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EPR studies of As04 spin-lattice-relaxation times in antiferroelectric
NH4HzAso4 and mixed glassy Rbt „(NH4)„H2As04 (x =0.35)
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The electron spin-lattice-relaxation time Tl was measured for x-ray-induced As04 centers in

antiferroelectric NH4H2As04 (ADA) and mixed Rbl „(NH4) H2As04 (RADA, x=0.35) in the
temperature range 4.2-300 K by the saturation method. It is shown that below To 1/T, reflects the
direct relaxation process. From above To to 55 K, 1/Tl ~ T' and can be described by a Vogel-
Fulcher law 1/T, -(T—To). It is also shown that the flatness of 1/T, in the temperature region
from 55 to 120 K is due to the tunneling motion of nitrogen in the glassy phase of RADA. Con-

trary to ADA, the 1/T~ behavior in RADA reflects the fracton nature of relaxation in the spin-glass
state.

I. INTRODUCTION

Systems with randomly competing interactions form-
ing glasses upon lowering temperature are under active
investigation. ' Dielectric measurements have re-
cently shown the presence of glassy behavior in
Rb, „(NH4)„H2As04 (RADA, x =0.35). The proton
spin relaxation and Rb relaxation have been recently '

measured and described by a stretched-exponential rela-
tion. The most characteristic property' of the glassy
state is the dramatic change in the time scale of structur-
al relaxation which reflects the extreme slowing down of
the motional processes leading to atomic rearrangements.
It is known that substitution of NH4+ for Rb in

RbH2As04 changes the proton configurations from fer-
roelectric to antiferroelectric at low temperatures. " A
wide spectrum of experimentally observed relaxation
times for the similar proton glass Rb, „(NH4)„H2PO4
has been constructed' ' from Raman, Brillouin, and
dielectric measurements. However, each experimental
technique deals with different quantities, since each tech-
nique is sensitive to those relaxation processes which are
of the same order of magnitude as the characteristic mea-
surement frequency. ' To get information about glass-
state dynamics in the X-band region, we decided to mea-
sure the spin-lattice-relaxation time T, of the As04
center formed after x irradiation in ADA (NH4H2AsO~)
and RADA in the wide temperature range from 4.2 to
300 K. To our knowledge such complete electron
paramagnetic resonance (EPR) data for the proton glass
state have not been obtained previously.

The As04 center was chosen for two reasons: (a} the
ferroelectric and antiferroelectric competition among
proton-ordering arrangements taking place around each
As04 unit; and (b) the As04 high-field hyperfine com-
ponent (with hyperfine coupling A =1000 G} is isolated
both in ADA and RADA and therefore assures a high
accuracy of relaxation measurements.

This paper is organized as follows: Sec. II gives a short
explanation of the experimental conditions; Sec. III intro-

duces the equations used to analyze 1/T, =f ( T); Sec. IV
compares the results obtained for RADA and ADA; Sec.
V summarizes the data and gives a possible description of
1/T, versus temperature for relaxation in a fractal
geometry in RADA.

II. EXPERIMENTAL

The pure ADA and mixed RADA crystals were grown
by a method described elsewhere. ' Small-sized
2X2X4 mm samples of ADA and RADA were next ir-
radiated by an x-ray source with a copper anode operat-
ing at 20 kV and 10 mA for 6-8 h.

EPR measurements were made with a Varian X-band
spectrometer operating with an Oxford liquid-helium sys-
tem of temperature control and stabilization in the tem-
perature range 4.2 —300 K. The following paramagnetic
centers, which decay after a few days, were detected by
EPR: As04, As03, and NH3+. Typical As04 and
As03 spectra, well described by several authors, '

consist of two sets of quartets with high values of
hyperfine constants, A =1000 and 800 G which belong
to As04 and As03, respectively. In addition, lines of
the NH3+ radical were observed in the central part of the
spectra. '

At room temperature the As04 spectrum can be de-
rived from a spin Hamiltonian with the general form

Q=p13HS+SA 'I~, +SA IH, (1)

where p is the spectroscopic tensor, S is the electron spin
operator, I„„IH are the arsenic and proton nuclear spin
operators, respectively, A ', A are the tensors of
hyperfine and superhyperfine structures, and 13 is the
Bohr magneton.

The spin-Hamiltonian parameters for As04 are list-
ed in Table I. The last term of the Hamiltonian given by
Eq. (1) gives only line broadening for the highest-field
AsOz hyperfine component (unresolved superhyperfine
proton structure). This line was single and symmetrical
at 300 K down to 120 K, but line asymmetry was ob-
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TABLE I. The spin-Hamiltonian parameters of the As04"
center at room temperature in RADA.Russo

3 (6)
3 (6)
3'.(6)

1.998

1025
1026
1138

served for large samples below 120 K and was reduced by
minimizing sample size. This means that line asymmetry
seen upon lowering temperature is due to the microwave
electric-field component (electric dipole origin). The
relaxation-time measurements for a~~Ho have been done
by the saturation method previously described by
Poole, ' under the conditions discussed below.

III. SATURATION METHOD

The saturation theory for complex multilevel systems
has been done by Lloyd and Pake and expanded by
Stephen and Frankel. ' These authors have shown ' that
the saturation factor S & for multilevel systems may al-

ways be written in the form

S p=(1+2V pQ p) (2)

0 g=[2( JV~) pj (4)

If a system consisting of an unpaired electron (S =
—,
'

) in-

teracting with a number of nuclei undergoes relaxation
through mechanisms which are predominantly indepen-
dent of the nuclear spin states, it effectively reduces to a
set of two-level systems, ' and D 0 p takes the place of
the spin-lattice-relaxation time T, appropriate for the
description of saturation for a two-level spin system as
used by Bloembergen, Purcell, and Pound.

In our case the line separation of hyperfine components
of As04 is very large (of order 1000 G) and the proton
superhyperfine structure leads only to line broadening of
the highest-field As04 component, for which relaxation
measurements are made. So, we can test our system as a
predominantly two-level system for the —~—,

' As04
transition.

The simplest saturation theory for two-level systems
was introduced by Bloembergen, Purcell, and Pound for
homogeneously broadened Lorentzian lines. In our case
the single EPR line of the highest-field As04 hyperfine
component should envelop an unresolved superhyperfine
structure of protons around each As04 tetrahedron, and
the linewidth due to the distribution of superhyperfine

where V
&

is the probability of the transition (a,P) in-

duced by the radiation.
For a system with S =

—,', we have '

V p= ,'A (g/3) H—,g p(y)D

where g &(y) is the line-shape function, H, is the radia-
tion field amplitude, and D =D (I,mr) is the level degen-
eracy. The parameter 0

&
is related to what Lloyd and

Pake call the relaxation probability ( WR ) & by

fields may be of the inhomogeneous type. For the low-
field component a resolved superhyperfine structure is ob-
served. Nevertheless, as has been shown by Portis, if
spin-spin relaxation time T2 « T, (in our case T~ = 10
s, T~ =10 s), the effect of inhomogeneity can be seen

only in the reduction of the line intensity (compared with
the homogeneous Lorentzian line) and in the appearance
of a Gaussian line shape. The saturation coeScient at the
center of a Gaussian line shape, when H& is adjusted to
the value H &, giving rnaximurn line height, is

S ( H (
=H „)= ( 1+ ,' y H —„T2T, )

' =0.5

with

T =(2m)' (ybH„)

(4a)

where y is the gyromagnetic ratio and AH is the first-

derivative peak-to-peak linewidth below saturation. The
relation between H

~
and the power values measured ex-

perimentally was taken from Varian manufacturer's data,
which is given as

(H, ),„=1.475 X10 (QP)'

For the measured cavity Q of 2500 with sample and ther-
mocouple in place, the relation between H, and P is

H) =5.43X10 P, (7)

in rnW, where P is in mW and H& is in G. Combining
(4a), (5), and (7), the equation for T, becomes

IV. EXPERIMENTAL RESULTS

The temperature dependence of linewidth AH for the
highest-field component of As04 in RADA is shown in

Fig. 1. The linewidth reAects the expected random distri-
bution of local fields and can be fitted exactly by the
equation

E;
b,H (T)=b,H„1+tanh

with bH„=15 G and E, =0.7 meV (8.12 K), and the
line shape is Gaussian in the temperature region under
investigation.

To evaluate the temperature dependence of the spin-
lattice-relaxation time T, , a set of saturation curves
Y =f(P) (Y being the first-derivative maximum am-

plitude) was made for each set of temperatures. Some
saturation curves are presented in Fig. 2, and appear to
be typical for homogeneously broadened lines. The P,
power values assuring saturation are shown in Fig 3,
where P, is defined as the value giving maximum F

P,

where AH „ is in G and P, is the microwave power level
in mW which assures saturation at a given T (see Fig. 2).
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FIG. 1. The linewidth hH~~ temperature evolution for the
highest-field hyperfine component of As04 in RADA. FIG. 3. The power values P, assuring saturation conditions

versus temperature for As04 in RADA. The arrows indicate
the limits of temperature-independent T&.

Such a saturation behavior suggests, according to Eq. (8),
that in some temperature regions (55—120 K) the spin-
lattice-relaxation time T, in RADA is nearly tempera-
ture independent. This region is marked in Fig. 3 by the
arrows. To check that it is a specific dependence for just
the glassy state, we have compared the T, data for
x =0.35 RADA with the data for pure x =1 ADA mea-
sured in the same way. The EPR line of As04
(highest-field hyperfine component) is narrow (b,H =6
G) and with negligible temperature dependence of the
linewidth (opposite to that of RADA, see Fig. 1). This
line is accompanied by two symmetrically disposed satel-
lite lines with small intensities from "spin-Aip" forbid-
den transitions. Up to about 45 K the main EPR line is
not desaturated by spin fiip (for clHO). This allows us to
make a comparison of T, temperature dependences for
ADA and RADA. The plots of 1/T, =f (T) for both
RADA and ADA are presented in Fig. 4.

Before discussing the Fig. 4 data, two other experi-
ments should be described below: (a) temperature depen-
dence of the splitting of the As04 highest-field line in

ferroelectric RbH2AsO~ (RDA), and (b) the behavior of
the As04 and NH3+ line intensities versus temperature
for RADA.

Unlike the case for ADA, the As04 line in RDA is
evenly split [Fig. 5(a)] into four components below
T'=260 K. The estimated correlation time ~, for pro-
ton motion between Slater configurations for RDA evalu-
ated from the line splitting shown in Figs. 5(a) and 5(b) is
of order r, ~ &2/ybH=4. 5X10 s. This means that
in pure ADA this time is much shorter since there is no
line splitting in the temperature range under investiga-
tion. For this reason and due to the random mixture of
RDA and ADA, we can expect the presence of regions of
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FIG. 2. Several saturation curves for the As04 center in
RADA.

FIG. 4. 1/T, vs temperature plot for ADA and RADA, with
solid triangles for ADA and open circles for RADA.
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served in RADA but not in ADA where, instead, the
slowing down of protons of the NH3+ group leading to
proton line splitting below about 115 K was observed.
The nitrogen tunneling in NH3 groups in RADA is evi-
dent in the temperature dependence of the line-intensity
ratio between the m&-=+1 nitrogen line and the m&=0
proton line. ' Vanishing of the m&=+1 line with de-
creasing temperature is the result of quadrupolar interac-
tion between arsenic and nitrogen.

The ratio of hydrogen to nitrogen line intensity versus
temperature allows us to determine the torsional energy
AcoE. The approximation for the tunneling frequency co,

between the two lowest vibrational states has been given
by Nanayanamutri and Pohl
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FIG. 5. (a) Line position evolution for As04 center in
RDA; (b) resolved spectra below T .
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FIG. 6. The temperature dependence of normalized line in-
tensities of As04 and NH3+ centers in RADA (P =5 mW).

As04 with different proton correlation times in mixed
RADA. This leads us to expect different relaxation-time
behavior in ADA compared to RADA. The temperature
dependence of the normalized line intensities for As04
and NH3+ (mN =+1) is presented in Fig. 6.

From Fig. 6, the direct coupling between As04 and
NH3 spin levels is evident and is observed only in mixed
RADA. The details of NH3+ motion in RADA and
ADA are being presented by us in a separate paper, "
where a pronounced nitrogen tunneling motion was ob-

with AcoE && V0, where V0 is the tunneling barrier height.
For AcoE=0. 035 eV and V0=0. 151 eV," the tunneling
frequency is of the order of the Larmor frequency
(coEpR=5. 8 X 10' s '). Because of the sensitivity of Eq.
(10) to the barrier height, in our case of random distribu-
tion of V0 we can expect that co, is smeared out. This in
turn leads to tunneling-assisted relaxation because of the
quadrupole interaction of As with N. Stejskal and Gu-
towsky, using Mathieu equations, show that the average
tunneling frequency for various barrier heights V0 flat-
tens in the temperature region below about 100 K.
Clough discusses the distribution of tunneling frequen-
cy in samples with different barrier heights. The NMR
data description of Lalowicz ' also shows that the
influence of tunneling on T, is well established.

V. DISCUSSION AND CONCLUSIONS

The 1/T, spin-lattice-relaxation curves presented in

Fig. 4 were fit by several spin-relaxation models including
the stretched exponential law used by Sobol et al. ' to
explain the Rb NMR T, anomaly in mixed crystals.
No one model leads to a reasonable curve description
over the whole temperature range. Recently, Wheeler
et al. measured the relaxation time T, for
KH2PO4. Se04 doped crystals, and obtained the same
order of T, as our values for ADA. They described the
1/T& temperature dependence as the combination of
direct and Raman process in a wide temperature range of
28 —190 K. Cevc and Schara found the relaxation rate
of the As04 center in ADA varies as 1/T& ~ T in the
high-T region. The direct relaxation process seems un-
likely to be important in the high-temperature region.
We have observed 1/T, ~ T dependence in glassy
RADA, but only below 12 K.

The relaxation curve for ADA diverges from
1/T, ~ T below 115 K where we observed' the splitting
of individual proton lines of NH3+. So, below about 115
K the motion of acid protons in 0—H . 0 bonds and
NH3+ protons seem to be correlated. In this temperature
region 1/T, follows the law

1/T[: 10 T + 1/T2I
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2d(1+ 2d /d ) —3
1 (12)

where d is the fracton dimensionality, d is the fractal net-
work dimensionality, d;„=I/L, I is the minimum dis-
tance traveled along the fractal network, and L is the

Pythagorean length. For a Euclidean lattice d =d =d
(d is the lattice dimensionality), d;„=1, and Eq. (12)

with 1/Tp] =6.65 X 10 s ' as the temperature indepen-
dent cross-relaxation time. The T relaxation depen-
dence is characteristic of the Orbach-Blume process
(ground multiplet). Above 115 K the 1/T& ~ T two-
phonon mechanism dependence was observed.

We will describe the RADA 1/T, curve beginning
from the lowest temperature. Below 12 K, 1/T& = AT as
for the direct process. From 12 to 55 K, the relaxation
seems to best fit 1/T& =5.4T' . In the region 55 to 120
K, as we explained above, the relaxation process is driven
by nitrogen tunneling. Above 120 K we again see the in-
teresting behavior 1/T, =2.7X10 T . There arises
the question of the physical origin of such a temperature
dependence.

It is known that a wide class of relaxation phenomena
in disordered solids and glasses are nonexponential in
time. In many cases, over a wide range of time the relax-
ation obeys a Kohlrausch-type decay of the form
P(t)-exp( t/~)~. R—anderia, Sethna, and Palmer
show, however, that exponential relaxation (p= 1) above
the spin-glass transition is ruled out because unfrustrated
clusters do not dominate relaxation. It is also known that
localized paramagnetic centers relax toward equilibrium
(T, spin lattice relaxation) by inelastic scattering of lat-
tice vibrations. Although the theory of relaxation is
developed for phonons, an equivalent development has
recently been accomplished for fractons. ' This frac-
ton theory was motivated by Stapleton's claim that EPR
relaxation in proteins is governed by a fractal protein
structure. " The fractons are localized lattice vibrations
at distances less than some characteristic length L. It has
been shown ' that, contrary to the single electronic
relaxation-time constant obtained for extended vibration-
al states, vibrational localization leads to a probability
density of relaxation-time constants with much richer
temperature dependence.

The two-fracton Raman-type relaxation process for
non-Kramers ions has the following temperature depen-
dence:

leads to the classical Raman process with 1/T~ ~ T ~ As
has been shown by Orbach, d;„ for a percolating net-
work is 1.39 (d;„=1 holds for the Euclidean limit).

Now we can apply the above considerations to describe
the EPR data for 1/T, 0- T" with n =1.6 and 2.47 in
glassy RADA (Fig. 4). We found 1/T& ~ T' in the tem-
perature region of 12 to 55 K, and we can consider this

region (below T ) as the percolation limit where d= —',
holds. ' Then Eq. (12) leads to d =3.83 and

d/d =p—=0.35, i.e., close to —,
' as obtained by Campbell

for random walks on closed loops in the percolation limit.
The physical origin of 1/T, ~ T above Ts is more

speculative because all scaling corrections (d;„,d ) have
been done for the percolation limit (below Tg ). Suppose,
however, that above Tg we are dealing with a self-
avoiding random walk in three-dimensional space, for
which d (fractal dimensionality) is equal to 1.67; then

for d,„~1 Eq. (12) leads to d =1.25 and p=0. 74. This
means that above T we have unpercolated fractons and
the 1/T& temperature dependence arises from fracton-
phonon interaction. The p value above Tg is then p(1,
and leads to nonexponentiality.

The most striking observation in the temperature re-
gion from 12 to 55 K is that the 1/T, temperature
dependence can be also described by the semiempirical
Vogel-Fulcher (VF) law 1/T& =B(T —To) with B =82.5

and with TO=12 K as the VF freezing temperature. This
indicates a temperature-independent energy distribution
f(U). Similarly, Slak et al. observed such behavior in

Rb T, relaxation measurements and suggested that it is
due to random blocking of 0—H . 0 acid proton
movement.

In conclusion, EPR data indicate dynamical coupling
between As04 and NH3+ units which manifests itself
in energy transfer from As04 to NH3+ by tunneling
coupling with a&, =coL (I band) (at 55 to 120 K). We
have also shown that glassy-state relaxation rates can be
described by the fracton model of relaxation. To our
knowledge our EPR data give the first support for a frac-
ton model of relaxation for mixed glassy RADA.
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