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The solid solution Rbl Tl„H2PO& has been investigated by the nuclear-quadrupole double-resonance
methods. The '7Rb nuclear quadrupole resonance (NQR) spectrum in the solid solution
Rbl „Tl„H2PO4 exhibits for x &0.2 the concentration dependences of the linewidth and of the center
frequency characteristic for homogeneously mixed samples. The ' Rb NQR spectra as measured in a
mixed sample with a low concentration of rubidium ions (x =0.98) show that the antiferroelectric phase
transition in TlH2PO4 is associated with the condensation of two displacement waves. In a mixed sample
with the concentration x of TlH2PO4 of 0.9, a phase transition is observed at nearly the same ternpera-
ture as in TlH2PO4. No phase transition is observed in the mixed crystals with the concentration x of
T1H~PO4 between 0.2 and 0.8. The shape of the 5/2-3/2 transition line in the ' 0 NQR transition spec-
trum is used for the determination of the Edwards-Anderson order parameter qEA. The temperature
dependences of q« in Rbo 5Tlo 5H&PO~ and in Rbo 8Tlo 2H2PO4 demonstrate that we are in both cases
dealing with a random-field smearing of a random-bond-type pseudospin spin-glass transition.

I. INTRODUCTIVE

Some solid solutions of the KI3P-type ferroelectrics
and antiferroelectrics exhibit glass properties in limited
concentration ranges. The most extensively studied solid
solution of this type is Rb, (NH~) H2PO4 (RADP), '
which for x & 0.22 undergoes a ferroelectric phase transi-
tion, whereas for x )0.74 it undergoes an antiferroelec-
tric phase transition. In the intermediate-concentration
range (0.22&x &0.74) RADP forms a dipolar glass.
The freezing transition into the deuteron-glass phase
of the deuterated compound Rb, „(ND~) D2PO4
(DRADP) is, as verified by the NMR technique, associ-
ated with a random freezeout of the deuteron motion in
the Q—H . Q hydrogen bonds. The local polarization
distribution 8'(p) and its second moment, the Edwards-
Anderson order parameter in DRADP, show the charac-
teristic features predicted by a deuteron-glass model with
infinitely ranged random-bond interactions in the pres-
ence of quenched random fields. The slowing down of
the proton or deuteron motion in RADP and DRADP
which occurs on cooling into the glass phase affects the
deuterium and rubidium quadrupole-perturbed NMR
line shapes at relatively low temperatures. Qn the other
hand, the Tl + line shapes and second moments in Tl-
doped RADP allow for a direct determination of the stat-
ic and dynamic features of the glass transition in RAI3P.

The solid solution K, (NH4)„HzPO4 (KADP) is
analogous to RADP, but it is much less studied. The
vanishing of the ferroelectric phase transition is in
KAI3P observed when x & 0.2, whereas the antiferroelec-
tl ic phase tI aIlsitioIl vaIlishcs when x & 0.8S. IIl thc
intermediate-concentration range, the dielectric measure-

ments show a low-frequency dispersion of the dielectric
constant characteristic for a glassy system. A similar
low-frequency dispersion of the dielectric constant was
observed also in glassy RADP. '

A solid solution of ferroelectric RbH2PO4 (RDP) and
antiferroelectric T1HzPO„(T1DP) also represents a com-
pound in which the random distribution of Tl+ and Rb+
ions may produce a competition of the ferroelectric and
antiferroelectric structures and, in a certain concentra-
tion range, also frustration and formation of a dipolar
glass.

TlDP is known to undergo an antiferroelectric phase
transition at T, =203 K. It is, in contrast to tetragonal
KDP, ADP, and RI3P, monoclinic in the paraelectric
phase, which is presumably the efFect of a larger Tl+ ion-
ic radius as compared to the ionic radii of K+, NH4+,
Rb+. In the paraelectric phase, two out of the four
Q—H . . Q hydrogen bonds linking a PQ4 group to four
other PQ4 groups are symmetric, whereas the other two
Q—H . - . 0 hydrogen bonds are weakly asymmetric.
On going below T„ the two previously symmetric hydro-
gen bonds become asymmetric, which is presumably, as
in other compounds of the KDP family, the efFect of the
freeze out of the hydrogen motion between two
equivalent equilibrium sites in an Q—H . . Q hydrogen
bond. Also the hydrogen bonds which are asymmetric
above T, become more asymmetric below T, in the anti-
ferroelectric phase. '

In paraelectric RDP a PQ4 group is linked to four oth-
er PQ4 groups by four equivalent symmetric Q—H. . . 0
hydrogen bonds. " On decreasing the temperature, RI3P
transforms into the ferroelectric phase at T, =147 K. In
the ferroelectric phase, the four Q—H . 0 hydrogen
bonds become asymmetric, but they remain equiv-
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alent. "' The asymmetry of the 0—H 0 hydrogen
bonds is, in ferroelectric RDP, the effect of the freeze out
of the hydrogen motion between two equiv-
alent equilibrium sites 0—H - 0 and 0 - H—0.
There are some other features in RDP which seem to be
associated with the size of a Rb+ ion. On deuteration,
which slightly increases the lengths of the hydrogen
bonds [R(0—D . . 0) & R(O—H 0)], the crystal
structure transforms from tetragonal to monoclinic. ' '
When the tetragonal RDP is heated above 84 C, a phase
transition occurs into the high-temperature monoclinic
phase. ' The monoclinic high-temperature phase of RDP
can easily be supercooled to room temperature or even to
lower temperatures where it slowly transforms into the
stable tetragonal phase. '

A partial substitution of rubidium ions by thallium
ions is expected to affect the sensitive network of the
0—H . 0 hydrogen bonds. The structure and proper-
ties of the mixed compound Rbi „Tl HzP04 (RT1DP)
are thus expected to be significantly different from the
structures and properties of the pure compounds RDP
and T1DP.

Nuclear-quadrupole resonance (NQR) represents a sen-
sitive technique for the study of structural changes
caused by the partial substitution of cations. In RT1DP
there are two nuclear species Rb and ' 0, which may
give useful information on the structure of the mixed
compound. There are also Rb nuclei present which are
even more abundant than Rb nuclei. But the nuclear
magnetic moment of a Rb nucleus is significantly lower
than the nuclear magnetic moment of a Rb nucleus and
in mixed compounds the Rb NOR lines which in fact
overlap with the Rb NQR lines strongly broaden. By
an appropriate choice of the experimental technique, we
can get rid of the weak Rb NQR signals.

A Rb nucleus represents in RT1DP a nonlocal probe.
A Rb+ ion is ionically bonded to the surrounding ions
and the electric-field-gradient (EFG) tensor at the site of
its nucleus represents the sum of the contributions of a
large number of surrounding ions. An ' 0 nucleus
represents, on the other hand, a local probe. The EFG
tensor at its site is mainly determined by the electric
charge distribution in the covalent and hydrogen bonds
formed by the oxygen atom. ' 0 NQR is thus expected
to give valuable information on the local polarization dis-
tribution in RT1DP.

In the present paper, we present the results of the
Rb and ' 0 NQR study of the solid solution

Rb& Tl H2P04 for x =0.98, 0.9, 0.8, 0.5, and 0.2. Both
NQR spectra are measured by a highly sensitive nuclear-
quadrupole double-resonance technique. The Rb NQR
spectra are compared to the Rb quadrupole-perturbed
NMR spectra in RADP. The Edwards-Anderson order
parameter qEA is calculated from the ' 0 NQR spectra
and analyzed in the random-bond random-Geld model.

II. KXPERIMENTAI. DKTAII.S

Rb has a spin —,
' and thus two doubly degenerated

quadrupole energy levels in zero magnetic field with the
resonance, NQR, frequency v& being

v& =(eQVzz/2h )( I+rI /3)'

Here eQVzz/h is the quadrupole coupling constant and

g is the asymmetry parameter of the EFG tensor at the
site of the nucleus. Crystallographically in inequivalent
sites of Rb generally differ in both the quadrupole cou-
pling constant as well as in the asymmetry parameter g.
They are thus characterized by different NQR frequen-
cies.

' 0 has a spin —,'. It has thus in zero magnetic field
three doubly degenerated nuclear-quadrupole energy lev-
els. The energies of the nuclear-quadrupole energy levels
are the solutions Xof the secular equation

X —7(3+i) )X—20(1—il )=0,
multiplied by eQVzz/40. None of the three transitions
between the quadrupole energy levels is, except for g=0,
forbidden and the three NQR frequencies are named as

VS/2-1/2 + V5/2-3/2 —V3/2-1/2

In a symmetric 0—H. 0 hydrogen bond, the two
oxygen sites are equivalent and only three ' 0 NQR fre-
quencies are observed, whereas in an asymmetric hydro-
gen bond the two oxygen sites are inequivalent and two
sets of three ' 0 NQR frequencies are observed.

The ' 0 and Rb NQR spectra were measured by a
highly sensitive nuclear-quadrupole double-resonance
technique based on magnetic field cycling. ' ' Within a
magnetic field cycle, the proton spin system is first polar-
ized in a high static external magnetic field Bp. Then the
external magnetic field is adiabatically reduced to zero.
After a time ~, the external magnetic field is adiabatically
increased to the initial value B„and the proton NMR sig-
nal S~ is measured. It is proportional to the remaining
proton magnetization and decreases with increasing ~ as
S~-exp[ —r/T&II(0)]. Here T&~(0) is the proton spin-
lattice relaxation time in zero magnetic field. In an actu-
al experiment, ~ is chosen as being approximately equal
to Ti~(0). During the time r spent in zero magnetic
field, the sample is irradiated by a strong rf magnetic
field which undergoes 180 phase shifts approximately
every millisecond. The magnetic field cycles are repeated
at different frequencies v of the rf magnetic field. In reso-
nance, i.e., when v is equal to a NQR frequency v&, the rf
magnetic field induces a small splitting of the quadrupole
energy levels comparable to the proton linewidth. The
two spin systems resonantly couple. The 180' phase
shifts of the rf magnetic field invert the populations of the
two closely split energy levels of the quadrupole nuclei
and thus keep the spin temperature of the quadrupole
spin system high. Thus, in addition to the spin-lattice in-
teraction, the protons are relaxed also by the interaction
to "hot" quadrupole nuclei when v=v&. As a result of
this additional relaxation, the proton NMR signal S& at
the end of the magnetic field cycle decreases. Thus, in
the v dependence of SII, a dip is observed always when
v —v Q

In measurements of the ' 0 NQR spectra, the high
static magnetic field Bo was approximately 0.8 T (v~ = 32
MHz) and magnetic field cycling was performed between
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B0 and zero magnetic field. The residence time ~ in zero
magnetic field was 0.4 s and during the stay in zero mag-
netic field the sample was irradiated by a rf magnetic field
of an amplitude of approximately 2 mT. The frequency
of the 180-phase shifts of the rf magnetic field was 1.4
kHz.

The measurements of the Rb NQR spectra were per-
formed under the same experimental conditions as the
measurements of the ' 0 NQR spectra with the only
diIterence being the low magnetic field within a magnetic
field cycle. In the case of Rb, the external magnetic
field was cycled between B0 and 1.5 mT and not between
B0 and zero magnetic field as in case of ' O. The nonzero
external magnetic field which is present during the rf ir-
radiation strongly reduces the double-resonance signal
especially when the nuclear magnetic moment of a quad-
rupole nucleus is low. In such a way, the double-
resonance signals of Rb are strongly reduced with
respect to the double-resonance signals of Rb.

Mixed polycrystalline RT1DP compounds were ob-
tained by slow evaporation of water from appropriate
aqueous solutions of RDP and T1DP at room tempera-
ture. The concentration x of T1DP will in the following
mean the molar concentration of T1DP with respect to
RDP in the aqueous solution prior to crystallization.

III. RESULTS ANB BISCUSSION

A. "Rh NgR

The temperature dependence of the Rb NQR line in
RT1DP-50 (Rb, Tl„.HzPO4, x =50%%uo) is shown in Fig.
1. The width at the half-height of the NQR line continu-
ously varies from approximately 1.1 MHz at room tem-
perature to approximately 1.5 MHz at —123 C. The
center frequency of the NQR line slowly increases with
decreasing temperature at a rate dv/vdT= —1.4X 10

K '. The width of the Rb NQR line in RT1DP-50 is
much larger than the width of the Rb NQR line in
RDP, which is, when measured by the same double-
resonance technique, approximately equal to 60 kHz. '

Such a broad Rb NQR line in RT1DP-50 may in princi-
ple be the e6'ect of a distribution of the Rb NQR fre-
quencies or the efFect of a slow motion which aItects the
rubidium EFG tensor. The slow motion would, via the
dipole-dipole interaction, cause also a fast spin-lattice re-
laxation of the proton spin system at low magnetic fields,
which was in our experiments not observed. The Rb
NQR line in RT1DP-50 thus represents a distribution of
the Rb NQR frequencies. The Rb NQR line in
RT1DP-50 has in addition no structure which would indi-
cate the phase segregation. We may thus conclude that
the sample indeed represents a homogeneous mixture of
RDP and T1DP in which Rb+ and Tl+ ions are random-
ly distributed over the cation sites. The NQR frequency
of a Rb nucleus depends on the local distribution of the
rubidium and thallium ions in its vicinity and varies from
about 5 MHz, which is characteristic for pure RDP, to
about 6 MHz, which presumably represents a rubidium
ion surrounded by thallium ions (a rubidium impurity in
T1DP).

The concentration dependence of the width and center
frequency of the Rb NQR line in RT1DP at room tem-
perature is shown in Fig. 2. Here x represents the molar
concentration of T1DP in an aqueous solution prior to
crystallization. The present results may be compared to
the results of Korner and Kind' obtained by a
quadrupole-perturbed NMR study of RADP. They ob-
tained a linear dependence of the average Rb quadru-
pole coupling constant on the concentration x of ADP in
solid solution RADP. The width of the distribution of
the Rb quadrupole coupling constant was observed in
RADP as being proportional to [x(1—x)j' in accor-
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dance with Kind, Blinc, and Koren. If we assume that
similar concentration dependences occur also in RT1DP,
then the average Rb NQR frequency, which is propor-
tional to the Rb quadrupole coupling constant and has
a minor dependence on the asymmetry parameter g [ex-
pression (1)], is expected to be approximately a linear
function of the concentration x of T1DP in the solid solu-
tion RT1DP. Also the width of the distribution of the

Rb NQR frequencies is expected to be approximately
proportional to [x (1—x)]' . From Fig. 2(a) it is clearly
seen that the average Rb NQR frequencies in the solid
solutions obtained from the aqueous solutions with the
concentrations x equal to 0.2, 0.5, 0.8, 0.9, and 0.98 are
lying approximately on a straight line which for x =0
does not terminate at the Rb NQR frequency in RDP
(5.0 MHz). In the sample of RT1DP-10, a relatively nar-
row Rb NQR line was observed at 5.0 MHz, but the
signal-to-noise ratio was at room temperature rather
poor. As will be discussed later, this is the effect of phase
segregation, which occurs in this system during the crys-
tallization process. Also the concentration dependence of
the linewidth is for x )0.2 in accordance with the
[x(1—x)]' rule. Thus for x)0.2 the mixed crystals
indeed grow from an aqueous solution at room tempera-
ture and the concentration x of T1DP in the solid solution
seems to be approximately equal to the concentration x
of T1DP in the aqueous solution. The concentration
dependence of the center and width of the NQR line is
consistent with a random distribution of rubidium and
thallium ions over the cation sites.

Next it is interesting to see how the partial substitution
of cations influences the phase transitions. For this
reason we measured the temperature dependences of the

Rb NOR spectra in samples with different concentra-
tions x.

The temperature dependence of the Rb NQR fre-
quencies in RT1DP-98 is shown in Fig. 3. At room tem-

perature a single Rb NQR line is observed at the fre-
quency 5.84 MHz. This frequency is significantly higher
than the Rb NQR frequency in RDP at room tempera-
ture which is equal to 5.0 MHz. Since in the mixed sam-
ple the concentration of rubidium ions is low, we may as-
sume that a rubidium ion probes the EFG tensor at the
thallium site in TlDP. Below —43'C, which is the tem-
perature of the antiferroelectric phase transition in TlDP,
the single NQR line splits into a quartet. Four crystallo-
graphically inequivalent rubidium sites and, by analogy,
also four crystallographically inequivalent thallium sites
are observed in antiferroelectric T1DP. A single thallium
crystallographic site in the paraelectric phase agrees with
x-ray and neutron scattering data which show the pres-
ence of four crystallographically equivalent thallium sites
in the unit cell. The crystal structure of TlDP in the anti-
ferroelectric phase has not yet been determined, but the
present NQR results agree with the neutron scattering
data of Nelmes, ' which show that the volume of the
primitive cell doubles on cooling through T, .

Two EFG tensors seem to be strongly affected by the
phase transition, whereas the other two, represented by
intermediate lines in the Rb NQR spectra below T„
seem to be less affected. Close to T, the inner two lines
are not separated within the experimental resolution. In
a simple local model, where (i) the change of an EFG
tensor elements is in the first approximation a linear func-
tion of the displacement of a rubidium ion from its
paraelectric position and (ii) the displacements of rubidi-
um ions from their paraelectric position are lying on one
or more sinusoidal curves and which gave reasonable re-
sults in ionic incommensurate solids, we may analyze the
low-temperature NQR spectra. The NQR spectra
definitely show that there are two rubidium ions which
displace from their paraelectric positions for, say, +u
and —u (outer NQR lines) and two rubidium ions which
in the first approximation do not displace from their
paraelectric positions (inner NQR lines). If the phase
transition is the result of the cell multiplication along a
single axis, then the NQR results would be in accordance
with the quadrupling of the unit cell. If, on the other
hand, we assume that the phase transition is associated
with two equivalent sinusoidal modulations in two
separate directions, then the displacements +u and —u

associated with the first modulation and the displace-
ments +u and —u associated with the second modula-
tion sum into displacements 2u, 0, 0, and —2u, which is
again in accordance with the NQR data. Neutron
diffraction data ' seem to favor the later model.

The temperature dependence of the Rb NQR spectra
in RT1DP-90 is shown in Fig. 4. Above —43'C there is
still a single Rb NQR line at approximately 5.85 MHz,
whereas below —43'C the single NQR line splits into
two broad lines. There is no strong central line as in
RT1DP-98. The frequency range in which the NQR fre-
quencies are distributed below T, agrees with the fre-
quency range in which the four Rb NQR frequencies
are observed in RTlDP-98. The substitution of 10% of
thallium ions by rubidium ions thus still does not change
the structure of T1DP significantly. The mixed sample
still undergoes a phase transition at nearly the same tem-
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FIG. 4. Temperature dependence of the ' Rb NQR spectrum
in RTlDP-90.

perature as T1DP, and the difference in the NQR spectra
of RT1DP-98 and RT1DP-90 seems to be a consequence
of the distribution of the EFG tensors caused by the ran-
dom distribution of rubidium ions.

The temperature dependence of the Rb NQR spectra
in RTIDP-80 is shown in Fig. 5. A broad NQR line is ob-
served with the width continuously varying from 800
kHz at room temperature to 900 kHz at —121'C and
with the center frequency continuously varying from 5.7S
MHz at room temperature to 5.85 MHz at —121'C. No
phase transition is observed in this temperature range.

In RT1DP-50 (Fig. 1), a symmetric Rb NQR line is
observed with the width continuously varying from 1.1
MHz at room temperature to 1.5 MHz at —123 C and

with the center frequency continuously varying from 5.54
MHz at room temperature to 5.66 MHz at —123'C. No
phase transition is observed in this temperature range.

In RT1DP-20 a nearly symmetric NQR line was ob-
served with the width continuously varying from 850
kHz at room temperature to 9SO kHz at —130'C and
with the center frequency continuously varying from 5.30
MHz at room temperature to 5.45 MHz at —130 C. No
phase transition was observed in this temperature range.

The temperature dependence of the Rb NQR spectra
in RT1DP-10 is shown in Fig. 6. The spectra consists of
two lines: a relatively sharp line at exactly the Rb NQR
frequency in RDP and of a weaker and broader line at a
somewhat higher frequency. The weaker line is definitely
not the Rb NQR line corresponding to the —', -—', transi-
tion, which is expected to be found at about 6 MHz. A
reasonable explanation of the NQR data is that during
the crystallization process some crystals of pure RDP
and some mixed crystals grow. This is presumably the
eftect of a larger ionic radius of a thallium ion as com-
pared to the ionic radius of a rubidium ion. Thus a
smaller rubidium ion can during the process of the crys-
tal growth exchange a larger thallium ion at an arbitrary
low concentration of the rubidium ions in the solution.
On the other hand, a larger thallium ion cannot simply
replace a smaller rubidium ion in the RDP structure.
Thus a large enough concentration of thallium ions is
needed in the aqueous solution in order to enter the crys-
tal. Thus, presumably during the crystallization from the
aqueous solution of 90 mo1% of RDP and 10 mo1% of
T1DP„ first the pure RDP crystals precipitate. During
this process, the relative concentration of T1DP increases
and the relative concentration of RDP decreases until at
a high enough concentration ratio of T1DP versus RDP
the mixed crystals start to grow. This critical concentra-
tion of T1DP is between 10% and 20%. The sample we
measured contained both RDP and mixed crystals.
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B. 'ONQR

The symmetry and order parameter of a disordered
0—H . . O hydrogen bond can be successfully studied
by ' 0 NQR. In the case of a symmetric hydrogen bond
in a KDP-type system with an 0—H - 0 distance of
approximately 0.25 nm, the three ' 0 NQR frequencies
are approximately v3/2 I /&

=0.98 MHz, v5/2 3/2
= 1.49

MHz, and v5/2 &/2=2. 47 MHz. ' ' ' When the bond
becomes asymmetric, each of the three NQR lines
splits into a doublet: a broad line corresponding to the
' 0—H . 0 sites and a narrow line corresponding to
the 0—H - ' 0 sites. In particular, the intermediate-
frequency ( —', -—,') line splits into a broad line, which is in
the case of complete ordering centered at approximately
1.67 MHz, and into a narrow line, which is in the case of
complete ordering centered at approximately 1.39 MHz.

The part of the ' 0 NQR spectra of pure RDP corre-
sponding to the —,

'-—', transition is, above and below T„
shown in Fig. 7(a). A single line centered at 1.49 MHz
splits below T, into two lines. At —133'C a narrow line
is observed at 1.40 MHz (' 0 H site) and a broad line
at 1.62 MHz (' 0—H site). At this temperature a proton
is still moving between two inequivalent equilibrium sites
in an 0—H . 0 hydrogen bond at a rate which is high
on the NQR frequency scale. ' If we define the order pa-
rameter p of an 0—H . . 0 hydrogen bond as

p=P(O —H) —P(O . H), (4)

where P(O—H) is the probability of finding a proton at
the close (O—H) position and P(O. H) is the probabili-
ty of finding a proton at the distant (0 . H) position,
then the ' 0 NQR frequencies v5/23/2 at the close and
distant positions read

V5/23/2(O H) Vp+V]p+V+ +
V5/23/2(o' ''H)=Vp V/7+V+

(5)
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Here v0=1.49 MHz, v&=140 kHz, v2=40 kHz, and the
higher-order terms can be neglected within the experi-
mental resolution. At —133'C the order parameter p is
thus equal to 0.76.

The part of the ' 0 NQR spectrum of RT1DP-50 cor-
responding to the —,

'-
—,
' transition is for the four tempera-

tures shown in Fig. 7(b). The ' 0 NQR spectrum of the
mixed compound evidently shows the distribution of the
order parameter p. On decreasing the temperature, the
'7O NQR spectrum of the mixed compound continuously
changes. It becomes weaker at 1.5 MHz (symmetric
bonds) and stronger at the positions corresponding to the
asymmetric bonds. Thus the order-parameter distribu-
tion function W(p) broadens. We are interested in the
second moment (p ) of W(p), which is in fact the
Edwards-Anderson order parameter. We assume that
W(p) is a symmetric function of p, which is in fact ob-
served in proton and deuteron glasses. Then the
ensemble-averaged —,

'-—', transition frequency ( v5/23/2 & is
expressed as

& VS/2-3/2& VP+V2&P (6)

=Vi &P') +V2((P') —&P'&'), (7)

is mainly determined by the first term v, (p ). The ratio
(v2/vi) is approximately 0.08 and (p ) is expected to
be larger than ((p )-(p ) ). We therefore neglect the
second term in the expression (7). The Edwards-
Anderson order parameter qE~ = (p ) can thus be deter-
mined either from the first moment [expression (6)] or
from the second moment [expression (7)] of the NQR
line. A more accurate determination is expected from the
second moment Mz, which depends on the term v& in the
expansion of the NQR frequency in powers of the order
parameter p.

The second moment M2 of the ' 0 —', -—,
' transition line

is in paraelectric RDP equal to 1300 kHz. It is mainly
determined by the rather strong proton-oxygen dipole-
dipole interaction. At —133 'C the second moment M2 is
in RDP equal to 12500 kHz. This experimentally ob-
tained value agrees with the order parameter p of 0.76
and with the additional dipolar broadening of approxi-
mately 1300 kHz. Thus, in the case of a complete order-
ing, the second moment of approximately 21 000 kHz is
expected. Since the dipolar contribution to the second
moment of the NQR line only slightly varies with tem-
perature, we can determine the Edwards-Anderson order
parameter qE~ from the second moment M2 of the NQR
line is

qE~=[M2 —(1300 kHz )]/(19700 kHz ) .

Here 1300 kHz represents the dipolar contribution to
the second moment M2 of the NQR line which has to be
subtracted from the second moment. The temperature
dependence of the Edwards-Anderson order parameter
q EA as determined from the second moment M2 of the

The second moment M2 of the inhomogeneously
broadened NQR line,

M2 ((V5/2-3/2 &V5/2-3/2&)
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' 0 —', -
—,
' NQR line in RT1DP-SO varies from 0.27 at

—43 C to 0.55 at —133 C.
The part of the ' 0 NQR spectra showing the —,

'-—', tran-
sition line in RT1DP-20 is shown as a function of temper-
ature in Fig. 8. The Edwards-Anderson order parameter
as obtained by ' 0 NQR varies from 0.28 at —31'C to
0.55 at —132 C. The temperature dependence of the
Edwards-Anderson order parameter qEA is presented for
both RTlDP-50 and RTlDP-20, in Fig. 9. An equal value
of qEA is within the experimental accuracy obtained in
both samples. The temperature dependence of qEA is an-
alyzed in the random-bond random-field model of Pire,
Tadic, and Blinc where q=qEA is the solution of the
self-consistency equation

qEA
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IV. CONCI. USIONS

The Rb and ' 0 NQR spectra have been measured in
polycrystalline samples of RT1DP-X (Rb, Tl HzP04,
X = loox) obtained by slow evaporation of water at room
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FIG. 8. Temperature dependence of the ' 0 NQR spectrum
in RTlDP-20.

q=(2') ~ f dz e ' tanh [PJ(q+6)'~ z] . (9)

Here P= 1/k~ T, J= T is the nominal freezing tempera-
ture, b, =b, /J, and b, is the variance of the Gaussian dis-
tribution of the random fields. The best fit of the experi-
mental data is obtained when 6=0.4 and T =210 K.
The theoretical temperature dependence of qEA as calcu-
lated from expression (9) is shown in Fig. 9. The value of
6 as obtained in RT1DP-50 and RT1DP-20 is comparable
to the value b =0.35 as obtained in DRADP, but it
significantly differs from the value 6=4 as obtained in
RADP. The nominal pseudo-spin-glass temperature
T =210 K in RT1DP is higher than the value T =90 K
as obtained in DRADP and T =30 K as obtained in
RADP.

FIG. 9. Temperature dependence of the Edwards-Anderson
order parameter q« in RT1DP-50 (6) and RT1DP-20 ( 0 ). The
solid line represents the theoretical temperature dependence of
qEA as calculated from Eq. (9) with the parameters 6=0.4 and
Tg =210 K.

temperature from the aqueous solution of appropriate
amounts of RDP and TlDP. In RT1DP-98 and RT1DP-
90, the phase transitions were observed at approximately
T, = —43'C, i.e., at the temperature of the phase transi-
tion in T1DP. In RT1DP-98 a single Rb NQR line ob-
served above T, splits below T, into a quartet. Close to
T, the inner two lines of the quartet are nearly not
separated. We may assume that at such a low concentra-
tion of rubidium ions a rubidium ion represents an im-
purity which probes the structure of TlDP. When ana-
lyzed in a simple linear model, the Rb NQR spectra
show the presence of two displacement waves which
freeze out below T, . This result seems to be in agreement
with the neutron scattering data.

In RT1DP-X, X =98, 90, 80, 50, and 20, the center of
the distribution of the Rb NQR frequencies depends
linearly on the concentration x of T1DP in the aqueous
solution prior to crystallization. Also the width of the
distribution of the Rb NQR frequencies is proportional
to [x(1—x)]'~. A comparison of these concentration
dependences to similar concentration dependences in
RADP shows that homogeneously mixed crystals indeed
grow from aqueous solutions of RDP and TlDP and that
the concentration x of T1DP in the solid solution RT1DP
is approximately equal to the concentration x of T1DP in
the aqueous solution prior to crystallization.

In polycrystalline samples obtained from the aqueous
solution of 10mol% of T1DP and 90 mol% of RDP, the

Rb NQR measurements show the presence of pure
RDP and the solid solution RTlDP. Phase segregation
seems to occur during the crystallization process when at
a too low concentration of TlDP only the crystals of
RDP grow. Because of the growth of the RDP crystals,
the relative concentration of T1DP in the solution in-
creases, and when it reaches the critical value, which is
somewhere between 10 and 20 mo1%, the mixed crystals
start to grow. This critical concentration of T1DP seems
to be associated with the size of a thallium ion as com-
pared to the size of a rubidium ion.

The ' 0 NQR spectra in RT1DP-SO and RT1DP-20
show a distribution of the order parameters of randomly
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disordered 0—H . - 0 hydrogen bonds. The Edwards-
Anderson order parameter qFA is calculated from the
second moment of the' 0 —'-—', NQR line. Equal values of
q~~ are obtained in both RTlDP-50 and RT1DP-20. The
temperature dependence of qzA agrees with a random-

field smearing of a random-bond-type pseudo-spin-glass
transition in the limit of fast motion. The parameters 6
nd T of the proton-glass RT1DP are determined from
the second moment of an ' 0 NQR line as b, =0.4 and
T =210 K.
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