.1 0.2:0.1 0.2:0.1 0.2:0.1 0.2:0.1 0.4-0.2
d3(G) 5.0+6 8+6 12+6 18+6 770+80
ABG'(G) 0.7 1.25 2.9 6.35 15.0 9.0
ABZ®(G) 0.8+0.1  1.35-0.1 2.9-0.2 6.35-0.2  14.9-1.0 9.0+0.2
ABSYG) 3.8 4.30 6.10 9.65 12.45
ABS®(G) 3.7+0.2  4.15-02  5.90-0.2 9.90-0.3 12.6-0.3
ABS*Y(G) 2.15 2.60 4.25 7.70 12.15
ABS¥(G) 1.9+02  2.75-0.2 4.5-0.2 7.8-0.3 11.9-0.3
ABfY%(G) 2.25 2.60 3.85
ABP®(G) 24+02 26002  4.05-0.2

spectively.ABS® is due to the strain of the Zeeman interac-case the saturation factor in E(B.7) becomes very large,
tion and is given by Eq(3.39. This Gaussian contribution and the line is strongly broadened. In addition, the line
increases with a steady magnetic field intensity and tempershows a Lamb dip especially for the second sample, because
ture. Its values explain why at lower fields the Gaussian conin this case the Gaussian contribution is more important.
tribution ABS is negligible.

At T<77 K, the relaxation rates determined by MS®, 2. High-field multifrequency LWD analysis of the perpendicular
are much lower thanT5 %, and they cannot be measured detected transitions foP*Pb®*
by linewidth analysis. It is well known in fact that at low

temperature, the Raman SLR processes become negligible j #Biative to the spin multiplet?P* shows new interesting

comparison with the direct processes. The SLR rate COM&g a1 res compared with the low-frequency observation. Be-

sponding to the direct relaxation process originated by MSOg;jes the contributions of the second-order Raman relaxation

2 2 i 1
kp , is reduced by a factor ofi(/A)?. P with a (65)"  echanisms measured at low frequency, this analysis reveals
configuration has a ground state which is well isolated froma direct spin-lattice relaxation process by MH% given by

: 4
the excited states. Althougth ShZOWS av” frequency depen-  gq (3.223. For the perpendicular detected transitions,
dence,hv/A and consequentlky are expected to be very

small even at the frequencies used in this experiment At
<50 K the By transition becomes strongly saturated. This
fact confirms that the SLR timé&®TY is very long. In this

At high frequency the LWD analysis of the EPR spectra

) 1
(hlghT%4,Z%—1§( IOWT§3)—1+ Ea2,y2(aZ_ ,y2)2d2D ) (42)

TABLE IIl. Experimental and calculated linewidths of the EPR spectra f Rb calcite at 190 GHz and their temperature dependences
for samples | and II.

T (K) 20 35! 50" 60 110" 140" 175 200" 255! 295
SA(G) 470-0.2 4.70:0.2 4.76:0.2 4.70-0.2 4.8 5.4 6.20.25 6.8-0.2 8.1+0.2 9+05
ABS%(G) -0.5+0.1 —-05+0.1 —05+0.1 —05+0.1 -0.5+0.1 —0.6-0.1 —0.6x0.1 —0.7x0.1 —0.8+0.1 —1.0+0.2
ABS"(G) 0.4+0.1 0.4:0.1 0.4-0.1 0.4-0.1
ABS"(G) 0.7+0.1  0.7+0.1 0.70.1 0.70.1 0.720.1 0.7-0.1
d3(G) 35.0+4 605 90+10  110+10 200:20 27025 32730 36(0:35 450:45  560:50
ABS'°(G) 1.25 1.0 2.1 3.1 6.35 7.85 11.9 15.0
ABZP(G) 3.7£0.2 1.25:0.1 1.05-0.1 2.3:0.2 3.2:0.2 6.35:0.2 7.90:0.3 11.9:0.4 15.4:05
ABS*%(G) 3.15 3.05 4.15 5.7 8.6 10.6 15.05 18.5
ABS(G) 6.2x0.3 3.0-0.2 2.850.2 4.2+0.2 56-03 9.1+0.3 10.k0.4 15.0-05 18.0:0.7
ABS*°(G) 3.0 2.90 3.95 5.0 8.65 10.0 14.35 18.4
ABS*(G) 2.80+0.2 2.70-0.2 3.8£0.2 5.2+0.3 87:0.3 10.0:0.4 14.4-05 18.2:0.7
ABf%(G) 1.35 1.55 1.75 1.80 3.2 4.6 6.85

ABpr'(G) 15£0.15 1.55-0.15 1.950.2 1.85-0.15 3.25-0.2 4.8-0.3 6.85:0.3
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TABLE IV. Experimental and calculated linewidths of the EPR spectra éf R calcite at 285 GHz and their temperature dependences

for samples | and II.
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T (K) 50' 50" 85! 110 135! 154" 180" 230 295
SA(G) 4.7+0.25 47025 47025 48025 52-025 57025 65025 81025 9.0-05
ABSY(G) -0.7+01 -0.7+01 -0.7+0.1 -0.8+0.15 0.850.2 0902 1.0:0.2 -1.3+02 -2.0+0.3
ABS"(G) 0.5+0.1 0.5+0.1 0.5+0.1 0.5+0.1
ABS"(G) 1.0+0.2 1.0:0.2 1.0:0.2 1.0:0.2 1.0:0.2
d3(G) 200+ 50 200+ 50 300+50 400+50 47050  520+50  700+75 1070100 1350-100
ABS'%(G) 1.05 1.45 15 1.70 3.0 3.9 6.5 9.8 15.0
ABZ®(G) 1.1+0.1  155-0.15 1.76:0.2 1.9-0.2 3.2¢0.2 4.2+0.25 6.6:0.25 9.8-0.3 14.8-1
ABS*Y(G) 2.55 2.80 2.85 3.25 4.65 5.75 8.35 13.05
ABS®(G) 26+0.2  2.80-02 3.1+025 3.3-025 49503 5603 87035 131504  18.6-1
ABS*%(G) 3.1 3.20 3.45 3.75 5.6 6.25 9.0 13.45 18.4
ABS®(G) 3.1+0.2 3.0-0.2 33502 37502 54-03 6.5-025 8.9-035 1375304 1751
ABf(G) 1.45 1.95 2.35 2.8 3.6 4.4
ABP®(G) 1.25+0.2 2.0502  2.2+02 2.6-0.2 3.35:0.3 4.2:0.4

Figures 3a) and 3b) illustrate the temperature depen- two reasons(i) AB, does not exhibit similar effects arii)
dence of the linewidth for the perpendicular detected transiit has approximately a linear dependence ©n Figure 4
tion B; measured at 190 and 285 GHz, respectively. At bottshows the frequency dependence of the relaxation by MHF
frequencies Eq(4.2) gives a satisfactory fit of the experi- atT=100 K. At this temperature, the Raman relaxation con-
mental data. Analogous results were obtained for the perpenribution by MHF is very small compared to the direct relax-
dicular detected transitioB,. The second term on the right- ation process by MHF. The observed frequency dependence
hand side of Eg.(4.2 shows a linear dependence on can be explained by Eq3.223. A direct relaxation mecha-
temperature and thus corresponds to a direct SLR procesésm by MHF is expected to be proportional to the phonon
(see Tables II, 11, and 1Y, It must be originated by MHF for  spectral density of the lattig&( »). In the Debye approxima-

tion at low frequencyp(») has ar? dependencé&'® At 95

20 GHz, the observed linewidth is smaller than the calculated
181 value (see Fig. 4 This fact shows that, as observed by in-
. %g: frared spectroscopy, at relatively high frequency,(») has
C 121 not exactly ar?> dependence. The direct relaxation process
%F 104 by MHF dominates the SLR rates @t 100 K. At frequen-
2: cies higher than 95 GHz, the direct SLR rate dominates over
41 Raman relaxation process by MHF. At 95 GHz and high
21 temperature, these two processes are instead of comparable
T 1m0 o 20 20 30 size. , »
T At T<50 K, the perpendicular detected transitioBs,
(K) andB, are, as thd, transition, strongly saturatddee Table
Il and Fig. 3a@)]. In this condition in fact for?®P** ions
the direct relaxation rate by MHF is much faster than the
201 relaxation rate by MSO, i.ed?>k?, and from Eq.(3.26b,
18]
16 500
144
C 1 400 ,.I
A 10
2 5 y‘
61 300 Iy
4] = g
2] O 200
"% o 2w 2o o o 100
T(K) 0 -

0 50 100 150 200 250 300
frequency (GHz)

FIG. 3. Temperature dependenceA®, (a) at 190 GHz andb)
at 285 GHz. The solid lines are calculated with the present theory.
The dashed lines are calculated without the contribution of the di-
rect relaxation process by MHF. The experimental and calculated FIG. 4. Frequency dependence at 100 K of the direct relaxation
values do not include the magnetic field inhomogeneity. rate by MHF.
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Sat(-l-%él,Z%—lE(Tg)—l: k2. (43) 18_

8.

At high temperature, the Raman SLR process is impor- N
tant. The Lorentzian linewidths of the perpendicular detected <) g:
transitionsB; and B, are expected to be narrower than the g 4]
values predicted by the Redfield theory. However, sidée 3]
<d3 and at high magnetic fieldg?<1, the contribution of %

the perturbation terms higher than the second order is negli-
gible. Moreover, since the distance of the resonance fields of
the two HF componentB8; andB, is about 1.4 T(38 GH2,
Y?(B,)< y?(B,). Although y?<1, the contribution to the
Lorentzian linewidth of the direct relaxation by MHF is im-
portant, as shown in Fig. 3, becauﬂ;@is very large at 190
and 285 GHz. Consequently, from Ed8.6a, (3.21), and
(4.2), at all the frequencieAB}>AB% . The fact that, at 285
GHz, AB, is slightly larger tham\ B, (see Table 1V is due to

a Gaussian contribution. The linewidths of the perpendicular
detected transitions were satisfactorily fitted, allowing corre-
lation among thesg and SA parameters in Eq3.3). The

ABy (G)
LN L s L A G Oy
hobohohohohhoin

ey
(=]
[o.2]
=
—_
=g
(=1
—
b2
(=1
—_
o+
(=3
—_
=}
o

minus sign forég compared todA in Tables Il, 1, and IV T(K)

means thatg and A have opposite signs. This is the reason

why at 285 GHz, bein@B§°>ABf°, AB, is a little larger FIG. 5. Temperature dependenceAd® (a) at 190 GHz andb)
than AB,. For the perpendicular detected transitions in Eq at 285 GHz. The solid lines are calculated with the present theory.

Gey 2 Gm 2 The dashed lines are calculated without the contribution of the di-
. > . . .
(3.2, (AB7p)™>(AB1) rect relaxation process by MHF. The dotted lines correspond to the
Redfield theory. The experimental and calculated values do not in-
3. High-field multifrequency LWD analysis of the parallel clude the magnetic field inhomogeneity.
detected transition forrP 3+

Due to the experimental configuration and in particular sa(T13) " 1=2029%(a?— y?)?d2. (4.9
the lack of a resonator in the high-frequency spectrometer, it ] . .
was possible to observe the parallel-detected transition. A§he ratio between the saturation factors relative to the
far as the contributions of the different SLR mechanisms ar@€rpendicular- and parallel-detected transitions is
concerned, there are two important differences between the
parallel- and perpendicular-detected transitions. The first one  (pi)(T3) T @®(a?—y»)%%d?> b?d?
is related to the contributions of the different SLR processes 2\, 113 1713 21,2 =_5-5>L
o the orent_z_lan components of _the linewidth under nonsat- (4.5
uration conditions. The second difference concerns the satu-
ration of these transitions. because awv>95 GHz, a®>v?, and in our experimental

In Fig. 5 is shown the temperature dependence of thgetup the perpendicular and parallel components of the mag-
linewidth of the parallel transition at 190 and 285 GHz. Thenetic amplitude of the oscillating field in the sample are com-
solid line is calculated with Eq(3.23d, while the dashed parable.
line is calculated not including the contribution of the direct As a result, the LWD analysis and the saturation of the
SLR processd3 . As one can see in Figs. 3, and 5, and inEPR transitions in our system confirm that the direct SLR
Egs. (3.23, (3.29, and(3.20, the contribution to the line- process by MSOk%, is negligible in comparison with the
width of d3 is 2 times stronger for the parallel- than for the direct SLR process by MHFRJ3 . Similar results were ob-
perpendicular-detected transitions. At high temperature, theerved for other Kramers iots32
contribution of the direct process to the linewidth is compa- At high fields, the contributions of the perturbation terms
rable to that of the Raman process. <77 K, the contri-  higher than the second order to the Lorentzian linewidth of
butions of the Raman SLR procesé@and dﬁ to the line-  the perpendicular-detected transitions are negligible. On the
width are negligible. The direct proced% defined in Eq. contrary, for the parallel-detected transition this contribution
(3.223 instead contributes significantly to the linewidth of is very important, as shown in E¢3.23d. Figure 5 shows
By even at lower temperatures. This is the reason why at 19that at 190 GHz and 285 GHz the Redfield theory, repre-
GHz, theB line becomes narrower by decreasing the tem-sented by the dotted line, predicts larger valued Bf than
perature from 60 K to 20 Ksee Table IIl and Fig. )5 the measured ones, especially at high temperature.

At low temperature the perpendicu|ar-detected transitions Besides the Lorentzian contributions, Gaussian contribu-
are much more easily saturated than the parallel ondl At tions have been consideredBf" depends on the sample
<50 K, in fact,d?>>k? Thus, from Eq(3.260, for theB;  dimension, whileAB is given by Eq.(3.3d. Sincedg and
transition, S6A are correlated and have opposite signs, at 285 GHz
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(ABf9)?<(AB{")2 Therefore as far as the Gaussian com-in the SLR phenomena could be disentangled by this multi-
ponent at 285 GHz is concerneﬁBﬁzABﬁ”. ABﬁ”" is  frequency study and the related theGrguccessfully tested.
about 2 times larger thanB{™, which explains the differ- From the LWD analysis of the HEPR spectra of B in

ence reported in Table IV between the linewidths observed dtalcite we can draw the following conclusioris: The high-

285 GHz for the two samples at 50 K. At all the used fre_freque.ncy Lorentzian' component of thfa Iinewidth corre-
quencies and for all the transitiondBE"=x, ,, xB;. For sponding to the P with zero nuclear spins is the same as

the smaller crystak,=0.5x 10"%, while for the larger one that measured at low frequencies. However, unlike the low-
x,=1075. As the larger crystal is a rhombohedron of aboutfi€ld case, at high fields there is a Gaussian component due

1 cm, we obtained a value of the homogeneityf the mag- to the strain of the Zeeman interaction and the inhomogene-

net of about 10 ppm in a 1-cm-diam spherical volume, which®y Of the magnetic field(ii) For #PB*", which is a multi-
confirms the specification of the supplié®xford Instru-  |€Ve! Spin system, there are two relevant new featumshe

ments, U.K). direct relaxation mechanism by MHF significantly contrib-
59 and 5A have temperature dependences analogous tgt€S t0 the linewidths even at room temperature @ndhe
that of the HF interactioh? SLR time of a simple transition measured from the linewidth
under conditions of negligible saturation could be very dif-
hoR ferent from that measured by the continuous saturation
SA(T)=6A(0)| 1+ sacothm =/, (4.6 method.(iii) Since the frequency of the oscillating field is

higher than the zero-field splitting, it becomes possible to
and an analogous expression @y, where »® is the fre-  observe and analyze the parallel-detected transition. This
quency of the resonant mode associated with the lead impwnalysis makes a clear distinction between the contribution
rity in calcite. In the above equatioiso®= 6k, wheref can  of the SLR mechanism originated by the modulation of the
be found from the temperature dependences of the Rama#F interaction and of the spin-orbit interaction to the line-
SLR processes given by E(B.18. While A decreases if the width of the parallel- and perpendicular-detected transitions.
temperature increasesg and 6A both increase with the Concerning this distinction we emphasize the followifa:
temperature. The vibration mode mixes excited states intthe contribution of the Raman relaxation mechanisms by
the grounds orbital of the PB*. Consequently, the char-  MSO to the linewidth of the parallel-detected transition is 2
acter decreases, and the Fermi contact HF intera&tide-  times weaker than the contribution to the linewidth of the
creases too. The lower-symmetry positions due to the locglerpendicular-detected transitions. This is in agreement with
defects generate a similar effect. Thd#\(0) corresponding a recent theory of relaxatiofi.(b) The contribution of the

to the static local defects anda corresponding to the direct relaxation rate by MHF is 2 times larger for the
changes in the vibration properties due to the local defectparallel-detected transition than for the perpendicular-
have the same signs. ForPbin calcite,g; andg, are both  detected transitiongc) A much more important difference
larger than the free-electranvalue 2.0023. An increasing of was observed for the SLR times that characterize the satura-
g corresponds to a decreasing of theharacter of the P9 tion of these transitions at low temperatures. Thus, the
orbital and to a decreasing &f That is whysg and A have  perpendicular-detected transitions are much more easily satu-
opposite signs in Eq93.3. The fact thatdg and SA are rated than the parallel-detected transition. This proves that
correlated in Eq9.3.3) proves that they have the same physi-although the SLR times obtained by different methods de-
cal origin. Therefore it is expected thég and 5A strains are  pend only on the SLR rates;; , their measured values could
mainly due to a large resonant mode of frequenéy This  be very different.

normal mode dominates the vibration properties of th&'Pb

impurity in calcite. Consequently, all three dynamic effects ACKNOWLEDGMENTS
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