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Quantum effects in the dynamics of proton glasses

J. Dolingk, D. Armn, B. Zalar, R. Pirc, and R. Blinc
J. Stefan Institute, University of Ljubljana, 1001 Ljubljana, Slovenia

R. Kind
Eidgen®sische Technische Hochschulaizim—Honggerberg, Institut fuQuantenelektronik, CH-8093 Zigh, Switzerland

(Received 8 May 1996

The dynamics of proton and deuteron glasses has been studied via the NMR spin-lattice rel@xatafn (
8Rb and O-D--O deuterons down tol=1.6 K in RbysdNH4) sdHoPOy,Rby 54 NDy)g 4D,P0,, and
Rl 6d(ND4)g.3D,ASO,. In the glassy phase the relaxation rate was found to be anomalously short and tem-
perature independent 85-0, whereas this effect is absent in pure ferroelectric f®|. The temperature
independence of; at low temperatures demonstrates the presence of phonon-assisted tunneling of the proton
and the deuteron between the two potential minima in the H bond. The proton and deuteron glass phases are
thus quantum rather than classical glas§88163-18206)50634-X]

The microscopic nature and the low-temperature dynam¢(RADP-50, Rb,sdND,)q4D,PO, (DRADP-42, and the
ics of the proton-glass phase in solid solutions of hydrogen©O—D---O deuteron relaxation in RRAND,)g 3D,ASO,
bonded ferroelectric and antiferroelectric crystals such aéDRADA-32), we determined the intra-H-bond dynamics in
Rb, _,(NH,)H,PO, (RADPx) (Refs. 1-9 are one of the & large-temperature interval from room temperature down to
large open problems in the physics of orientational glassest-6 K. The results are compared to those obtained in pure
The O—H--O bonds in these systems are of the double miniferroelectric RbHPO, (RDP). We show that at high tem-
mum type and represent elementary two-position reversiblgeratures the dynamics is of the classical thermally activated
electric dipoles:? It is usually assumed that the motion of hopping type. At low temperatures the intra-H bond motion
the protons in the double well O=HO potentials is ran- N the glass phase persists in the form of phonon-assisted

dom'y frozen out at low temperatureS, |mp|y|ng a Statictunneling down to the lowest measured- temperatures. This
quenched disorder characteristic of classical orientationglemonstrates that RADP and DRADP mixtures are not clas-

glasses!’ sical proton glassés-where tunneling is absent—but repre-

Specific-heat measuremehtadicate that the assumption Sent a physical realization of a quantum pseudospin
of a static frozen glass disorder at low temperatures may bglass-™ _ o o
too restrictive and that the intra-H bond hydrogen motion The key physical quantity in the determination of the
still may persist in the form of quantum tunneling. The ex-Proton-glass dynamics is the autocorrelation timefor the
istence of a slow non-Arrhenius intrabond motion in theProton intrabond motion. The temperature dependence of
range 45—24 K has been reported also in a recent 2D NM[shou_Id allow the discriminatior_1 between different micro-
exchange study of acid deuterons ingR#ND,), 3,D,AsO,  SCopic pr_oton transfe_r mechanisms. The_uncorrelated th_er-
(Ref. 8. The apparent activation energy=12.8 meV was Mally activated hopping over the barrier in an asymmetric
found to be much smaller tha,=70 meV, deduced from double minimum potential obeys the Arrhenius form of the

the deuteron spin-lattice relaxation data in the 290—90 Kautocorrelation tim

9

range’
On the other hand, the question of the existence of proton _ exp{Ea/kgT} 1
tunneling in pure compounds of the KPO, (KDP) family TAr = T2y CosliAIZkgT) ’ 1)

has been studied extensively in the p4st? These systems
show a large isotope effect in the ferroelectric transition temand shows an exponential dependence on temperature. The
peratureT . on deuteration. No definite microscopic evidenceactivation energye, is a measure of the potential step size
for proton tunneling has been obtained so far. This is so aandA is the asymmetry of the double well O-—HO poten-
tunneling can be studied in a clear way only at low temperatial.
tures, whereas the para-to-ferroelectric transition in KDP At low temperatures the thermally activated hopping be-
crystals—where the long range order sets in at relativelcomes inefficient and the Arrhenius jump times become
high temperatures—prevents this observation. The condpractically infinite. Here another transfer mechanism be-
tions for the detection of tunneling are more favorable incomes dominant. This is the quantum tunneling through the
proton glasses where the system remains macroscopically larrier, which persists down to zero temperature. At nonzero
the paraphase structure down to the lowest temperatures. temperatures the lattice thermal motion assists tunneling.
In this paper we report clear evidence for the existence oThe shear strain phonons couple to the electric dipole mo-
incoherent O—H-O hydrogen tunneling in proton and deu- ment of the H bond and induce transitions between the pro-
teron glasses at low temperatures. From the measurementstohic eigenstates. Within the Slater-Takagi modehe pro-
8Rb NMR spin-lattice relaxation in RBgNH,)osH,PO,  ton transfer in the O—H-O bond results in the creation of

0163-1829/96/54.0)/6811(4)/$10.00 54 R6811 © 1996 The American Physical Society



R6812 DOLINéEK, ARéON, ZALAR, PIRC, BLINC, AND KIND 54

H,PO; and HPQ defects, which propagate through the sys-
tem in a nearly symmetric double minimum H-bond poten- PP PE e 4 3
tial. For bond asymmetries small compared to the potential

1000 +

step and in the long phonon wavelength limit, we get the e ® 3 s o
phonon-induced tunneling rate’as 100 4 T
1 1 VAZ+T? 109 '
—=—1+(A/T)?coth ————|, 2 s E
Tt Tio 2kgT Ty 1
g E

W, DRADP-42
+  W,” DRADP-42
> W, RADP-50
+ W, RADP-50

where T represents the tunneling matrix element of the - ]
ground state doublet and,'«T3. It is assumed that the g E
splitting of the two lowest protonic eigenstatdsw,, 0.01 5
= JAZ+T? lies within the acoustic phonon bandwidth. The
thermally induced incoherent tunneling ra{elis asumofa :
one-phonon absorption and a one-phonon emission rates. It 0.0004 +————p——F———F——————
stays finite at zero temperature because of the nonvanishing ¢t o %0 40 sw e
of the emission rate. The temperature dependence of the tun- 100077 (K™)
neling time 7, is much weaker than that of the hopping time
7. At very low temperatures it becomes independent of FIG. 1. ¥Rb NMR spin-lattice relaxation raté&/; andW, in
temperature. the temperature interval 290 =KT=1.6 K in RADP-?O and
It is evident that the thermally activated hopping mecha.PRADP-42 [vo  (*Rb)=124.3 MHz, crystal orientation
nism becomes negligible as compared to the tunneling-Ho:ClHol. Solid lines represent the fits to E(Y).
mechanism at low temperatures, whereas the opposite is tr
at high temperatures. Because of the exponential change R
7a,, the crossover regime is narrow and we can use a simpli§nes SO thaW,=0 in this limit.

interpolation formula for the proton intrabond correlation 1he intrabond correlation time. depends on the bond
time 7, in the whole temperature range asymmetryA. In the glass phase the asymmetries are distrib-
Cc

uted randomly over the H-bond network in a way that the
1 1 1 average bond asymmetry is zero. The asymmetry distribution
= T—+ . (3)  function p(A) is Gaussiahwith a variances,. The NMR
c A nt relaxation rates in the proton-glass phase are obtained by
dntegrating the spectral densities over the distribution func-
tion p(A)

0.001 4

u
BTassical(F=0) case affT=0, wherep=1 and 1-p? van-

In order to test the above dynamic model, we analyze th
8Rb and O-D--O deuteron NMR spin-lattice relaxation
rates in RADP mixtures. The quadrupole-perturbed NMR

spin-lattice relaxation rate®V; and W, of a spin|=3/2 Wn:anoc dAp(A)(1—p2)——C - n=12.
nucleus such a&’Rb are obtained from the recovery curve of —o 1+(nwo7e)
the nuclear spin magnetization following a radio-frequency ()

pulse. The magnetization recovery of the central transitionge wp is the nuclear Larmor frequency aid, is a con-
(1/2—1/2) follows the equationM(t)=M.{1—2[eXP  giant. The above discussion and EGB—(7) apply also to
(—2Wit)+exp(—2W,t) ]} (Ref. 18. The ratesV; andW, are e case of deuteron spin-lattice relaxation, where, however,
theAm==1 andAm=*2 spin transition probabilities and  he spin-lattice relaxation rate is given By, 1=W, + 2W,.
depend on the spectral densities The 8Rb spin-lattice relaxation rated/; and W, have
2 P been determined in RADP-50 and DRADP-42 from room
In(@)(1=p7) 7e/[ 1+ (N07e)], @ temperature down to 1.6 K. The experimental conditions
(with n=1,2 of the time-fluctuating electric field gradient were nominally the same for both substandes(®’Rb)
(EFG) tensor elements. It has been shdwmat the EFG time  =124.3 MHz,al Hy,cliHo], the basic difference being the
dependence at th¥Rb sites comes predominantly from the different O—H--O and O-D--O intrabond correlation times
intra-H bond motion of protons, so that we can use @). seenbya giverd’Rb nucleus. Pulsed NMR inversion recov-
for 7.. The term 1 p? is the biasing or “depopulation” ery and, at very low temperatures, saturation-recovery tech-

factor and niques have been usada 9 Tmagnet. Temperature stability
was within 0.1 K in the whole temperature range.
p=(A/VAZ+T?)tanH VA?+T'%/2kgT), (5) The inverse ®Rb relaxation ratesW;! and W, ! of

DRADP-42 (Fig. 1) are dropping continuously from room
temperature down to 90 K, where a minimum is observed.
CBelow 90 K they start to increase. The appearance of a mini-
“mum (occurring atwgT,=1) is a typical sign of the slowing-
down of the O—-D--O intrabond dynamics. In the interval
2 21 A2 T2 290 K=T=55 K, the thermally activated hopping mecha-
(1=pDr=o=T"/(A™+TD), © nism dominates and reproduces correctly the experimental
and in the finite value of,. This allows for a finite spin- data. The activation energg,=70.4 meV and the inverse
lattice relaxation rate\W,#0) at T=0, in contrast to the attempt frequencyr.=6x10 = s have been determined

is the O—H--O bond polarizatiod? The spectral density
stays finite at zero temperature because of quantum effe
(I'#0), which result both in a nonvanishing of the depopu
lation factor
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FIG. 2. Acid deuteron NMR spin-lattice relaxation tinig in 1000/T (K™)
DRADA-32 as a function of temperatufey(°H) =58.3 MHz, crys-

tal orientational Hy, 2 c,Hy=45°]. The solid line represents the

. 7 N .
fit with T; 1=W, + 2W,, whereW,, is given by Eq.(7). FIG. 3. A comparison of thé’Rb NMR spin-lattice relaxation

ratesW,; andW, of proton glass RADP-50 and ferroelectric RDP
[vo(3"Rb)=124.3 MHz,a Hy,cllHy]. The inverse relaxation rates

., . ) W, 1 of RDP are at lowT by a factor 18 longer than those of
from the T dependences d#V;~ and W, = on the high- Rrapp-50.

temperature side of the minimum. These values agree well
with the ones determined on pure KIBO,.*® The constants
K,=8.7x10"2 s72 and K,=3.7x10"2 s 2 have been deter- strating that the proton motion is much faster than the deu-
mined from the values of the relaxation rates in the minimateron one. The high-temperature side of the minimum can be
Below 55 K thermally activated hopping no longer de- again well described by thermally activated proton hopping,
scribes properly th& dependence of the relaxation rates. Atyielding E,=18.9 meV,7,=7.5x10 ** s, K;=2x10" s~ *
the low-temperature side of the minimum, the classical hopand K,=3x10"" s72 Below 25 K phonon-assisted proton
ping model yields a straight line in the ¢, * vs inverse tunneling starts to dominate the relaxation. A plateau is ob-
temperature plot, whereas the experimental points deviateerved belw 3 K yielding 7,o=(3.0+:3.1)x10"° s. The clear
increasingly from this line and become neaflyndependent evidence for tunneling—the weakly temperature dependent
below 16 K. Below 55 K tunneling starts to dominate the plateau—can be observed in protonated RADP-50 only at
intra-H bond deuteron transfew ;! and W, ! are deter- sufficiently low temperatures and this explains the lack of
mined by the tunneling rate; . Below T=4 K, W;* and  experimental evidence for tunneling so far. The other param-
W, ! reach an almost constant plateau, which is determineéters are obtained from the fit #-=8.2 meV ando,=9.5
by the parametetr,,. The occurrence of this plateau is a meV. The dynamics of RADP-50 at low temperatures is de-
typical sign for the existence of tunneling. The plateau retermined by the phonon-assisted O proton tunneling.
flects the quantum effects of the saturation of the tunneling In Fig. 3 the 8Rb spin-lattice relaxation rates of
rate 7, * and the finite value of the depopulation factor RADP-50 are compared to those of pure RDP, which under-
1—p? at low temperatures. The temperature dependence @oes a proton order-disorder transition to a ferroelectric state
Wit andW;? in the region between 55 dr4 K is deter-  at T,=147 K. Below T all H-bond potentials become
mined by the value of the tunneling matrix elem&rand the ~ strongly asymmetric so that-1p”~0 andW,—0. The large
width of the asymmetry distributionr, . The fit (solid lines ~ H-bond asymmetries effectively prevent tunneling. The ob-
in Fig. 1) yielded the values,,=(2+0.9x10 3 s,I'=2.7  served plateau in RDP is by a factor “1Bigher than in
meV ando,=25.6 meV, wherar, is T independent within RADP-50, demonstrating that the strofigindependent re-
experimental accuracy. The deuteron-glass phase dynamitgxation mechanism found at low temperatures in the glass
below 55 K in DRADP-42 is determined by phonon-assistedcompounds is absent in the long range ordered ferroelectric
tunneling. state. The observed plateau in RDP is probably because of
Completely analogous conclusions are obtained from théipolarly mediated spin diffusion to paramagnetic impurities.
O-D---O deuteron spin-lattice relaxation tinffg measure- In order to check whether spin diffusion plays any role also
ments in the glassy phase of the isomorphous DRADA-32n RADP-50 and DRADP-42, we performed magnetization
(Fig. 2. Here too aT; minimum is observed & =90 K and  recovery measurements on the central transitiof°Bb (I
T, becomesT independent below 20 K. The values of the =5/2) (Ref. 19. From the difference in the magnetic dipole
parameters obtained from the folid line in Fig. 2 are  moment, nuclear electric quadrupole coupling conse@t
E,=84.4 meV, 7,=8x10 ' s, I'=3.4 meV, and and natural abundance with respect®f®b, one can calcu-
To=1.6x1073 s, late theW , ! ratios for the two mechanisms. For quadrupolar
The 8'Rb results of deuterated DRADP-42 can be con-relaxation we getW, }(%°Rb)/W. }(8’Rb)=0.03; whereas
trasted with the ones of protonated RADP-88g. 1). The  for spin diffusion this factor is about 10. The experimentally
relaxation rates show a qualitatively similar behavior. Theobtained ratio was close to 0.03 so that spin diffusion can be
minima inW; ! and W, ! are shifted toT=25 K demon- safely excluded.
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Our results show that the O—-HO dipoles in proton and DRADP among quantum glasses. It also should be pointed
deuteron glasses at low temperatures are not completely frout that the present study provides the first quantitative evi-
zen out and static, but show the dynamic features charactedence for intra O—H-O hydrogen tunneling at low tempera-
istic for the presence of tunneling. This classifies RADP andures in any KHPO,-type hydrogen-bonded material.
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