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8.87Rb and "N NMR spectra and spin-lattice relaxation time (7)) were measured for
RoPb[Cu(NO»)6] (R = Rb, NH4). The quadrupole coupling constant (€2Qq /h), asymmetry pa-
rameter (1), and the effective transverce relaxation time (75) were estimated from the simulation
of NMR spectra. The NMR spectra in commensurate phase III can be explained by the superposition
of two components corresponding to two inequivalent sites of the R* ion. In the incommensurate
phase II, e’Qq/h and T; decreased with increasing temperature, while 7 was almost temperature
independent. 7' in phase II is found to be determined by the contribution of acoustic phason with

multi-soliton limits.
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Introduction

R,Pb [Cu(NO,)s] (R = Rb, NHy; abbreviated as
Rb-PCN and NH4-PCN, respectively) are known
to undergo successive phase transitions induced by
the cooperative Jahn-Teller effect of [Cu(NO,)g]*~
[1 - 5]. As the temperature is lowered, Rb-PCN trans-
forms from the cubic phase I (space group Fm3) to
the incommensurate phase II (Fmmm) at 77 = 313 K,
and further into the commensurate phase III (C1) at
Tc = 274 K. In phase II, the modulation wave of
the local Jahn-Teller distortion of [Cu(NO,)s]*~ oc-
tahedra is directed to [110]. In phase III, two crysta-
lographically inequivalent [Cu(NO,)¢]*~ octahedra,
elongated along [100] and [010], exist. Similar phase
transitions occur at T = 287 K and 71 = 316 K for
NH,4-PCN [4].

Previously, ¥ Rb NMR spin-lattice relaxation times
T in phase II, smaller than in phases I and I11, and crit-
ical behavior of the '*N NQR spin-lattice relaxation
time T'q for the nitrogen in the -NO, group around
Tc have been reported [3]. In this work, the 8-%"Rb
and "N (I =5/2, 3/2 and 1, respectively) NMR spec-
tra and 77 were measured in phases I, II, and III. We
investigate the crystal dynamics and crystal structure

of Rb-PCN and NH4-PCN in each phase by analyz-
ing 88Rb and "N NMR spectra and T}, which are
dominated by the nuclear quadrupole interaction and
the paramagnetic dipolar interaction. We also discuss
the mechanism of nuclear relaxation in phase II due
to the incommensurate modulation.

Experimental

The crystals of Rb-PCN and NH4-PCN were grown
from RNOj3 (R = Rb, NH,), NaNO,, Pb(NO3),, and
Cu(NO3),-3H,0 in aqueous solution. We used pow-
der samples for the NMR experiments. 3>3"Rb and
YN NMR were measured using a CMX-300 spec-
trometer at 28.8, 97.7 and 21.6 MHz, respectively.
The NMR spectra were measured by the quadrupole
echo sequense ((7/2),-7-(7/2),-7-acq) for both 14N
and 33 Rb, and a single pulse for ®’Rb. The T measure-
ments were made by the inversion recovery method.

Results and Discussion

NMR Spectra

Figure 1 shows “N and #%Rb NMR spectra in
phases I, 11, and III. In phase I, the spectra were struc-
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Fig. 1. "N and *>®Rb NMR spectra in each phase. The
solid and broken lines show the observed and the theoretical
spectra, respectively.

tureless. In phases II and III, to the lineshape of the
4N NMR spectrum mainly contributed the first-order
quadrupole interaction (wq;) and the paramagnetic
dipolar interaction (wp) between the resonant nuclei
and the Cu®* ions. wqi and wp are written by the
second-order Wigner rotation matrix [6 - 11] as
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where wp; is the paramagnetic dipolar interaction be-
tween the resonant nuclei and i-th Cu* ion. (1, 8, ¢),
(v, B3,7y) and (o, 31, ) represent the Euler angles
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for the transformation from the laboratory axes to the
crystal axes, from the crystal axes to the principal
axes system of the quadrupolar tensor and from the
crystal axes to the principal axes system of the dipolar
tensor between the resonant necleus and the i-th Cu®*
ion, respectively. 3/ and v/’ are angles connecting the
direction of the external field and the principal axes
system of the g-tensor of i-th Cu®* ion.

The lineshapes of the 83-%’Rb NMR spectra for the
central transition are mainly dominated by the second-
order quadrupole interaction(wg) and the paramag-
netic dipolar interaction. wq; is given by [12, 13]

—4C3 3
wor =2 {10+~ H{ RS R +2R2 RS |
™

e’Qq

Co = 41T — i ®

Here, wy, is the Larmor frequency and

2
RS, = > D@:,0,)DL (0, 3,703, (9)

n,n'=—2

where pgn, is the tensor element in the principal axis
system [13]. The echo signal of "N NMR is written
as [14]

G(t,0,¢) = K cos (wpT) exp (iwp(T + 1)) (10)

- cos (woit) exp (=T; 121 + ).
For the analysis of the 3:’Rb NMR spectra,
G(t,0,¢) = K exp [(i(wry —wp) — T5~ Ht] (11)

was used. Here, 75 and K are the effective transverse
relaxation time and a constant, respectively. The sig-
nal of the powder sample is given by

27 g
G(t)=/ /G(t,0,¢)sin0d0d¢. (12)
0 0

The NMR spectrum is obtained by the Fourier trans-
form of G(t).

wp was estimated from the crystal data [4, 2], and
the contribution from Cu’* ions with 73 primitive
cells around the resonant nucleus was calculated. The
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Table 1. e?Qq/h and 7, determined by the simulation of
85.87Rb and "N NMR spectra.

Phase  e>Qq/h (MHz) n

26-32x1073 0.2

Sample (observed nucleus)

(NH4)2Pb[Cu(NO2)6](**N) II

I 40 x 1073 0.09
38 x 10~3 0.6
Rb,Pb[Cu(NO, )6 1(3'Rb) II 29-33 0.2
I 3.55 0.09
3.25 0.6
Rb,Pb[Cu(NO»)s](3’Rb) i 1.30 - 1.45 0.2
I 1.4 0.09
1.3 0.6
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Fig. 2. Temperature dependence of ¢?Qq/h determined by

NMR spectral simulation. 8587Rb in Rb-PCN(a) and N in
NH4-PCN(b). Open and closed symbols in phase III corre-
spond to the components with 7=0.09 and 0.6, respectively.

spectral simulation was performed using (1 - 12) with
e*Qq/h,n, Ty, a, 3, and v as parameters.

(o, B,7) was obtained as (-0.8, 63, —59) for
phases II and III from the spectral simulation. The
temperature dependence of e>Qq/h determined by
the spectral simulation is shown in Figure 2. In
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Fig. 3. Temperature dependence of 75" determined by N
NMR spectral simulation in NH4-PCN.

phase I1, €>Qq/h increased with decreasing tempera-
ture, whereas 1 was almost constant (0.2). A sudden
change in eQq/h was observed at T¢. In phase III,
the spectral lineshapes are explained by superposi-
tion of two spectra corresponding to inequivalent two
sites of the R* ion [5]. €2Q¢q/h and 1 in each phase are
listed in Table 1. 7%, estimated by '“N NMR spectral
simulation is shown in Figure 3. In phase II, 77 is
shorter than in phase III, and increased with decreas-
ing temperature. We consider that the shorter 75 in
phase Il is caused by the modulation wave. 75, which
decreased with increasing temperature would indicate
the soliton broadening [15].

Spin-lattice Relaxation Time T}

Figure 4 shows the temperature dependences of
85.837Rb and "N NMR T} in Rb-PCN and NH,-PCN,
respectively. T shows discontinuous jumps at the
transition points 71 and 7¢. The temperature depen-
dence of 8-%7Rb T} of Rb-PCN in phase I can be
explained by the paramagnetic dipolar interaction be-
tween the resonant nuclei and Cu?* ion. Then the
relaxation rate 7}p' is written as [8, 16],

2
T = =71

15 (13)

- 3oress + ] e

TTe
1 2.2 + 1 2 2}’
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where -y is the gyromagnetic ratio of the resonant nu-
cleus, up the Bohr magneton, g the isotropic g-value
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Fig. 4. Temperature dependence of NMR T; for 33%Rb in

Rb-PCN(a) and "N in NH4-PCN(b). The solid lines show
the theoretical curves of eq. (20) as described in the text.

for Cu*, wy the angular NMR frequency, w, the ESR
angular frequency, and 7. the correlation time of the
electron spin. r; is the distance between the resonant
nucleus and i-th Cu* ion. In the 7.0 T magnetic field,
wr, K T, € w, can be assumed, and (13) can be
simplified as

- 2 -
Ty = 570" Zr °S(S+ 137 (14)
When 7, is dominated by the thermal jump between
different Jahn-Teller distortions, 7. can be written as

Te = To exp (A/kT), (15)
where A is the activation energy for the jump between
the different Jahn-Teller configurations. The A value
and the pre-exponential factor 7y were obtained as
4404+50cm " and (1.040.2) x 107! s, respectively,

from 8387Rb NMR T. The temperature independent
8587Rb T in phase III and '*N 7} in phases I and
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IIT are considered to be dominated by the exchange
interaction between Cu®* ions.

8587Rb and '*N T} in phase II are shorter than
those in phases I and III. These results indicate that
the relaxations of 83’Rb and '*N in the incommen-
surate phase are dominated by the dynamics of the
modulation wave. 7] in the incommensurate phase is
represented by the sum of contributions from ampli-
tudon and phason given by 77, and T7,, respectively,
as [15, 17]

—1 _ 1 —1
Ty =T, +T,,.

(16)

The amplitudon has a typical soft mode behaviour
with the approaching 77 and T4 is described by
[15, 17]

T o (Tr — T) V2. (17)
Therefore T} of 1*N and %:37Rb in the incommensu-
rate phase are considered to be mainly determined by
the phason.

The phason behaviour can be discussed by the
plane wave limit and the multi-soliton limit models
separately. In the plane wave limit, the relaxation rate
T 'is represented as [18, 19]

Ly
Tr) o T(\/1+ (L /wy) + 1) "2,

where w,, is the phason gap frequency. On the other
hand, in the multi-soliton limit, the phason branch
consists of two parts. One is the acoustic branch cor-
responding to phase oscillations of the incommensu-
rate multi-soliton lattice, and the other is the opti-
cal branch corresponding to phase oscillation of the
commensurate regions. In this situation, Tl;l can be
written as

(18)

Ty, = Tip)i + Ty (19)
where (Tlso)a_cl and (Tlg(,)o_p1 are the contributions from
the acoustic and optical parts, respectively. The con-
tribution of (Tw)o’pl doesn’t have a critical tempera-
ture dependence [15]. (T1,),' is approximately eval-
uated from the dispersion relation which describes
the acoustic phason branch in the multi-soliton lat-
tice [15]. In the region of w, K wr, (Tlgz,)a_c1 is writ-
ten as

(Thp)w' o {wr (T = Te)}y ™'/ (20)
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In the region of wy, < w,, (I7,)%' has no longer the
w, dependence and can be represented as
(Thp)e' o (1 = Tc/T)'V? @
by assuming the Landau theory for the temperature
dependence of the inter-soliton distance [15].

In incommensurate phase II, 7} of 8:8’Rb and '*N
decreased with decreasing temperature, and showed
critical behaviour around 7¢. These results suggest
that the relations of 3-%’Rb and N nuclei are dom-
inated by the contribution of acoustic phasons in the
region w, <K wr. The solid lines in Fig. 4 show the
theoretical fitting of (20) to the observed 7). T¢c =
270 and 285 K were obtained from the NMR 77 in
Rb-PCN and NH4-PCN, respectively. The obtained
T¢ are lower than the reported ¢ [3 - 5]. These dis-
crepancies were reported for Raman scattering mea-
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