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1N 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 i, REND,) o -2D,P0O, provide direct evidence for the fast
exchange averaging of the “long” and “short” N-D - O hydrogen bonds between the NBroup and the
four surrounding P@groups. This exchange and the associated distortion of thetétEahedron induced by
the “acid” deuteron intra-O-D- - O motion determine thé*N spin-lattice relaxation-time minimum around
78 K. The glass transition is not affected by the slowing down of the rotations of thegiiups but reflects
the gradual freeze-out of the O-b- O deuterons between the two equilibrium sites in the O- bonds.
[S0163-182699)10025-7

. INTRODUCTION four N-D- - - O hydrogen bonds formed by the Broup to
the surrounding PPgroups(Fig. 1). In pure ADP each oxy-
It is well known that substitutionally disordered solid so- gen in the PQ group shares one O-D-O and one
lutions of ferroelectric RoBPO, (DRDP) and antiferroelec- N-D---O hydrogen bond? The N-D---O bonds may be
tric ND,D,PQ, (DADP) form at intermediate ammonium “short” or “long.” * The formation of the N-D- - O bonds
concentrations®0.22<x=<0.75 a deuteron glass phase. Thisaffects the ordering of the deuterons in the ©-BO bonds.
phase shows no macroscopic symmetry change on coolinghe short N-D - - O bond will tend to keep the acid deuteron
and no long-range order down to the lowest temperaturedway from the oxygen, i.e., it will push the deuteron to the
investigated. In contrast to magnetic spin glasses the cusp ifar” equilibrium site in the O-D- - - O bond. In contrast the
dielectric susceptibility is roundéd® and the freezing takes formation of a long N-D--O bond should allow the acid
place over an unusually large temperature interval far abovéleuteron to stay at the equilibrium site “close” to the H
the nominal glass transition temperatuT%.lo*“ For x bond sharing oxygeriFig. 1). The formation of short and

<0.22, on the other hand, a transition to an inhomogeneod€M9 H bond should result in a small distortion of the ND
ferroelectric and forx=0.75 a transition to an inhomoge- tetrahedrof? and a finite electric-field gradiefEFG) tensor

neous antiferroelectric phase is  obsefjed in at the N site. In R _,(ND,),D,PO; systems, some oxy-

Rb, (ND,),D,PO, systems at lower temperatures. gen atoms will form N-D--O bonds while other oxygens
V%eref:sxit 2is b‘; Cow well establisH8d™ that the dey. Will have Rb" neighbors, resulting in the absence of

A ) -D--- O bonds.
teron glass transition is connected with a random freeze—od}J : .
of the motion of the O-D--O deuterons between the two theIglce)%auzﬁ dogggft fS.SE)OE)DE)c?n:jn;rZESQﬂ éd4eNuEe|£<é;n t(rannoslorn
equilibrium sites in the O-- - O hydrogen bonds, much less should%e exchange avéra ed at high temperatures. At lower
is known about the role of the NDgroups in this 9 g 9 P ‘

transition!?13 It has been suggested that the “acid” deuter- temperatures a freeze-out is expected to take place.
ons freeze-out may be triggered by the rotational ordering of
the ND, groups which mediate the interactions between dif-

LONG H-BOND @
ferent O-D - -O bonds and—in contrast to the Rb ions— ‘L~ ACIDD -
a ;

tend to induce antiferroelectric rather than ferroelectric or- ND,'D o
dering of the four “acid” deuterons around a given PO

group. 0 O
In order to check on the possible relation between the N o

glassy freeze-out of the acid deuterons and the rotational
P @

the *N(1=1) quadrupole perturbed NMR spectra and the
1N and ND, deuterons spin-lattice relaxation tim@&s in a
Ry 26(ND4)0.7D2PO, single crystal as a function of tem- FIG. 1. Schematic projection of the structure of NB)PO, on
perature. _ _ , the a-b plane. Each oxygen in a given R@roup shares two hy-

The idea of the experiment is as follows: In an isolatedgrogen bonds. It is linked by one O-b- O bond to the neighboring
perfect ND{ tetrahedron the electric-field gradiefEFG) PO, group and by a N-B- - O bond to the neighboring NDgroup.
tensor at the"N site is zero by symmetry. In an ADP crystal Depending on the position of the deuteron in the ©-0D bonds
the EFG tensor at thé*N site is mainly determined by the the N-D---O bond is either short or long.

freeze-out of the N groups, we have decided to measure SHORT H-BOND —'
‘%
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FIG. 2. Temperature dependence of 8 and ND, deuteron
spin-lattice relaxation time$,. The solid line shows the fit to Eqgs.
(1),(2a) and (2h).

By monitoring the!“N T, and line shape we could thus
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1 T t ZT t
(T—) = 5 o ) (2a
1/ rot,ND, 1t oimy 1+4oimy
and
1 Toaci 2Toni
(T_) _ B( a;ld2 a;ld2 ) . (Zb)
1/ acid D 1+ o Theid 1+4w] T46q
Here we have 7= 7got€XPEaro/ KT) With 7o
=1410"s and E,,=153meV, whereas r.gq

= 70,acid®XPEa acid KT) With 7¢ 5ci6= 3.3 10 s and Eaacid
=78meV. The constantA=1.6 10s 2 describes the
14N-deuteron dipolar coupling, the constaBit=2.0 10 s 2
an ¥N EFG tensor fluctuation and the constéht 1.

The above results show not only that the Nidtation is
much slower than the O-D - O deuteron intrabond motion
but also that the hypothetical exchange averaging of the long
and short N-D- - O bonds due to acid deuteron intrabond O-
D---O motion really exists and dominates tHéN T, at

get direct evidence for the existence of long and short N-Dower temperatures. The observed activation energy for the

---O bonds and gain additional information on the
N-D---O as well as O-D--O dynamics and glass freeze-
out. The measurements of the NdeuteronT,; should on
the other hand show the possible role of the ,NDtational
freeze-out on the NPpdistortion and the deuteron glass tran-
sition.

Il. EXPERIMENT

The ¥N NMR spectra have been measured at a Larmo
frequency v(**N)=27.458 MHz using the 90%)—90°(y)
spin echo pulse sequence. TH® and ND, deuteron spin-
lattice relaxation timed; have been obtained with the 90°—
180° pulse sequence.

The temperature dependence of tHN and ND, deu-

teron spin-lattice relaxation times are shown in Fig. 2. The
N T, decreases on cooling down from room temperature,

exhibits a shoulder between 175 and 158 K, and then conti

with decreasingr.

The N T, “shoulder” around 175-158K coincides
with the ND, deuteronT; minimum (Fig. 2) due to the ro-
tational freeze-out of the NDgroups. The much deeper
N T, minimum around 78K is, on the other hand rather
close to the acid deuterdhy minimum indicating the onset
of the freeze-out of the intrabond O-B-O deuteron

motion 11

[ll. DISCUSSION

The abovelN T, temperature dependence can be fitted

to a model where the highi-part of the'*N T, is determined
by ND, rotation and low¥ part by the O-D--O acid deu-

teron intrabond motion inducing the exchange between long

and short N-D- - O bonds:

7, ls

1
T

1

+T1

: D

Tl ) acid D

) rot,ND4

where

averaging of the long and short N-B-O bonds E,
=78meV is very nearly the same as that obtained from the
acid deuteron T; intrabond motion studies in
Rb(ND,);_«D,PO, (Ref. 9 and pure KBPQ,.'® This
means that the N-D - O bond character exchange is indeed
driven by the O-D- - O intrabond deuteron motion and not
by ND, rotations.

We may thus conclude the following:

(1) The most effective source of thé*N spin-lattice
relaxation—as measured by the depth of the oW,
minimum—is the fluctuation in the EFG tensor at the
1N sites induced by the “biased” exchange of the long
and short N-D--O bond characters and the resulting
change is the distortion of the NDtetrahedron. This
fluctuation is driven by the fast O-D- O acid deuteron
intrabond motion.

. ) . "2 At higher temperatures this motion is too fast as com-
ues to decrease with decreasing temperature until it reaches a

broad minimum around 78 K. After that it starts to increase

pared to theN Larmor frequency and the much slower
ND, rotation becomes rate determining for tHN T.
This rotation amounts to an exchange of deuterons posi-
tions in the distorted Nptetrahedron and results in fluc-
tuations in the'*N deuteron dipolar coupling. The cor-
relation times for the ND rotation and the long and
short N-D - - O bond character exchange fluctuations are
compared in Fig. 3.
The fact that the activation enerdsy,=78 meV for the
exchange between long and short N-DO bonds is
practically the same as the one for the deuteron intra-
bond O-D --0O«~0---D-O motion in this systems as
well as in KD,PQ,, where there are no NDgroups,
demonstrates that these two processes are not affected by
the freeze-out of the NProtation. The glass transition is
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 rotations
of the ND, groups.
The above statements are supported by the temperature
dependence of th&*N NMR spectra(Fig. 4). At room tem-

)
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FIG. 3. The temperature dependence of the correlation times foihe Edwards-Anderson glass order paramgtgy as derived from
the ND, rotation 7o p, and the exchange averaging of the long the *N NMR spectra of RB,g(ND,)o7:D)2P0Q;. The solid line
and short N-D- - O bond characterse,cn.o .. 0= Tacid,p- shows the fit to the random-bond—random-field pseudospin Ising
model (Ref. 17.

perature the quadrupole splitting between the tifid| — 1) . L . : .
|0y and |0)—|1) satellite transitions amounts to about Ntrabond motion is fast on the NMR time scéfég. 3). This

35kHz at this orientation. This means that even at roonProadening is inhomogeneous as shown by the Hejh

temperature the Nptetrahedron is distorted as indeed as-2nd is indicative of a glass transition smeared out by the
sumed in deriving Eq(28). What is even more significant is Presence of random fields.

the T-dependent broadening of the tw8N doublet compo- The local polarization distribution functidh
nents between room temperature and 120K, i.e., in the re- 1
gion where both the Nprotation as well as the O-D-O W(p)= N Z S(p—pi) (3)

is no longer a delta function gt=0 but is characteristic of
290 K 220K 155 K the glassy state and gradually broadens with decreaking
Here p=(S’) where the pseudospif’= +1 describes the
two possible positions of the deuteron in the ©-DPO bond.

The second moment oW(p) is just the Edwards-
280K 210K 145 K Anderson glass order parameter

1 N
dea= f W(p)p?dp= 2, (S)? @

270K 200 K 136K

which is simply related to the second moment of the inho-
mogeneously broadeneédN NMR line. The EFG tensor at
260 K 190 K 125 K the N site is—as already mentioned—determined by the
four N-D---O bonds to the four POoxygens hydrogen
bonded to a given NP The nature of these N-D- O bonds

in turn depends on the state of order of the acid deuterons in
all four O-D---O bonds which take part in the N-D-O
bonding scheme. Th&N NMR frequency shift induced by
the acid deuteron “freeze-out” is given by

250K 185K 115K

240K 175 K 85
4
V_Vo:izl Cipit . 5

230K 70 . . . o
165K Since there is no macroscopic polarization, the random

average of expressio(b) is zero. The random average of

e Do aoe o
EEEEe e
P

140 KHz '(V_VO)Z is, however, nonzero. Thg sepond moment (_3f the
inhomogeneousN frequency distributionM, is thus in
FIG. 4. N quadrupole perturbed NMR spectra of view of Eq. (4) simply proportional to the Edwards-
Rby »NDy) 0.72D,P0; at different temperatures. Anderson order parameter
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M,=aQga. (6)  dospin Ising modél with a random-bond variancel
=110K and a random-field variand¢ J>=0.2 The fact that
The temperature dependence Mf, and ge obtained  qc,#0 even forT>Tg=J/k is due to the random-field
from the broadening of the"N doublet components is smearingA#0 of the deuteron glass transition. The above
shown in Fig. 5. It can be seen thegt, is different from zero  results agree with the conclusions derived fréfN T, data
already at room temperature, i.e., far above the nominais well as with previous observations in deuteron and proton
“random bond” glass transition temperatufg~90K. The  glasse¥3that a nonzero Edwards-Anderson order param-
result can be fitted by the random-bond—-random field pseueter develops far above the nominal glass transifign
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