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EPR and optical-absorption studies of Cu?* in quasi-one-dimensional
dichloro(1,2,4-triazole)Cu(II)
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EPR measurements on dichloro(1,2,4-triazole)copper(Il) have been made at room, liquid-nitrogen,
and liquid-helium temperatures; in addition, its polarized absorption spectrum has been obtained at
room temperature. The presence of the secondary EPR line below 57 K at approximately half the
field at which the main line occurs, as well as the line shape of the main EPR line and the variation
of its linewidth (at §=54.7° from the chain axis) as a function of temperature, confirms the quasi-
one-dimensionality of the sample. From the angular variation of the linewidth the. interchain in-
teraction that is responsible for the departure from true one dimensionality was estimated to be
5.2 1037, where J is the intrachain exchange constant. The g-tensor components for Cu?* have
been evaluated with use of a rigorous least-squares-fitting procedure. The temperature dependence
of the linewidth shows good agreement with the theory of Cheung, Soos, Dietz, and Merritt [Phys.
Rev. B 17, 1266 (1978)], proving the importance of spin diffusion in the long-time behavior of the
spin correlation functions. Assignment of the polarized absorption spectrum has been made, and
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the data have been used to determine the degree of covalency in the metal-ligand bonding.

I. INTRODUCTION

An EPR investigation of the magnetic properties of
-dichloro(1,2,4-triazole)copper(Il) (hereafter, DTC) was un-
dertaken because of its interesting structural properties.
X-ray analysis! of the complex shows that the neighbor-
ing nitrogen atoms of a triazole molecule coordinate to
two copper atoms bridged by two chlorine atoms, the
copper atoms being arranged in a one-dimensional array.
A diagram of this chain is shown in Fig. 1. The Cu-Cu
separation on a chain is 3.405 A while the minimum dis-
tance between two chains is 7.13 A.! If the Cu®* spins on
a chain are coupled via exchange interaction, then the sys-
tem should exhibit properties characteristic of a one-
dimensional system, i.e., an isolated linear magnetic
chain.>? A fit of paramagnetic susceptibility data on this
system yields a finite-length uniform Heisenberg antifer-
romagnetic chain with J=11 K.*> Recent works on
linear-chain compounds®’ show that additional informa-
tion concerning the interaction between localized spins
can be obtained from EPR linewidth measurements.

It is the purpose of this paper to present detailed EPR
data on DTC for various sample orientations and at tem-
peratures from room down to liquid-helium temperature.
The optical-absorption data on this sample have also been
presented for completeness. For interpretation of the
EPR linewidths the theory of Hughes, Morosin, Richards,
and Duffy,® and that of Cheung, Soos, Dietz, and Mer-
ritt,” are used. The g-tensor components are computed
using a rigorous least-squares-fitting procedure which
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simultaneously fits all of the EPR positions obtained for
several orientations of the external magnetic field in three
mutually perpendicular planes. Standard theory is used
for the interpretation of optical-absorption data.

In Sec. II we deal with the crystal structure, sample
preparation, and experimental details. The details of EPR
spectra are given in Sec. III. The evaluation of g-tensor
components is discussed in Sec. IV. In Sec. V we deal
with the discussion of the presence of the “half-field”
secondary EPR line as evidence of the quasi one dimen-
sionality of the DTC. The interpretation of EPR
linewidth variation of the main line is included in Sec. VI.
The polarized optical spectrum and its interpretation is
the subject of Sec. VII. The conclusions are summarized
in Sec. VIIL
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FIG. 1. Dichloro(1,2,4 - triazole)copper(II) structural unit;

chain direction is along the crystallographic a axis.
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FIG. 2. c-axis projection of dichloro(1,2,4 - triazole)
copper(Il). ®, Cu atoms at z=0; ®, Cu atoms at z =%; o,

chlorine atoms. Pentagohs represent triazole molecules.

II. CRYSTAL PREPARATION, STRUCTURE,
AND EXPERIMENTAL DETAILS

Dark green single crystals were obtained by slow eva-
poration at room temperature of a 3-mol % HCI solution
containing stoichiometric amounts of CuCl, and C,H;Nj.
The x-ray data in the standard notation are monoclinic,
space group 12/¢, a =6.81 A b=11.934A, ¢c=7.13 A,
and B=96°58'. The crystal structure is exhibited in Fig.
2. There are two identical chains (magnetically equivalent
in the ac plane) parallel to the a axis. Within the chain
there are two slightly nonequivalent (magnetically)
copper(ID) sites per unit cell. This feature of the structure
allows one to estimate the interchain interaction in the
complex.

The X-band EPR measurements were carried out on a
homodyne spectrometer equipped with 100-kHz field
modulation at room, liquid-nitrogen, and liquid-helium
temperatures. The b axis of the crystal was identified
from precession photographs. The crystals were exam-
ined under a polarizing microscope; untwinned samples
were selected for EPR measurements. The EPR measure-
ments were performed for external-magnetic-field orienta-
tion in three mutually perpendicular planes defined by the
three (mutually perpendicular) directions along which the
EPR line positions exhibit extrema. (These directions will
hereafter be referred to as z, x, and y, as arranged in in-

creasing order of value.) The optical-absorption spectrum -

of the single crystal was measured at room temperature
using a spectrophotometer equipped with polaroids.
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FIG. 3. Temperature variation of the intensities of the main
(®) and half-field (A) lines in arbitrary units. The data points
are connected by smooth lines.

III. EPR DATA

One strong, symmetric EPR line was observed down to
nearly liquid-helium temperatures for all orientations of
the crystal with respect to the magnetic field. This line
disappeared below certain temperatures; the temperatures
at which it disappeared being about 4.5, 5, and 7.5 K for
H||z H||x and H| ||, respectively.

In addition to thlS main line, a weak second 11ne ap-
peared below about 57 K at roughly half the main EPR
line position. Its intensity (as measured in terms of its
height) attained a maximum at about 20 K. Furthermore,
it had the same intensity as that of the main line at about
5 K (see Sec. V for further discussion). The temperature
and angular variations of the positions of these two lines
near liquid-helium temperature are given in Figs. 3 and 4,
respectively. The following discussion concentrates on the
behavior of the main line only.

IV. ANALYSIS OF EPR DATA
AND DISCUSSION

The EPR data were analyzed by simultaneously fitting
all of the line positions obtained in the three mutually per-
pendicular planes using the method of least-square fit-
ting,® minimizing X2, defined to be

X2=2 | AEiJ,—hVi
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FIG. 4. Angular variation of the main (@) and half-field (O)
lines in the z-y plane (liquid-helium temperature). - The data
points are connected by smooth lines.
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TABLE I. Principal components of g tensor (square roots of principal values of g2 tensor) at various

temperatures.
Temperature C 8 & &:
Room (300 kelvin) 2.0597+0.0005 2.0780+0.0005 2.2354+0.0004
Liquid nitrogen (77 kelvin) 2.0595+0.0004 2.0866+0.0005 2.2454+£0.0004
2.0364+0.0005 2.0942+0.0009 2.2419+0.0006

Liquid helium (4.2 kelvin)

where AE; is the calculated energy difference between the
two levels (Mg=++ of the Cu?>* ion, A is Planck’s con-
stant, v; is the Klystron frequency for the ith-line posi-
tion, and o; is the weighting factor® for the ith-line posi-
tion (it was assumed to be the uncertainty in locating the
line center, roughly 10 G). For the simple case of S= %,
one has'®

(AE;P=pjH §-H=piglH" @
where
gl = (81)n2+2(8 M) pnl +(g2)xy 1
+2(g2)ynm +(g2),,m2+2(g%),,Im , 3)

with I,m,n denoting the direction cosines of H with
respect to the crystalline axes x,y,z and (gz)ag; a,B=x,y,z
denote the components of the g? tensor. Since
(8*)ap=1g*)pa there are only six independent components
of the g? tensor. Using (2) it is easy to calculate the
derivatives of X2 required for the least-squares-fitting pro-
cedure.®

The components of the g? tensor so determined from
the data obtained at the three temperatures were diagonal-
ized and the principal g values (square root of the princi-
pal components of the g? tensor) along with their associ-
ated uncertainties’ are listed in Table I. The elements of
the unitary matrix which diagonalized the g2 tensor at
room temperature are given in Table II. If one knows the
relationship of the z, x, and y magnetic axes to the crys-
tallographic axes, one can determine, using this unitary
matrix, the relative orientations of the crystallographic
and the principal g axes. In the present case, the x, y, z,
and principal g axes almost coincide.

V. SECONDARY HALF-FIELD
EPR LINE (SIDEBAND)

It has been experimentally found that, for low- (one- or
two-) dimensional paramagnetic solids, a sideband on
main EPR line appears at half its Zeeman field [e.g.,
(CH;3)4NMnCl; (TMMC); CuCl,-2NC;sH; (CPC); copper
benzoate; K,MnF,].!'=13 The theory'# shows that in such

TABLE II. Direction cosines of the principal axes of the g2

tensor with respect to the magnetic (x,y,z) axes at room tem-
perature. [Elements of the matrix that diagonalizes the g2 ten-
sor as expressed in the (x,y,z) system.]

0.0046 —0.0444 0.9990
—0.0142 —0.9989 —0.0443
0.9999 —0.0139 —0.0052

systems the main EPR line is determined by the total di-
polar correlation function, ¥(7). Furthermore, it has been
shown'* that if ¢(7) is expressed as 3, ¥y (T)exp(iMwqr)
(where M is the total change in Zeeman quantum number
and w(/27 is the resonance frequency), then the half-field
line comes from the real part of the nonsecular term in
¥(7) corresponding to M =1, i.e., ¥;(7)cos(wyr). The ob-
servation of this sideband provides a direct confirmation
of the effect of long-time persistence of spin correlation
functions for low-dimensional systems.!>~!® The theory
of the anisotropy of intensity and linewidth has been
given by Komatsubara and Nagata,!® as well as by Nagata
and Okuda."

As seen from Fig. 3 there is unequivocal evidence of the
presence of this sideband at half-field in DTC, confirming
the low dimensionality of this system. [Since the present
measurements do not give sufficiently detailed variation
of the linewidth (angular or temperature) of this sideband,
no further analysis of this line would be carried out here.]

VI. LINEWIDTH BEHAVIOR
OF THE MAIN LINE

There are two identical chains (magnetically equivalent
in the a-c plane) in DTC parallel to the crystallographic a
axis. (Hereafter, in conformity with standard notation,
the chain axis will be referred to as the ¢ axis.) Within
the chains there are two slightly magnetically inequivalent
Cu** ions per unit cell. The direction of the tetrogonal
axis of these two ions is shown in Fig. 5. If the interchain
exchange interaction J' were sufficiently small, one
would, in general, observe two distinct (main) EPR lines.

c

FIG. 5. Definitions of the crystallographic (a,b,c) and mag-
netic axes (x,,2) in DTC. (g)); and (g||); are the g components
parallel to the tetragonal axes of sites 1 and 2, respectively.
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FIG. 6. Ordinates and absissas in this figure as calculated
from the EPR derivative spectrum are such that they yield a
straight line for a Lorentzian line shape. The data (@) and
theory (solid line) are normalized to a slope of 1 and a value of 1
at the origin (Ref. 3).

However, in practice, J' averages these two lines, so only
one composite main EPR line is observed at all tempera-
tures of observation in the case of DTC. (This is also
found to be true in other Cu complexes, e.g.,
CuClz' 2NC5H5 . 6)

A. Determination of the dimensionality of DTC

In order to decide whether DTC is one- or two-
dimensional system the following consideration was used.
If the system is indeed two dimensional, the linewidth
should be the same for all orientations of the external field
in one of the planes x-y, y-z, or z-x, where x,y,z are the
magnetic axes. Since this is not the case for DTC, it is
ruled out that DTC is a two-dimensional system.

It is well known? that the line shape of truly one-
dimensional compounds is given by the Fourier transform
of exp(— At3/?), intermediate between Gaussian and
Lorentzian, for all orientations of the external field, ex-
cept at 6=>54.7° (i.e., when 3 cos20— 1 =0, the angle 6 be-
ing measured from the chain axis), at which angle the line
shape is Lorentzian (for an excellent discussion of line
shapes, see Kokozka®). However, even slight departure
from true one dimensionality renders the line shape
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FIG. 7. Temperature dependence of the EPR absorption of
DTC at X band. The full width at half-height AH as deter-
mined from the derivative line shape (AH =V 3 AH ) is shown
for the magnetic field parallel to the z axis (6=54.7°). The solid
line is based on Eq. (B6), as discussed in Appendix B.
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Lorentzian for all orientations of the magnetic field.
This is what is observed in the present case; see Fig. 6 for
6=0°. That DTC is a quasi-one-dimensional system is
confirmed by the fact that the fitting of the EPR
linewidth (at 6=54.7° from the chain axis) as a function
of temperature, using the diffusive assumption of Cheung
et al.,’ is excellent, as exhibited by Fig. 7. The part of
their theory that is relevant to the interpretation of the
present experimental results is given below.

B. Temperature variation of the linewidth

Theoretical. The EPR line shape is given by
1Q)=== [ " p(1exp( —iQdt @
- 277_ I p ’

where I(Q) is the intensity at frequency (2, and the time
evolution of the relaxation function ¢(¢) satisfies

t
p(t)=— [ dty(t —r)dr . (5)

In Eq. (5) the total spin torque correlation function ¥(¢) is
assumed to be

Y(8)=¢gr(t)exp(—aQ,t), (6)

where a is an adjustable parameter satisfying a > 1, and
Q, s, is the observed half-width. ¥xr(¢) is the correlation
function in the Kubo-Tomita approximation. For a one-
dimensional system, Wkr(#) contains short-time and dif-
fusive contributions,

Yol =9 (&) +,(8) . )]

1,(2) contributes solely to the Lorentzian line shape, while
only the nonsecular parts (M =1,2) of ¥,(¢) contribute to
the Lorentzian line shape. The corresponding expressions
for the Lorentzian half-widths Aw,,, and Ty, for short-
time and diffusive contributions, respectively, are given in
Appendix A. The M =0 part of ¥4(¢), however, gives a
non-Lorentzian contribution to the linewidth, as discussed
by Cheung et al.” This cannot be explicitly estimated.
However, the overall half-width including the Lorentzian
contributions as discussed in Appendix A, and the non-
Lorentzian contribution due to ¥,4(¢) for M =0, can be
obtained by solving an algebraic equation for the reduced
half-width x [ =(Q,,,/T')!/2]. This is given in Appendix
B.

From Appendixes A and B it is clear that I" and B
[Egs. (A17) and (B2), respectively] depend on the tempera-
ture via the intermediary of the diffusion coefficient
D(T), thereby making the temperature dependence of the
linewidth a factor.

Experimental. The data for the full width AH at
6=54.7° is shown in Fig. 7. It may be seen that the
linewidth attains a sharp maximum around 7 K, below
which the line disappears rapidly. The solid curve is
based on Eq. (B6), calculated with the value of the cutoff
parameter a =1.5. The agreement with theory’ is seen to
be quite good. It should be noted that the theory of
Cheung et al. is applicable only for the temperature range
at which the exchange Hamiltonian is isotropic. It will
thus break down at temperatures where thermal averages
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over Zeeman and dipolar Hamiltonians produce anisotro-
pies.’

The adjustable parameter a cannot be rigorously es-
timated as its value depends upon compromises among ac-
curate determination of spin correlation functions in
Yx1(t) and various decoupling schemes. However, it may
be shown to be related to the secular (long-time) cutoff
time to (~7, in Fig. 1 of Ref. 7) by

-1
aﬂl/2~t0 .

C. Angular variatign of linewidth at room temperature

The second moment (M,) of the resonance line in the
case of three-dimensional interactions has been calculated
by Van Vleck.?! If the exchange interaction is less than
the Zeeman interaction, only the secular part of the dipo-
lar interaction contributes to the linewidth, and M, is
given by

M, =3veS(S +1)3/r7 %3 cos?0;; — 1) . (8)
J

The sum is over j only and the prime over the summation
sign indicates that js4i. Tj; is the vector connecting the
spins i and j, and it makes an angle 6;; with the magnetic
field. In the opposite case (exchange interaction greater
than Zeeman interaction), both secular and nonsecular
terms of the dipolar interaction contribute and the second
moment is given by*°

M,=5yi#S(S +1)3rj %(1+cos?6y) . ©)
j N

" The angular variation of the linewidth at room tem-
perature in the a-c plane is shown in Fig. 8. It is clear
that Eq. (9) cannot at all explain this result, because it
does not predict the experimentally observed linewidth
minimum at 6=54.7°. On the other hand, Eq. (8) does
predict this minimum and so in this paper the second mo-
ment has been calculated only according to Eq. (8), and
drawn in Fig. 8 as the dashed line. [For comparison, the
second moment along 8=97° was set equal to the ob-
served linewidth for the magnetic field parallel to the a
axis. - It may be seen, however, that the experimental
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FIG. 8. Angular dependence of the full width at half-height
AH as determined from the derivative line shape (AH
=V'3AH,,) of DTC at 300 K in the a-c plane. The solid curve
is based on Eq. (B6), while the dashed line is the second moment
calculated according to Eq. (8) (see Sec. VI).
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values depart significantly from those calculated accord-
ing to Eq. (8).] However, the linewidth calculated accord-
ing to the theory of Cheung et al. (solid line in Fig. 8)
clearly shows good qualitative agreement with the experi-
mental data. (The value of a=1.5 has been used for cal-
culating the linewidth; this gives the best agreement for
the temperature variation of the linewidth.) The observed
angular variation of the linewidth is thus far more in
agreement with the theory of Cheung et al. than that of
Van Vleck [Eq. (8)]. ‘

D. Interchain exchange (J’)

As mentioned earlier, DTC contains two magnetically
equivalent chains. Within the chains there are two mag-
netically inequivalent Cu®* sites. If the interchain ex-
change interaction J' is sufficiently small, then one would
see two EPR lines for many orientations of the external
magnetic field; the difference in the corresponding
resonant field positions would be proportional to the mi-
crowave frequency.22 J'’ tends to average these two lines,
and in the case of DTC, J' is sufficiently large so that.
only one line is observed. A rough determination of J'/J
(where J is the intrachain exchange) can be made using
the frequency dependence of the linewidth due to aniso-
tropic dipolar interactions between adjacent chains to
determine the Fourier components of the spin correlation
function.® This method will not be used here because the
present measurements were carried out only at one fre-
quency. The theory of Hughes, Morosin, Richards, and
Duffy® will instead be used to ‘determine J'. The
frequency-dependent peak-to-peak linewidth lw, in gauss,
due to the exchange-coupled adjacent sites, is

lw=(8H)*/H, . (10)

Here, 8H is the splitting which would be observed had the
coupling between chains been zero (thus the EPR lines
due to the two sites are resolved) and H, is an effective
field which expresses the actual coupling. According to
theory,?? this splitting in the absence of interchain cou-
pling has its maximum in the plane containing the b axis
and the g axes of the two sites (in the present case, the
z-x plane). To lowest order in (g, —g,)/(g+g&.), of any
one site at 9.42 GHz,

8H =160 sin(2w) , (11)

where o is the angle between the field and the b axis in
the z-x plane, and g and g, refer to the g values of the
individual sites. Least-squares-fitting of the angular vari-
ation of g in the z-x and z-y planes gave g, =2.253 and
g1 =2.060. The observed linewidth in the z-x plane was
least-squares-fitted to Eq. (10); it gave a value of
H,=1500 G as the best fit for the exchange field. In the
case of DTC, the exchange field H, is related to J' by®

21.65 |J'|*
YeHe= # |J|1/3 . (12)

J', as calculated using Eq. (12), is
J'=5.2Xx1073J .
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This result is consistent with the theoretical prediction of
Hennessey, McElwee, and Richards®* which states that if
the line shape is found to be Lorentzian at all angles to
the chain, J'/J should be greater than 10~3. (The value
reported for CPC is 12 1073,9)

VII. POLARIZED OPTICAL-ABSORPTION
SPECTRUM

The optical-absorption spectrum of the single crystal of
DTC reveals the presence of three bands, at 16.3, 15.0,
and 10.2 kK (1 kK=10% kayser =1000 cm™!), the band
at 15.0 kK being the only one that is strongly polarized.
For a proper identification of these bands, the ground
state should be known. The 2D state of the free Cu’* ion
is split into four levels of symmetry, By, Ay, By, and
E,, by the crystal field of Dy, point-group symmetry;*®
while the first three are singlets, the last is a doublet. The
fact that g >g, uniquely establishes that the ground
state is B,,, corresponding to a hole in the dxz-yl orbitals
(the parallel and perpendicular directions are defined with
respect to the tetragonal axis). The values of the (purely
electric) dipole integrals responsible for the various transi-
tions to the ground state are given in Table III. All of
these transitions are orbitally forbidden, but become vib-
ronically allowed, except for the By,,— B, transition in
the z polarization, through the perturbing vibrations 4,,,
B,,, and E,.?® The band at 15.0 kK is thus assigned to
the d,, _’dxl.yZ transition because of its polarization.
There is some ambiguity regarding the other two transi-
tions, but it is likely that the more intense band at 16.3
kK is due to the transition to the (excited) E;(d,, ,,) state
on account of its double degeneracy.

The usual expressions®’ for g, and g, in an axial field,
taking into account the reduction in spin-orbit—coupling
constant, as well as the orbital reduction, are

g =2[1—4k}(1/A))]
and (13)
g1 =2[1-k1(A/A)],

where A; and A; are the energies of the B,,—B;, and
E,— B, transitions for the D, point group, A is the
spin-orbit—coupling constant, and the empirical parame-
ter k includes both the above reductions. With the use of
the values A,=15.0 kK, A;=16.3 kK, A=—0.829 kK,
8=2.253, and g, =2.060, the values k;=0.76 and
k), =0.78 are deduced. Since these values are clearly less
than unity, they indicate?® that the metal-ligand bonding
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are considerably covalent for the Cu?>* ion. However, in
the absence of hyperfine-structure data, it is not possible
to describe the complete nature of the bonding.?’

VIII. CONCLUDING REMARKS

The most important conclusion of the present work is
that DTC is a quasi-one-dimensional system whose EPR
linewidth is determined by the. long-term persistence of
the spin correlation functions as revealed by (i) the pres-
ence of the secondary half-field EPR line, (ii) the
Lorentzian nature of the line shape of the main EPR line
for all orientations of the external magnetic field, (iii) the
behavior of the angular and temperature variation of the
linewidth, and (iv) the particular (nonzero) value of the in-
terchain exchange constant J’ (i.e., of the order of 103/,
where J is the intrachain exchange constant).

It would be of interest to study the angular and tem-
perature variation of the secondary line in detail; several
such studies have recently been published for other sam-
ples.!>!® The data of the present work do not contain suf-
ficient ,details on this aspect; however, a detailed experi-
mental study of this problem is currently in progress by
us.
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APPENDIX A: CONTRIBUTIONS
TO THE LORENTZIAN LINEWIDTH

The short-time contribution () leads to a Lorentzian
line with half-width’

Awy p=(m/2)"AM,/0,) , (A1)
where
Mzzi%G—)y;‘ﬁzS(s+1)(1+cos29)f(1<) (A2)
and
2192 _{i g(K)
=S+ (A3)

In Egs. (A2) and (A3),

TABLE III. Representations of the integrands of the various electric dipole integrals for the D-state
ion in Dy, symmetry, according to their transformation properties. B, is the ground state, while A4,
By, and E; are excited states. 1, and ¢, are the wave functions corresponding to the ground and excit-

ed states.
Integrand A lg_’Blg BZg_’Blg Eg"‘)Blg
¢;Z¢, BZu A lu Eu
Ve (x,y)0b, E, E, A+ Ar+Bi,+By -




£6)=3n"%=1.06, (Ad)
Ye=8up/#, (A5)
1—u v 122 ;

_ v, 12u” A6
f(K) 1Tu 11+5 +5(1——v) (A6)
1—u | 9K 5 3u+v
=2 2R (1 —uP—3uk (1= |
g(K) 1+u( S (1—u)—3u ‘ 7 H

(A7)
K=kT/2|J|S(S+1) . (A8)

In Egs. (A6) and (A7),
u =K —coth(1/K) , (A9)
v=143uK . (A10)

In Eq. (A2), ¢ =3.405 A is the distance between adjacent
spins along the chain axis and |J|=15.2X1071¢ erg is
the antiferromagnetic exchange.

The nonsecular parts (M =1,2) of the diffusive contri-
bution 3,(¢) lead to the Lorentzian half-width

E3)S(S +1)F4(6)N (K) 4Mo, |
M= 3{M[D(TDwy/c?]}'? T, ’
M=12 (Al
where
24sin6 cosO
Fy(0)=(90)! A TR (A12)
C
3y2#sin6
Fy0)=—""5—, (A13)
and
_ 6 54v
NK)=57— SFTEETE (A14)

Here, £%(3)=3,,n 3>=1.20 and D is the diffusion con-

stant proportional to J and depending on T. For classical

spins, one has
D(T) _1-u

Do) 1tu’ (A13)
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where
D(o0)=2.78[S(S +1)]'?|J | /4. (A16)

Both the short-time contributions and the nonsecular
diffusive terms thus lead to a half-width

F-_—ACO]/2+F1+P2 . (A17)

APPENDIX B: OVERALL HALF-WIDTH

The secular component (M =0) of the diffusive term is
given by

Yao(t)=B(7t)" 12, (B1)
where
2E%3)N(K)S(S +1) .2
= F3(0) . (B2)
3[2D(T) /22 ° \
In Eq. (B2),
3y2#H(3 cos?0—1)
Fo(0)="% (2°°3S . (B3)
C

Substitution of Egs. (5) and (6) into Eq. (4) leads to an
algebraic equation for the reduced overall half-width
X'—"(Ql/z/r)l/z, '

x8— 2x3P(a)Bsind—x2—2xPBa 172

—B?P(a)[2a " *cos8—P(a)]=0, (B4)

where f=B/T'*/? and P(a)=(14a*)~!/% The angle §
satisfies

cos(28) =y /(Q2+y*)1/? | (B5)

with y=aQ, /. There is only one positive root of Eq.
(B4) which yields Q; ;. The full width in gauss is then

AH=201/2/')/e . (B6)

The cutoff parameter a and the temperature dependence
of AH are determined from the theoretical fit of the ex-
perimental data and from the coefficients I" and B in Eqgs.
(A17) and (B2), respectively.
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