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14N NMR study of the role of the N-D–––O bonds in the deuteron glass transition
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14N spin-lattice relaxation-time measurements in Rb0.28(ND4)0.72D2PO4 provide direct evidence for the fast
exchange averaging of the ‘‘long’’ and ‘‘short’’ N-D•••O hydrogen bonds between the ND4 group and the
four surrounding PO4 groups. This exchange and the associated distortion of the ND4 tetrahedron induced by
the ‘‘acid’’ deuteron intra-O-D•••O motion determine the14N spin-lattice relaxation-time minimum around
78 K. The glass transition is not affected by the slowing down of the rotations of the ND4 groups but reflects
the gradual freeze-out of the O-D•••O deuterons between the two equilibrium sites in the O-D•••O bonds.
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I. INTRODUCTION

It is well known that substitutionally disordered solid s
lutions of ferroelectric RbD2PO4 ~DRDP! and antiferroelec-
tric ND4D2PO4 ~DADP! form at intermediate ammonium
concentrations1–9 0.22<x<0.75 a deuteron glass phase. Th
phase shows no macroscopic symmetry change on coo
and no long-range order down to the lowest temperatu
investigated. In contrast to magnetic spin glasses the cus
dielectric susceptibility is rounded1–9 and the freezing take
place over an unusually large temperature interval far ab
the nominal glass transition temperatureTG .10,11 For x
<0.22, on the other hand, a transition to an inhomogene
ferroelectric and forx>0.75 a transition to an inhomoge
neous antiferroelectric phase is observed10 in
Rb12x(ND4)xD2PO4 systems at lower temperatures.

Whereas it is by now well established10,11 that the deu-
teron glass transition is connected with a random freeze
of the motion of the O-D•••O deuterons between the tw
equilibrium sites in the O-D•••O hydrogen bonds, much les
is known about the role of the ND4 groups in this
transition.12,13 It has been suggested that the ‘‘acid’’ deute
ons freeze-out may be triggered by the rotational ordering
the ND4 groups which mediate the interactions between d
ferent O-D•••O bonds and—in contrast to the Rb ions
tend to induce antiferroelectric rather than ferroelectric
dering of the four ‘‘acid’’ deuterons around a given PO4
group.

In order to check on the possible relation between
glassy freeze-out of the acid deuterons and the rotatio
freeze-out of the ND4 groups, we have decided to measu
the 14N(I 51) quadrupole perturbed NMR spectra and t
14N and ND4 deuterons spin-lattice relaxation timesT1 in a
Rb0.28(ND4)0.72D2PO4 single crystal as a function of tem
perature.

The idea of the experiment is as follows: In an isolat
perfect ND4

1 tetrahedron the electric-field gradient~EFG!
tensor at the14N site is zero by symmetry. In an ADP cryst
the EFG tensor at the14N site is mainly determined by th
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four N-D•••O hydrogen bonds formed by the ND4 group to
the surrounding PO4 groups~Fig. 1!. In pure ADP each oxy-
gen in the PO4 group shares one O-D•••O and one
N-D•••O hydrogen bond.14 The N-D•••O bonds may be
‘‘short’’ or ‘‘long.’’ 14 The formation of the N-D•••O bonds
affects the ordering of the deuterons in the O-D•••O bonds.
The short N-D•••O bond will tend to keep the acid deutero
away from the oxygen, i.e., it will push the deuteron to t
‘‘far’’ equilibrium site in the O-D•••O bond. In contrast the
formation of a long N-D•••O bond should allow the acid
deuteron to stay at the equilibrium site ‘‘close’’ to the
bond sharing oxygen~Fig. 1!. The formation of short and
long H bond should result in a small distortion of the ND4
tetrahedron15 and a finite electric-field gradient~EFG! tensor
at the 14N site. In Rb12x(ND4)xD2PO4 systems, some oxy
gen atoms will form N-D•••O bonds while other oxygen
will have Rb1 neighbors, resulting in the absence
N-D•••O bonds.

Because of the fast O-D•••O intrabond deuteron motion
the long and short N-D•••O bonds and the14N EFG tensor
should be exchange averaged at high temperatures. At lo
temperatures a freeze-out is expected to take place.

FIG. 1. Schematic projection of the structure of ND4D2PO4 on
the a-b plane. Each oxygen in a given PO4 group shares two hy-
drogen bonds. It is linked by one O-D•••O bond to the neighboring
PO4 group and by a N-D•••O bond to the neighboring ND4 group.
Depending on the position of the deuteron in the O-D•••O bonds
the N-D•••O bond is either short or long.
76 ©1999 The American Physical Society
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By monitoring the14N T1 and line shape we could thu
get direct evidence for the existence of long and short N
•••O bonds and gain additional information on th
N-D•••O as well as O-D•••O dynamics and glass freeze
out. The measurements of the ND4 deuteronT1 should on
the other hand show the possible role of the ND4 rotational
freeze-out on the ND4 distortion and the deuteron glass tra
sition.

II. EXPERIMENT

The 14N NMR spectra have been measured at a Larm
frequency n(14N)527.458 MHz using the 90°(x) –90°(y)
spin echo pulse sequence. The14N and ND4 deuteron spin-
lattice relaxation timesT1 have been obtained with the 90°
180° pulse sequence.

The temperature dependence of the14N and ND4 deu-
teron spin-lattice relaxation times are shown in Fig. 2. T
14N T1 decreases on cooling down from room temperatu
exhibits a shoulder between 175 and 158 K, and then con
ues to decrease with decreasing temperature until it reach
broad minimum around 78 K. After that it starts to increa
with decreasingT.

The 14N T1 ‘‘shoulder’’ around 175–158 K coincide
with the ND4 deuteronT1 minimum ~Fig. 2! due to the ro-
tational freeze-out of the ND4 groups. The much deepe
14N T1 minimum around 78 K is, on the other hand rath
close to the acid deuteronT1 minimum indicating the onse
of the freeze-out of the intrabond O-D•••O deuteron
motion.9–11

III. DISCUSSION

The above-14N T1 temperature dependence can be fit
to a model where the high-T part of the14N T1 is determined
by ND4 rotation and low-T part by the O-D•••O acid deu-
teron intrabond motion inducing the exchange between l
and short N-D•••O bonds:

S 1

T1
D

N

5S 1

T1
D

rot,ND4

1S 1

T1
D

acid D

, ~1!

where

FIG. 2. Temperature dependence of the14N and ND4 deuteron
spin-lattice relaxation timesT1. The solid line shows the fit to Eqs
~1!,~2a! and ~2b!.
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Here we have t rot5t0,rotexp(Ea,rot/kT) with t0,rot
51.4 10212s and Ea,rot5153 meV, whereas tacid
5t0,acidexp(Ea,acid/kT) with t0,acid53.3 10213s and Ea,acid
578 meV. The constantA51.6 105 s22 describes the
14N-deuteron dipolar coupling, the constantB52.0 107 s22

an 14N EFG tensor fluctuation and the constantC51.
The above results show not only that the ND4 rotation is

much slower than the O-D•••O deuteron intrabond motion
but also that the hypothetical exchange averaging of the l
and short N-D•••O bonds due to acid deuteron intrabond
D•••O motion really exists and dominates the14N T1 at
lower temperatures. The observed activation energy for
averaging of the long and short N-D•••O bonds Ea
578 meV is very nearly the same as that obtained from
acid deuteron T1 intrabond motion studies in
Rbx(ND4)12xD2PO4 ~Ref. 9! and pure KD2PO4.16 This
means that the N-D•••O bond character exchange is inde
driven by the O-D•••O intrabond deuteron motion and no
by ND4 rotations.

We may thus conclude the following:

~1! The most effective source of the14N spin-lattice
relaxation—as measured by the depth of the low-T T1

minimum—is the fluctuation in the EFG tensor at th
14N sites induced by the ‘‘biased’’ exchange of the lon
and short N-D•••O bond characters and the resultin
change is the distortion of the ND4 tetrahedron. This
fluctuation is driven by the fast O-D•••O acid deuteron
intrabond motion.

~2! At higher temperatures this motion is too fast as co
pared to the14N Larmor frequency and the much slowe
ND4 rotation becomes rate determining for the14N T1.
This rotation amounts to an exchange of deuterons p
tions in the distorted ND4 tetrahedron and results in fluc
tuations in the14N deuteron dipolar coupling. The cor
relation times for the ND4 rotation and the long and
short N-D•••O bond character exchange fluctuations a
compared in Fig. 3.

~3! The fact that the activation energyEa578 meV for the
exchange between long and short N-D•••O bonds is
practically the same as the one for the deuteron in
bond O-D•••O↔O•••D-O motion in this systems a
well as in KD2PO4, where there are no ND4 groups,
demonstrates that these two processes are not affecte
the freeze-out of the ND4 rotation. The glass transition i
thus driven by the freeze-out of the O-D•••O intrabond
motion mediated in part by the N-D•••O bond character
exchange and not by the slowing down of the rotatio
of the ND4 groups.

The above statements are supported by the tempera
dependence of the14N NMR spectra~Fig. 4!. At room tem-
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perature the quadrupole splitting between the two14Nu21&
→u0& and u0&→u1& satellite transitions amounts to abo
35 kHz at this orientation. This means that even at ro
temperature the ND4 tetrahedron is distorted as indeed a
sumed in deriving Eq.~2a!. What is even more significant i
the T-dependent broadening of the two14N doublet compo-
nents between room temperature and 120 K, i.e., in the
gion where both the ND4 rotation as well as the O-D•••O

FIG. 3. The temperature dependence of the correlation times
the ND4 rotation t rot,ND4

and the exchange averaging of the lo
and short N-D•••O bond characterstexchN-D•••O5tacid,D.

FIG. 4. 14N quadrupole perturbed NMR spectra
Rb0.28(ND4)0.72D2PO4 at different temperatures.
-

e-

intrabond motion is fast on the NMR time scale~Fig. 3!. This
broadening is inhomogeneous as shown by the HahnT2

21

and is indicative of a glass transition smeared out by
presence of random fields.17

The local polarization distribution function11

W~p!5
1

N (
i

d~p2pi ! ~3!

is no longer a delta function atp50 but is characteristic of
the glassy state and gradually broadens with decreasinT.
Here p5^Si

z& where the pseudospinSi
z561 describes the

two possible positions of the deuteron in the O-D•••O bond.
The second moment ofW(p) is just the Edwards-

Anderson glass order parameter

qEA5E W~p!p2dp5
1

N (
i 51

N

^Si&
2 ~4!

which is simply related to the second moment of the inh
mogeneously broadened14N NMR line. The EFG tensor a
the 14N site is—as already mentioned—determined by
four N-D•••O bonds to the four PO4 oxygens hydrogen
bonded to a given ND4. The nature of these N-D•••O bonds
in turn depends on the state of order of the acid deuteron
all four O-D•••O bonds which take part in the N-D•••O
bonding scheme. The14N NMR frequency shift induced by
the acid deuteron ‘‘freeze-out’’ is given by

n2n05(
i 51

4

Cipi1 ••• . ~5!

Since there is no macroscopic polarization, the rand
average of expression~5! is zero. The random average o

(n2n0)2 is, however, nonzero. The second moment of
inhomogeneous14N frequency distributionM2 is thus in
view of Eq. ~4! simply proportional to the Edwards
Anderson order parameter

FIG. 5. Temperature dependence of the second momentM2 and
the Edwards-Anderson glass order parameterqEA as derived from
the 14N NMR spectra of Rb0.28(ND4)0.72D)2PO4. The solid line
shows the fit to the random-bond–random-field pseudospin Is
model ~Ref. 17!.
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M25aqEA . ~6!

The temperature dependence ofM2 and qEA obtained
from the broadening of the14N doublet components is
shown in Fig. 5. It can be seen thatqEA is different from zero
already at room temperature, i.e., far above the nom
‘‘random bond’’ glass transition temperatureTG;90 K. The
result can be fitted by the random-bond–random field ps
J
S

pp

d

.

al

u-

dospin Ising model17 with a random-bond varianceJ
5110 K and a random-field varianceD/J250.2 The fact that
qEAÞ0 even for T@TG5J/k is due to the random-field
smearingDÞ0 of the deuteron glass transition. The abo
results agree with the conclusions derived from14N T1 data
as well as with previous observations in deuteron and pro
glasses10–13 that a nonzero Edwards-Anderson order para
eter develops far above the nominal glass transitionTG .
.
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16 R. Blinc and B. Žekš, Soft Modes in Ferroelectrics and Antifer

roelectrics ~North-Holland, Amsterdam, 1975!, and references
therein.

17R. Pirc, B. Tadic´, and R. Blinc, Phys. Rev. B36, 8607~1987!.


