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The proton spin-lattice recovery function at high magnetic fields and the nuclear magnetiza-

tion decay in the rotating frame are

nonexponential in the

incipient proton glass

Rb; -x(NH4)xH2AsO4. The results can be described by a stretched-exponential correlation and
magnetization-recovery function with the distribution parameter n in a=1 —n varying from zero
at room temperature to 0.25 at 100 K and 0.4 at temperatures below 12 K. The same values of n
are obtained at high magnetic fields and in the rotating frame.

I. INTRODUCTION

It is well known! that RbH,AsO4 is ferroelectric
(T.,=110 K), whereas NH4H,AsO, is antiferroelectric
(T.=216 K) at low temperatures. In the high-temper-
ature paralectric phase (T"> T.) the two systems are iso-
morphous and the “acid” protons are dynamically disor-
dered between the two equilibrium sites in the O—H — O
bonds linking the various POy4 groups into a three-
dimensional network. Depending on whether we introduce
an alkali ion like Rb or an NH4 % ion into the structure,
different H,AsOy4 proton configurations are stabilized re-
sulting in ferroelectric or antiferroelectric proton ordering
at low temperatures. !

Dielectric measurements have recently shown? the pres-
ence of glassy behavior in Rb;—,(NH4),H;AsO,4 with
x=0.31. The maximum of the dielectric losses at mi-
crowave frequencies occurs at Tg =58 K. The tempera-
ture dependences of the real and imaginary parts of the
dielectric constant seem to be analogous to those observed
in Rb; —,(NH4),H,PO,4 by Courtens.? It thus seems that
the mixed rubidium-ammonium dihydrogen arsenate crys-
tal represents a proton pseudo-spin-glass3 with randomly
competing ferro- and antiferroelectric interactions
somewhat similar to those in magnetic spin glasses.> The
O— H—O-bonded ‘‘acid” proton is the basic two-
position-reversible electric dipole and plays here a role
similar to that of the electronic spin in magnetic spin
glasses.

The most characteristic property* of the glassy state is
the dramatic increase in the time scale for structural relax-
ation which reflects the extreme slowing down of the
motional processes leading to atomic rearrangements. The
slow relaxation is not of a simple exponential form and
cannot be described with a single relaxation time. Dielec-
tric and shear-stress relaxation data are often represented
by the “stretched-exponential” or the Kohlrausch-Wil-
liams-Watts formula’

g.(t)=expl—(t/7)?]l with0<a<1 , ¢))
which can be applied rather universally? to a broad class of
disordered materials. The above expression is expected to

3

hold® if relaxation is due to diffusion of defects with a frac-
tal waiting-time distribution, i.e., if the time sequence of
local motional events is self-similar, like points in a fractal
Cantor set.””® Kinetic models in “ultrametric spaces”
which describe hierarchical patterns of energy barriers
also lead*® to Eq. (1). Very recently, it has been predict-
ed® that stretched-exponential relaxation is a general prop-
erty of systems with a large number of quasidegenerate
ground states where the “valley-bottom” free energies are
independent random variables.’

In order to check this prediction and to throw further
light on the dynamics of proton pseudo-spin glasses® we
decided to investigate the temperature dependence of
the proton spin-lattice relaxation in a powdered
Rb; —, (NH4),H;AsO;, single crystal at high fields and in
the rotating frame in the low-temperature region. We also
decided to investigate the form of the proton magnetiza-
tion recovery toward equilibrium. Similar studies have al-
ready been performed '° on the rubidium (/ =2 ) and deu-
terium ( =1) nuclei in Rb; —,(ND4),D,PO, and on rubi-
dium!! in Rb;-,(NH4),H,PO,. The presence of a
nonzero quadrupole moment— while useful !® in separating
resonances of “ammonium” and acid deuterons— has,
however, so far prevented a systematic study of the form of
the magnetization recovery in view of the fact that the
spin-lattice relaxation of quadrupolar nuclei is inherently
nonexponential. The proton (/=3 ) spin-lattice relaxa-
tion process does not suffer from this deficiency and is
strictly exponential if the atomic fluctuations can be
characterized by a single correlation time. We thus hoped
that proton spin-lattice relaxation and magnetization-
recovery data will be able to settle the question of whether
a stretched-exponential form determines relaxation
processes in incipient pseudo-spin-glasses like
Rb, —,(NH4)H,AsO4 or not.

II. STRETCHED-EXPONENTIAL SPIN-LATTICE
RELAXATION AND MAGNETIZATION RECOVERY

An autocorrelation function of the stretched-exponential
type— Eq. (1)—represents, in fact, a whole distribution

7299 © 1987 The American Physical Society



RAPID COMMUNICATIONS

7300

p(1’) of microscopic correlation times ":
g.(t) =expl—(¢/7.)°] =j; p(t)e ~"dr" . )

It is thus not surprising that the dependence of the spin-
lattice relaxation rate on the Larmor frequency or the
correlation time t is here very different from the one ob-
tained for a correlation function of the simple Bloem-
bergen-Purcell-Pound (BPP) type where g(z)=e /™.
The spectral density of expression (1) at the nuclear Lar-
mor frequency oy,

+oo
T =J e (1)dt 3)
can be expressed as
2 -]
Jolowr) =—‘€C—j; xVa=lcos(wpt.x ) e “*dx , (4)

where x =(t/7.)° Using

cosy=Y (—1)"-L—
EO S
this becomes
Ja(a)L)= (=07 2n 4] (7)), (5)
n=0

where we introduced the I function, e.g.,

f xVa=le=xgx=r|—
0 a
In the ‘“fast-motion” regime, where w;7. <1, one thus
finds
#f(wr), wort. <1 . (6)

In the extreme “‘slow-motion” regime, where w, 7. > 1 one
gets from expression (3) with z=w;¢ by partial integra-
tion the asymptotic expression

—_— 2a = a—1.;
Ja(wL)A«mj; z sinzdz , (7)
yielding
Tixol*tl, 0<a=1—n<1. ®)

It should be noted that in this limit expansion (5) is not
very useful in view of very slow convergence. It is thus
preferable to use in this limit the asymptotic expressions
(7) and (8). The larger n is—and the smaller a is— the
broader is the spectrum of relaxation times p(z'). Expres-
sions (3) and (5) still yield a minimum in the T vs o 7,
plot. The minimum, however, does not occur anymore at
ort.=1 as in the BPP case, where a=1 and n=0. The
minimum is asymmetric and becomes very flat as n— 1
and a— 0.
If the motion is thermally activated so that

1. =19exp(E/kT) , 9)

the Ty vs 1/T plot will be asymmetric too: The high-T side
of the minimum where w; 1. <1 will yield an activation
energy E,, whereas the low-T side will yield a smaller ap-
parent activation energy E'=akF.

The random free-energy model®!2 also predicts a nonex-
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ponential magnetization-recovery function which should at
long times exhibit a stretched-exponential behavior:

~(I/Tl)“)

M@G)=My(1— (10)

A similar stretched exponential magnetization relaxa-
tion recovery is also predicted ! by the percolation model '3
of the glass transition, where the proton magnetization-

recovery function

My— M)

F@)=———
() Mo

= [ P Dexp(=1/TDa(T ) =e ~“T" (1)
is a weighted average of recovery functions for the various
clusters. Here the probability distribution of spin-lattice
relaxation rates P(T{"!) is related to the cluster probabili-
ty distribution!3 g (&) by

P(rVdr ' =g(&)de | 12)

where £ is a typical cluster size and 7, depends on the
cluster surface-to-volume ratio and thus on the cluster
size &.

1II. EXPERIMENT

The proton spin-lattice relaxation time 7', was measured
with the saturation recovery pulse sequence with a /2
pulse duration of about 2 us at 50 MHz. The rotating-
frame relaxation time 7T;, was measured with the spin-
locking pulse sequence of duration 7 at H; =2, 5, and 8 G.
The temperature was varied between 100 and 4.2 K. For
each experimental point several free-induction decays
(FID’s) were accumulated in order to obtain a signal-to-
noise ratio better than 70:1. These averaged FID’s were
then split into 33 slices (““windows™) each at a different
time delay .

These data, along with the equilibrium magnetization
FID’s were then used to generate the magnetization relax-
ation recovery functions.

IV. RESULTS

The results of the spin-lattice relaxation measurements
were analyzed by fitting the magnetization-recovery func-
tion

F(t,7) =Fo(t)expl— (¢/T)'™"] . (13)

Here Fo(z) is the shape of the observed FID which is not a
Gaussian in view of the presence of two types of protons in
the sample: the “frozen in” NH4* protons and the “acid”
protons. The shape of Fo(z) does not change from 70 to 4
K. For each window (identified by its ¢,, value) Fexp(tw, T)
was plotted semilogarithmically versus 7! ~". The parame-
ter n was varied until the best straight hnc was obtained.
This was done for all windows. The least-squares fit to
these data yielded the average value of 7! ~" used to cal-
culate 7.

In the rotating frame the results are somewhat more
compllcated All measured decays have two components,

a “fast” (T4,) and a “slow” (T%,) one. The fast com-
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FIG. 1. Nuclear magnetization-recovery function in the rotat-
ing frame: (a) semilogarithmic plot of F(¢,7) vs 7, and (b) semi-
logarithmic plot of F(z,7) vs 7' 7" Here T=4.2 K, 1 =12 pusec,
and H,=2G.

ponent— which is independent of temperature—seems to
be due to either cross relaxation to ">As and ’Rb nuclei or
to cross relaxation to a “tunneling” energy reservoir of the
NH,™* protons. The slow component is, on the other hand,
temperature dependent and has a characteristic recovery
similar to the spin-lattice relaxation recovery. The Ty, re-
sults were thus fitted to

F(t, 1) =Fh(t)exp(—t/T,) + F§(t) expl— (z/T$,)' "1 ,
(14)

resulting in a good agreement with experiment (Fig. 1).

The value of the parameter n obtained from rotating-
frame data is the same as that obtained from magne-
tization-recovery data at high fields for the same tempera-
ture. The value of n varies from n=0.25 (a=0.75) at 100
K to n=0.4 (a=0.6) at 4 K. At room temperature n =0
and a=1 (Fig. 2).

logio7, is linear in 103/T from 100 down to 4 K. The
huge difference between T; and T';, demonstrates that we
are in the slow-motion regime where expressions (7) and
(8) are valid. In this temperature interval the proton T is
increasing with decreasing temperature as expected for the
case of Eq. (8), where wyr>1 and T «z!™" with
t=19exp(E/kT). The magnitude of the slow T, com-
ponent T4, as well increases with decreasing temperature.

FIG. 2. Temperature dependence of (a) the proton spin-
lattice relaxation time 7' at high magnetic fields, (b) the slowly
(T1,) and the fast (7{,) decaying component of the proton
spin-lattice relaxation time in the rotating frame, and (c) the dis-
tribution parameter n, characterizing the stretched exponential
exponent a=1—n in the nuclear magnetization-recovery
function.

Again logjoT4, is linear in 10%/7 from 74 to 4.2 K. The
apparent activation energy derived from the slopes of the
Ty and Ty, vs 10%/T plots is aE = 1.06 meV, E =1.77
meV. This value of E is much lower than the one found'°
for ND4 rotation (E =160 meV) or D;3;PO, diffusion
(E =78 meV) in Rb;—,(ND4),D,PO4 and may indicate
the importance of tunneling.

The above data thus show that the nuclear magne-
tization recovery in the incipient proton glass
Rb; -, (NH4),H,AsQy is nonexponential in the 100- to 4-
K temperature range both at high fields and in the rotating
frame. The results can be described by a stretched ex-
ponential magnetization recovery function with a tem-
perature-dependent parameter a. The temperature depen-
dence of this distribution parameter a =1 —n shows the
broadening of the distribution of microscopic correlation
times p(t') with decreasing temperature.

It should be noted that within a recent model “— where
the spin-glass transition appears as a percolation threshold
in eigenstate space— a =2/(2+6) with © being the frac-
tal random-walk exponent d,, =2+©. The model predicts
that © is zero at very high temperatures (i.e., a=1),
whereas it tends to 4 and a to + as the percolation thresh-
old is approached, thus reproducing the trend observed
here.
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