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Effects of nonsinusoidal character of atomic modulation on NQR spin-lattice relaxation time
of incommensurate phases
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The present work is an extention of the theoretical calculation developed by Blinc to explain the temperature
and frequency dependence of the spin-lattice relaxation time in incommensurate phases. We have evaluated the
influence of the nonsinusoidal character of the atomic modulation, in the linear approximation, over the NQR
spectra and over the spin-lattice relaxation due to direct and Raman processes. It is shown that the peak with
lower intensity in the NQR spectra always has a lar§erand viceversa. The results have been applied to
bis(4-chlorophenylsulfoneT; and line-shape data. The temperature and frequency dependehgaraf well
reproduced if Raman processes are considered.
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[. INTRODUCTION and temperature dependenceTlgf The model is applied to
the analysis of BCPS; data as well as to the spectral-line
Some crystals undergo a structural phase transition frordensityf(v).

high-temperature normdN) phase to a structurally incom-
mensuratgIC) modulated phase at a certain transition tem-
peratureT, . The theory that describes the IC phase predicts [l. EXPERIMENT
that the soft mode of thll phase splits in the IC phase into
an acousticlike phason branch and an opticlike amplitudor?u
branch. These modes give the main contribution to thqn
nuclear quadrupolar resonan@®QR) spin-lattice relaxation
time T, and both contribute differently at different parts of
the inhomogeneous NQR line spectra. In fact Blitas

The specimen of big-chlorophenyjisulfone was the pu-

m one from Fluka. The material was purified by zone melt-

g for about twice. The sample container was a cylinder of

1 cm diameter, the amount of sample used was about 2 g.
3ClI NQR measurements were done using a Fourier-

evaluated the temperature and frequency dependence Oftransform pulse spectrometer with a Tecmag NMRAKit |l
. >Mp . - " y aep ultinuclei observe unit and a Tecmag Macintosh-based
nuclear spin-lattice relaxation rate in “the plane-wave modu-

lation limit” where the incommensurate distortion is charac-real_time NMR station. The line shape was obtained from the
: . . . fast-Fourier-transform echa/2-7 reconstruction method.
terized by a single Fourier component of the displacement
T, measurements were made upon the echo by the standard
B two-pulser/2-m/2 sequence. The temperature range covered
(u(x))=2A cog qx+ ¢b,) @ \was from 80 K up to the melting point. A LakeShore tem-

and a linear relation between the observed NQR frequencggrature controller was used for providing temperature sta-
andu(x) is proposed. This model shows that at both edges oPility of the sample better than 0.1 K.
the inhomogeneous NQR spectra the amplitudon branch
gives the same and unique contributionTtg while the pha-
son contribution is observed at the center of the spectra.
Also, in this model, the inhomogeneous NQR spectrais sym- |n order to evaluate the spin-lattice relaxation rates it is
metric with respect to the center of the line. necessary to express the nuclear displacements in terms of
Even when the plane-wave limit can describe some sysnormal modes of the incommensurate lattice. Bruce and
tems, it is well known that others harmonics can appear irCowley’ described these normal modes when the displace-
the IC modulatiorf. One of these systems is the IC phase ofment field can be expressed in terms of its Fourier compo-
the big4-chlorophenyisulfone (BCPS. This compound has nents. Following their calculations and using their notation,
an IC phase belowl, =150 K widely studied by different it results that the associated eigendistortions in terms of the

experimental techniques like NQR, x-ray} neutron  amplitudeq Q(q)] of the Fourier component of the displace-
scatterind’, etc. In fact, a careful structural analysis of the IC ment field u(x) are

phase of BCPS performed by means of x-ray diffracfion,

has demonstrated the nonsinusoidal character of the atomic

modulation, therefore at least the second-order harmonic has a . ) 5 _

to be considered in a model of the IC distortion. This is Plzﬁ(e"z’Qﬁ e '?Q,— v,6¥%Q3—y,7'%Qy), (3)

Ill. THEORY

(u(x))=V2[ A cog qex+ ¢,) + B COS 205X+ ). (2)

The goal of the present work is to calculate the effect that pzza_l(_ e%Q,+e 14Q,+ v,6/9Qs— y,631%Q,),
this nonsinusoidal atomic modulation has on the frequency V2
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PS:E( y1Q1+ 1€ 79Qy+ e??Qz+ e 29Q,),

i ) ) )
P4:E( —7,62%Q; + v,Q,—e??Qa+e79Q,)

with
1 ) 3V2v, [lIro] 2B
a= ~1, = = Y,
1t " o22q) VAU, A
rexT—T,. (4)

The spatial-fluctuation profile associated with the coordi-

natesQ;, Q,, Q3, andQ, can then be written as

SU(X) = \2{(8P 1+ y; COSh8P3)COL X+ ¢ho)
+ (0P, y1 COSh,6P4)SIN(qeX + )
+(6P3— 1 C0S¢h,6P1)Cc0g 20X+ 2¢,)
+ (8P4 — 1 COS$o8P,)SIN 20X+ 2¢ho)}. (5)
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ATH(1L) =2 [Th(D)+Thu;]su; + % > Thl)ou;
i 1)

® U+,

(€)

whereT§(1) andT§,(1) are the linear and quadratic terms of
the Taylor expansion of the EFG tensor.

It is well known that the first term in Eq9) causes direct
one-phonon spin-flip relaxation processes and it dominates
relaxation if the normal modes are strongly overdamped,
whereas the second term causes Raman two-phonon spin-flip
processes and it dominates relaxation when the normal
modes are damped or weakly damped.

A. Spin-lattice relaxation via direct process

In this case one can describe the relaxation process clas-
sically. Following Blinc and after some simple calculations,
the spin-transition probabilitW* for thelth nucleus is given
by

2kT e*Q? Do ,
3—m?|T51(|)+T6‘2(|)uj| {[X*+2y1X(2X

—
|

~DA+[(1=X?)+ 4y, (1-X*)X]I4} (10

It is instructive to compare this expression with the formwhere

of the fluctuation profile arising from spatial modulation of

the amplitudesA and B and the phase angleg, and i,

(¥o=20¢,). Assuming that the phase fluctuations are small,

it gives
SU(X) = \2[ ~ ASB(X)SIN(AX+ o) + SA COI X+ o)
— By sin(2g.X+ i) + 6B cog2q.x+ i,)].  (6)

Comparison of Eqs(5) and(6) shows that, provided the
phase fluctuations are small, the coordinat#®,, 6P-,
6P3, and 6P, may be identified with a combination of local

fluctuations in the amplitude and the phase of the displace-

ment field. Using these relations, the expressiong\fandB
reported by Bruce and Cowléyand including contributions
up to O(v2), it is possible to obtain
O0P3=1vy1(1+cos¢,) P, OP4=7y1(1+cC0Sep,)P,.
(7

The use of these relations provides, written in the time

domain, the following spatial-fluctuation profile:

su(t)=22 Ek {[cog gex+ ¢o) + ¥1 COL2qX+2¢h,)]

X Plk(t) + [Sir‘(qsx+ d’o)

+ y1 SIN(205x+ 2¢00) P () J& 1. 8

As it was stated by Bliné,the uth component of the
electric-field gradient(EFG) tensor at thelth lattice site
ATH(I,t) can be expressed as

T I
23 B

wﬁo

2 2
w'Bk=wB0+Kk2, Jg= v B=Ap,

w3,=2a(T;—T), X=codqx+ ¢,) (11)

for the limit in which the cutoff soft-mode frequency
wgpy—corresponding to the maximak value—is much
larger than the soft-mode frequenay,, at k=0 and this is
in turn large as compared to the NQR frequericy.and p,
are defined in Ref. 1.

B. Spin-lattice relaxation via Raman processes

In this case the transition probability is given by the well-
known formuld

2w
Wﬂzﬁjf [{m.ng1.ng/ [EDFATS (D] M+ p,ngngr+-1)|2

Xp(o")p(0")é(w' —0"—pw)do'do”. (12
One easily finds,

2
37

e’QTY
h
+(1-X?)2[1+8y,X]J,,
+H[XP(1=X?) +4y,X3(1-X?)
+271(1=X?)X(2X* = 1)](Ipp+ Iga)},

2/KT)\2
(?) XX+ 4y1(2X?=1)]Ipn

(13

where
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2 2
e T
(14)

Assuming the resonant frequenay<w’ gives

_“po

w+to'

JﬁBNK_B(wBA_ZwBO)' (15)

It is worth noting that expressiond.0) and (13) for the
transition probability agree with those obtained by Blinc
when y,; =0 (plane-wave limi}.

C. Combined theoretical analysis of the spectral density and
T, data

In the linear approximation, the NQR frequency for the
axially symmetric case can be given®oy
v=vo+ rU=r,+ v AX+B(2X?>—1)]. (16)

In this case, the spectral densityv)=(1/27|dv/dg]|),

which is equal to the inhomogeneous line shape, will have

singularities whenevedv/d¢ becomes zero. In terms o,

1
f(X)=

7
2mA|v,|

14Bx1x2
+K( )

Obviously the singularities occur foX=+*1 and X=

—A/4B if A<4B. Since incommensurate line shapes usually
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FIG. 1. 3CI NQR spectra of BCPS beloW, . These were ob-
tained from the Fourier transform of the echo signal as a function of
the irradiation frequency.

Ti(—=1) 1+4y,
Ti(1) 1-4y,

(21)

present two well-defined singularities, we associate them

with X=*1 because the conditioA<4B is more difficult
to accomplish.

Evaluation of f(X) close toX=+1 and close toX=
—1, using the substitutioB/A= — v,/2 gives

1

lim f(X)= ,

X—1 >0 27A|vy||1-2y,]e
(18)

lim f(X)= ,

R Zo PN A

with ¢ ~0.
After some simple algebra an expression fgris found
1 f(1)—f(—-1)

ng e 19

which could be obtain from experimental data as a functior{hr

of temperature

In the same way, for relaxation times, it is possible to

write down
(a) direct processes

Ti(=1) [T+ (A+B) oD (1+2yy)
TiD) T +(—A+B)TA)[A(1-2yy)

(20

(b) Raman processes

Depending on the sign of4, two situations are possible

y1>0=f(—1)<f(+1) and T;(—1)>T;(+1),

(22
y,<0=f(+1)<f(—1) and To(—1)<Ty(+1).

The concluding remark is that the peak of the spectra
where the intensity is lower will always have a larder.

In the case where Raman processes dominate relaxation,
v, as a function of temperature can also be obtained from
experimentall’; data as

IV. EXPERIMENTAL RESULTS

_1
71_4

Ti(—1)-Ty(1)
T(D+Ty(—1)

(23

Figure 1 shows some observed NQR spectra of BCPS at
ee different temperatures. It is observed that the intensity
of the peaks is different, being higher at the lower frequency.
On the other hand, Fig. 2 shows the temperature dependence
of T, data from 80 K up to the melting point. This data are in
good agreement with those previously reported by Schneider
etal® T, data belowT~150 K were measured at both
peaks of the NQR spectra. The high&gtvalue corresponds

to the peak with high frequency and vice versa. In Fig3

has been plotted as a function of temperature obtained from
experimental data using E@23). Figure 5 shows the fre-
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FIG. 2. Temperature dependence Tof in the normal and IC
phase. Solid line represents the fit to the data uFipg AT~ with

A=1.8 at high temperatures.

guency dependence of; at two different temperatures.

V. DISCUSSION

PHYSICAL REVIEW B3 224411

TABLE I. Relative intensity of the second-harmonic amplitude
with respect to the first one calculated from the spectral-density

profile andT, data.

T (K) 1 (intensity y1 (Ty)
87 0.1 0.1
106 0.1 0.08
140 0.04 0.04
146.2 0.019 0.018

Recent results of the inelastic neutron-scattering Stofly
the lattice-vibration spectra in the normal and incommensu-
rate phases of BCPS have found an unusually low soft-mode
damping. This important experimental evidence suggests that
the spin-lattice relaxation process is dominated by Raman
processes and not by direct processes as was stated
previously®

In this way a spline of bothr{(T) data enables us to
obtain, using Eq(23), y; as a function of temperatuk&ig.
3). Itis known from Eq.(4) that its behavior as a function of
temperature in the mean-field theory should be

y1=c(T,=T)%, (24)

whereT, is the incommensurate transition temperature and

B=0.5.
A least-squared fit of data in Fig. 3 using this expression

From direct observation of Fig. 1, it is seen that the spec
States

tra intensity at the lower frequency is greater than that at th
highest edge frequency. On the other hand from Fig. 2 it is
observed thaT, is higher for the less-intensity peak of the
spectra and vice versa, in good agreement with the results of

Sec. llIC.

0.12

0.10 |

0.08 |

0.06 I

7(D

0.04 |

0.02 |

120 140 160

TIK]

80 100

FIG. 3. Temperature dependence of the parameterSolid

line: fit to the data usingy;=c(T,—T)#? with 3=0.54.

€c=0.011+0.001,

T,=149.60.1, (25

8= 0.545+0.007

in good agreement with Landau’s theory. In Table | is also
shown a comparison at four different temperatures of the
values ofy; calculated using the intensity of the spedtEa.
(19)] and those using experimentg| data[Eq. (23)].

Knowing y4(T), it is then possible to fit each,(T) data

adding only two free parameters

1

o o) _
m 1-2—— [1+471(T)], )\~2,

= T}‘( A
P WAA
(26)

where it has been used that

w
1-2-29), (27)
WAA

From Ollivier etal® wx=+2a(T,-T)+45% a

=350 GHZ/K, §=80 GHz, and from Schneidest al*°

wapr~4700 GHz.
A least-squared fit of data is shown in Fig. 4. In both

cases the parameters are

‘]AA: K5/2A<
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FIG. 4. Plot of T{(T) in the IC phase. Solid lines: data fit using 84.80 8484 84.88 3492 84.96
Eq. (26). Frequency [MHz]
T T,( ) FIG. 5. Frequency dependence ®f at T=118 K and T
1(#high) 1\ Viow =142 K. The solid line is a fit to the data using E(@8) and(29).
_ -5 _ -5
p=(6.6=-0.8)x10 p=(6.0=0.8)x10 VI CONCLUSION
N=1.74+0.02 A=1.76+-0.02

In the present work the calculations of NQR relaxation
As it is observed, botfT; can be fitted with the same  times, developed by Blinc, have been extended to include the
and\ parameters. What makes the difference in the temperegffects of nonsinusoidal IC modulations. This model relates
ture behavior is the sign change in E&6). Besides, the the equilibrium-displacement profilg(x)) and the spatial-
value of is in good agreement with= 1.8 obtained at high fluctuation profile su(x) with two NQR observables: the
temperaturegFig. 2). spectral densityf () and the spin-lattice relaxation ting,,
Finally it is well known that the spin-lattice relaxation respectively. These relations provide two independent and
time varies over the incommensurate NQR line. From Egequivalent ways to obtain the relative intensity of the second

(13) it is possible to write down harmonic with respect to the first ofiee., y,(T), see Eq4)]
of the IC distortion. It has been also shown that, when non-
WH(X)=PX3[ X+ 4y,(2X2—1)] sinusoidal IC modulations are present, the NQR spectra is
not symmetric and the peak of the spectra that has lower
+Q[(X*=1)*(1+8y:X)] intensity always has a largdr, and vice versa.
+Z[X(1-XD)(8y X2+ X—2y)], (28 The theoretical calculations are in good agreement with

BCPS NQR data. They enable to explain not only the asym-
where ZocJp,+J,4 and QxJ,, are unknown andP is metric in the edge-peak intensities of the NQR spectra, but
evaluated using the above fitting parameters for the amplitualso the temperature dependenceTafas well as its fre-
don contribution at the corresponding temperature. On thguency dependence, when Raman processes are considered

other hand Eq(16) allows to relateX with v through to dominate relaxation as is indicated by neutron-scattering
evidence. It is important to remark that just a sign change in
1 1 Eqg. (26) for Raman processes allows to describgT) at
X=g—=\[——5+1- (vo+Br;—v). (29 both edges of the spectrum. On the other hand an excellent
271 41 viAY1 agreement was found between obtained from the analysis

of the spectral profile at different temperatures and that ob-
Figure 5 shows the best fit td,(») data atT=118 K .
andT=142 K using these last two equations. The fit results TABLI_E_ . Fitting 'p_arameters of the frequency dependence of
show that the term that contaiiss very small and it can be the transition probability at 118 K and 142 K.

neglected. The data are qualitatively well described and th 1

fitting parameters are reported in Table II. It is worth noting? (K) Qms™)  Ar (Mh2) Vot Bry (Mh2)
that the frequency behavior is better described at high temt1g 0.42 0.102 34.910
peratures since at lower temperatures more harmonics terfqyo 0.46 0.052 34.839

should be included in the IC modulatidn.
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