
VOLUME 78, NUMBER 11 P H Y S I C A L R E V I E W L E T T E R S 17 MARCH 1997
Low-Frequency Phason and Amplitudon Dynamics in the Incommensurate Phase ofRb2ZnCl4
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It is shown that the phason-induced87Rb NMR spin-lattice relaxation rate in the incommensurate
phase of Rb2ZnCl4 depends on the Larmor frequency, whereas the amplitudon-induced rate does not.
The results are described consistently by relaxatory phason and amplitudon fluctuations. The relaxatory
phason gap is found to be on the order of magnitude of about 10 MHz, in contrast to previous
estimates from NMR studies. Our data also allow a determination of the temperature dependence
of the amplitudon relaxation frequency. [S0031-9007(97)02732-4]
PACS numbers: 64.70.Rh, 64.60.Cn, 76.60.Es
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Some insulating crystals pass over from a hig
temperature normalsNd phase to a structurally incommen
surately (IC) modulated phase at a certain temperatureTi .
In the IC phase, at least one physical quantity is modula
in such a way that the characteristic wave vectorqi is
not a rational multiple of the reciprocal lattice vecto
of the N phase. As a consequence, the initial phase
the modulation wave is arbitrary, and the IC structure
continuously degenerate with respect to a phase shift [1
Thus, special low-energy excitations termed “phaso
are present in IC systems. The continuum theory of
phases predicts the existence of a gapless phason mod
is usually assumed, however, that in a real crystal vari
effects lead to a nonzero gap in the phason excitat
spectrum. It is this characteristic phason dynamics wh
is the most fascinating feature of incommensurate crys
and which is the subject of this Letter.

The incommensurate modulation wave is in most cas
at least close toTi, a single harmonic function of spac
(“plane wave limit”, PWL). It can be represented by a
order parameter (OP) with two thermodynamic degrees
freedom, e.g., amplitude and initial phase. The norm
modes of the OP are given by its longitudinal an
transversal componentsP1 and P2, respectively, in the
complex OP plane [2]. In first-order approximation, th
fluctuations ofP1 andP2 can be identified with those o
amplitude and phase giving rise to the terms “amplitudo
and “phason” fluctuations [1,2].

In most cases, the IC phase transforms into a comm
surate (C) phase at a temperatureTc , Ti. For the pro-
totypic system Rb2ZnCl4 (RZC) the IC phase is stable
betweenTi  303 K and Tc  195 K, where a lock-in
transition to a ferroelectric C phase takes place with a tr
lication of the unit cell with respect to theN phase [1,3].
As a characteristic precursor effect of the IC-C phase tr
sition, a so-called soliton structure is formed. Soliton e
fects have been observed in RZC in a temperature reg
of about 40 K aboveTc [3]. In the following, however,
we will restrict the discussion to the PWL.
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Quadrupolar perturbed nuclear magnetic resona
(NMR) has been proved to be an accurate and sensi
tool for investigating IC phases [1]. While the spectru
of NMR frequencies is determined by the static part of t
electric field gradient (EFG), its fluctuating part is relate
to the probabilities of transitions between the nucle
spin levels. The spin-lattice relaxation rate1yT1 of the
nuclear magnetization is given as a linear combinat
of these probabilities which are a measure of the spec
density of the EFG fluctuations at the Larmor frequen
snL  vLy2p ø 108 Hzd.

It is the purpose of this Letter to demonstrate that su
able and careful NMR experiments can provide som
characteristic quantitative parameters of the dynamics
incommensurately modulated crystals. In particular,
is shown for the first time that the phason-induced87Rb
spin-lattice relaxation rate in RZC depends on the Larm
frequency and allows one to determine unambigously
phason gap in the IC phase. In this way, a long stand
problem is solved which consists of the phason gap val
which were derived by various experimental methods a
which differ by some orders of magnitude [3]. Also, th
time constants of the amplitudon fluctuations can be
termined. Previous measurements already demonstr
the frequency dependence of the1H spin-lattice relaxation
in biphenyl [4,5] and a derivation of this substance [6], r
sulting in an estimate for an upper bound of about 5 MH
and 500 kHz, respectively, for the phason gap.

High-quality single crystals of RZC were grown from
an aqueous solution as previously described [7]. T
spin-lattice relaxation rates have been measured
the upper-frequency satellite transition of87Rb in RZC
for the lattice site Rb(1)—notation as in Ref. [8]—in th
crystal orientationbkB0. The phase transition tempera
ture Ti could be determined simply by inspecting th
NMR spectra. A special spin-echo pulse sequence w
used to measure the magnetization recovery with apy2
pulse length of2.5 ms for about 20 different magneti
zation recovery times. The magnetization recovery w
© 1997 The American Physical Society



VOLUME 78, NUMBER 11 P H Y S I C A L R E V I E W L E T T E R S 17 MARCH 1997

t

s
n

d
d
h
u

a
r

h
ls

g

i
r
a
e
9

,
a
h

w

at
ases
d

of
g-
e
r.

, in
to
e

ted
of

he

re-

-
3).
always found to be strictly single exponential as has be
observed and explained before [9]. For measuring
Larmor frequency dependence of1yT1, the magnetic field
of the cryomagnet was changed.

In RZC, no soft-phonon mode could be detected abo
Ti by Raman or neutron scattering experiments. Con
quently, and in accordance with theoretical results ba
on ab initio calculations [10], the phase transition is ge
erally assigned to therelaxator model[11]. For this case
of OP dynamics, adirect processfor the relaxation of
the nuclear spin system is reasonably assumed. Pre
87Rb-T1 measurements [12] indeed proved both assum
tions to hold for RZC aboveTi. Since the phason an
amplitudon modes evolve from the relaxatory soft mo
on passing from theN to the IC phase, we adopt bot
these assumptions as a general basis for interpreting q
titatively our experimental results in the IC phase. A
will be shown, in this manner, as long as the PWL hold
a consistent description of the dynamics of the IC pha
of RZC is achieved.

NMR spectra of incommensurate crystals are usua
characterized by typical inhomogeneous frequency dis
butions with two edge singularities [1,8,13]. In gener
the spin-lattice relaxation rate of any part of this dist
bution is given by a superposition of two contribution
which are proportional to the spectral densitiesJ1 andJ2
of the OP normal modesdP1 anddP2, respectively. The
correct assignment of the experimentalT1 data to these
spectral densities requires the knowledge of the spa
modulation functions of the NMR frequencies and of t
transition probabilitiesWm between the nuclear spin leve
jml and jm 1 ml with m  1, 2. Following the proce-
dure given in Ref. [9], it can be shown that for the lattic
site Rb(1) of RZC in the special crystal orientationbkB0
the relaxation rates are simply given by

1yT1  DJ1svLd , 1yT1  DJ2svLd (1)

for the lower-frequency and upper-frequency edge sin
larity, respectively. HereD is a constant, andJ1svLd and
J2svLd are the amplitudon and phason spectral densit
respectively, at Larmor frequency. In the frequency
gion between the edge singularities, the relaxation r
was predicted to vary linearly with the NMR satellit
frequency (in contrast to other crystal orientations) [
This linear variation of1yT1 over the frequency distribu-
tion, which is also a criterion for the validity of Eq. (1)
is confirmed by careful well-resolved spin-lattice relax
tion measurements (Fig. 1) in which the recovery of t
magnetization was monitored at each frequency after
whole frequency distribution was saturated.

For estimating the characteristic time scale of the O
fluctuations, we measured the dependence ofJ1svLd and
J2svLd on the Larmor frequency. The results are sho
in Fig. 2. In all three cases, the spectral densityJ2svLd
shows a distinct Larmor frequency dependence accord
to a square root law whileJ1svLd is obviously indepen-
dent of frequency. Already, this qualitative result is
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FIG. 1. Variation of the spin-lattice relaxation rate1yT1 over
the frequency distribution of the upper-frequency87Rb NMR
satellite transition of Rb(1) in RZC at the temperaturesTi 2
T  0.8 K (left), Ti 2 T  3.5 K (center), Ti 2 T  9.6 K
(right). The line shape functions of the frequency distribution
the respective temperatures are also shown (frequency incre
from right to left). The spectra (not normalized) were obtaine
from spin-echo experiments.

look-and-see proof for the fact that the time constants
the phason fluctuations are obviously of the order of ma
nitude of at least1028 s and, on the other hand, that thos
of the amplitudon fluctuations are considerably smalle
Besides, the different Larmor frequency dependences
turn, demonstrate that the contributions proportional
J1svLd and J2svLd are actually decomposed at the edg
singularities.

On the basis of the general assumptions formula
above, it can be shown that the frequency dependence
the phason spectral densityJ2svd can be written as [5,12]

J2svd  J2s0dFsvt2d , (2)

whereJ2s0d depends only on temperature and where t
frequency dependence is given by

Fsvt2d 
p

2

¡ rq
1 1 svt2d2 1 1 . (3)

FIG. 2. Larmor frequency dependence of the spin-lattice
laxation rates1yT1 at the temperaturesTi 2 T  3.5 K (left),
Ti 2 T  9.6 K (center), Ti 2 T  38.7 K (right). Results
are shown for the upper-sjd and lower-frequency (d) edge
singularities of the87Rb NMR satellite frequency distributions
which are proportional to the phasonsjd and amplitudon (d)
spectral densitiesJ2 and J1, respectively. The curves corre
spond to the square root law discussed in context with Eq. (
2153
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The function FsvLt2d depends only on the ratio o
the Larmor frequencynL to the relaxatory phason ga
1y2pt2 ; 1y2pt2sqid. For a relaxatory phason ga
which is large compared to the employed frequenci
FsvLt2d is equal to unity and the relaxation rate i
of course, frequency independent. However, a pha
gap with vLt2 ¿ 1 leads approximately to a behavio
J2svLd ~ 1yp

vL as derived previously [13]. As can b
inferred from Fig. 2, this is actually fulfilled for the spin
lattice relaxation times pertinent to the phason-induc
contribution. Thus, the phason gap1y2pt2 in the IC
phase of RZC must be smaller than the lowest Larm
frequency in our experiments, i.e., it can be estimated
1y2pt2 , 40 MHz.

It is generally assumed that the phason gap is practic
temperature independent in the whole IC phase [1
Thus, at a given Larmor frequency, the functionFsvLt2d
should be constant belowTi , and only the “static” spectra
densityJ2s0d should show a weak temperature variatio
according toJ2s0d ~ T [9], except for the soliton regime
Consequently, for the PWL, the frequency depende
of the squared spin-lattice relaxation timeT2

1 svLd can be
given in a normalized representation by writing

T 2T2
1 svLd  T2yD2J2

2 s0dF2svLt2d

 C

µq
1 1 svLt2d2 1 1

∂
, (4)

whereC is a constant. The corresponding plot for tem
peratures betweenTi and aboutTi 2 40 K is shown in
Fig. 3. A remarkable consistency within the experimen
data is found. The asymptotic behavior of Eq. (4) for lar
arguments, i.e., for the limitvL ¿ 1y2pt2, is given by a
straight line according to

AsvLd  Cs1 1 vLt2d (5)

which intersects with the frequency axis just at the (ne
tive) phason gap. Thus, the plot ofT 2T2

1 svLd in Fig. 3
allows one to derive the phason gap in a simple geome
way, as it is demonstrated in the diagram. From this p
cedure we obtain1y2pt2  10 MHz, where the experi-
mental errors are still consistent with a value of 15 MH
A plausible lower bound for this quantity is 1 MHz.

A value for the relaxatory phason gap in the ord
of some MHz agrees with the results of measurement
the dielectric behavior in the lower part of the IC phase
RZC [3]. In this context we also refer to recent87Rb spin-
lattice relaxation measurements in theN phase of RZC
[12]. In this work, the critical temperature dependen
of T1 on approaching theN-IC phase transition was
analyzed, resulting in a relaxatory soft-mode frequency
the order of 10 MHz very close toTi. This is in excellent
agreement with the results of acoustic investigations [
and Brillouin scattering studies in theN phase of RZC
[3,15]. Note that the analysis of our NMR data in the I
phase is completely independent from that in Ref. [1
Thus, our experimental results above and belowTi are
fully consistent and, moreover, confirm the fact that t
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FIG. 3. Normalized representation of the squared phaso
induced 87Rb spin-lattice relaxation time in the IC phase of
RZC [cf., Eq. (4)]. Data points are given for the temperature
T > Ti srd, Ti 2 T  3.5 K smd, Ti 2 T  9.6 K (d), Ti 2
T  38.7 K sjd. The broken curve corresponds to Eq. (4) an
the straight line to the asymptote given by Eq. (5) with a phaso
gap of1y2pt2  10 MHz.

phason dynamics in the IC phase preserves the soft-mo
dynamics at theN-IC phase transition atTi.

Contrary to this description, previous attempts to de
rive the phason gap from NMR data were made on th
basis of an oscillatory model using the ratio of putativ
amplitudon- and phason-induced relaxation rates [16–18
In the case of RZC, they led to phason gaps in the order
10–100 GHz [16]. Among others, the analysis in thes
works rests on the assumptions that (i) the amplitudon a
phason spectral densitiesJ1 andJ2 are related to a direct
(one-phonon) relaxation process with overdamped oscill
tory modes [13], and (ii) the amplitudon modes respon
sible for J1 can be identified with some modes detecte
by Raman or neutron scattering experiments in the low
part of the IC phase and which were assigned to the O
fluctuations. As can be inferred directly from the smoot
temperature dependence of the amplitudon frequencies
termined this way at the IC-C phase transition [19,20] an
the completely different behavior of the NMR relaxation
rates pertinent toJ1 close toTc [9,13,16], the latter as-
sumption is hardly justified. Besides, the first assumptio
contradicts the neutron scattering experiments which d
tect underdamped modes. The phason gap values deri
in the NMR works cited do not differ very much from the
corresponding amplitudon frequencies obtained from ne
tron or Raman scattering studies, and one should wond
why they cannot be observed in the same scattering stu
ies. Thus, the relevance of the phason gaps determin
this way from NMR data has been questioned severel
emphasizing the overdamped character of the phason flu
tuations [5,9,21]. In any case, this discussion demonstra
that in these NMR works several assumptions are neede
the basis and consequences of which are not well justifie
On the contrary, the conclusions we draw are much mo
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direct and essentially rest on the characteristic frequen
dependence ofT1 which is an unambiguous proof for the
existence of low-frequency excitations in the MHz region

Moreover, our data also allow one to determine th
temperature dependence of the amplitudon relaxati
frequency from the spin-lattice relaxation rates pertine
to the amplitudon spectral densityJ1. The experimental
data for the amplitudon- and phason-induced relaxati
times T1s1d and T1s2d, respectively, are shown in Fig. 4.
Applying the formalism given in [13] for oscillatory
modes to the present case of pure relaxatory modes a
assuming the fast-motion limitvLtb ø 1 to hold for
both amplitudons and phasons, we find

t1

t2


µ
J1s0d
J2s0d

∂2



µ
T1s2d

T1s1d

∂2

. (6)

In our case the fast-motion limit is valid only for the
amplitudon spectral density, i.e.,1yT1s1d  DJ1s0d, but
not for the phason spectral density, as demonstrated
Fig. 2. Thus, inserting Eqs. (3) and (4) into Eq. (6), w
arrive at

t1  2Ct2ysT1s1dT d2. (7)

SinceC and t2 are practically constant in the IC phase
the squared amplitudon-induced relaxation rate1yT2

1s1d
directly reflects the behavior of the relaxatory amplitudo
gap. Note that the quantityCt2 is nothing but the slope of
the straight line in Fig. 3 whose relative error is therefor
considerably smaller than that oft2 and C themselves.
The result is shown in the inset of Fig. 4. The relaxator
amplitudon gap increases from about 10 MHz atTi up
to values of some GHz within an interval of about 70 K

FIG. 4. Temperature dependences of the phason- a
amplitudon-induced 87Rb spin-lattice relaxation timesT1
measured fornL > 98 MHz at the respective edge singularities
with 1yT1 ~ J2 sjd and with1yT1 ~ J1 (d). The inset shows
the temperature dependence of the relaxatory amplitudon g
1y2pt1 derived via Eq. (7) from the experimental data.
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belowTi. We stress that this analysis cannot be continu
simply to the region of the soliton regime since the O
dynamics and its influence on the relaxation rates are m
complicated here than in the PWL [22].
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