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The ®Rb, ¥Rb, and 'O nuclear-quadrupole-resonance frequencies and line shapes have been
measured in RbH,PO, and in Rb(H,_, D, ),PO, (x =0.5,0.7) with the nuclear-quadrupole double-
resonance technique. The results show that in the paraelectric phase the Rb™ ions move in a
single-site potential, whereas the protons are dynamically disordered between two sites in the O—
H - - - O hydrogen bonds. The ferroelectric phase transition in RbH,PO, is associated with the
freezing out of the proton motion in the O—H - - - O hydrogen bonds that induces a shift of the
Rb" ions along the ferroelectric axis. In the partially deuterated compounds the O—H - - - O hy-
drogen bonds are practically identical to the ones in pure RbH,PO, and are thus only weakly

influenced by the surrounding O—D --- O bonds.

The O—D ---O bonds are, however,

significantly more asymmetric and presumably longer than the O—H - - - O bonds.

I. INTRODUCTION

Rubidium dihydrogen phosphate RbH,PO,, is a
hydrogen-bonded ferroelectric that undergoes the fer-
roelectric phase transition at 7,=—126°C.! Its struc-
ture is isomorphous to that of KH,PO, in both the
tetragonal paraelectric and the orthorombic ferroelectric
phase.”? The PO, groups are linked by the O—H - - O
hydrogen bonds in which the protons are above T, disor-
dered between the two equivalent equilibrium sites. The
ferroelectric phase transition is associated with the freez-
ing out of the proton motion and the displacement of
heavy ions.

Remarkable changes occur on deuteration. Both
KMH,_,D,),PO, and Rb(H,_,D,),PO, exhibit a mono-
clinic phase at room temperature and at high-deuteration
levels and the ferroelectric-paraelectric transition temper-
ature increases markedly with deuteration. The neutron?
and the x-ray* diffraction studies showed that the O—
D :--O bond is slightly longer but considerably more
asymmetric than the O—H - - - O bond.

Nuclear quadrupole resonance (NQR) has proved to
represent a sensitive tool for the study of even small
structural changes in the crystals. Therefore we decided
to measure the **Rb, *’Rb, and 'O NQR frequencies in
RbH,PO, and in Rb(H,_,D,),PO, in order to clarify the
role of the O—D - - - O hydrogen bonds in partially deu-
terated systems.

II. EXPERIMENTAL

¥Rb has a spin / =2 and thus in zero magnetic field
two doubly degenerated energy levels with the corre-
sponding NQR frequency

eQV.
vo= 5 Cl(1+0/3)]" 2. M

Here eQ is the nuclear quadrupole moment, V,, is the
largest principal value of the electric-field-gradient (EFG)
tensor, ¥, =9? V /dx,;0x ;» at the nuclear site and the
asymmetry parameter 7 is the difference of the two small-
er principal values of the EFG tensor Vyy—Vyy,
Vx| <1Vyyl £1V4zI, divided by V,,. The quadrupole
coupling constant eQV,, /h and the asymmetry parame-
ter can not be separately determined from the NQR fre-
quency.

8Rb has a spin I =31 and thus in zero magnetic field
three doubly degenerated quadrupole energy levels.
Their energies E are obtained from the secular equation

x3=7(3+n)x —20(1—79*)=0, @)

where the energy £ =x A and 4 =eQV,,/40. For each
chemically inequivalent rubidium site we thus obtain
three ®Rb NQR frequencies V(i) (3/2)<V(3,2)—(5/2)
<Vas-s2) =Va/2-3/2FV3/2~(5s2- The asymmetry
parameter 7 is calculated from the ratio
Vi12)-3,20/V(32)—(5,2)- When 7 is known the quadru-
pole coupling constant can be calculated from any NQR
frequency.

70 has a spin I=23 and the NQR frequencies, the
quadrupole coupling constant, and the asymmetry pa-
rameter 7 can be obtained in the same way as for ®*Rb.
In the O—H bonds the strong proton-oxygen magnetic
dipolar interaction removes the degeneracy of the '’O en-
ergy levels. Each energy level splits into a quartet and
the NQR lines become broad and structured. From the
widths and structures of the ’O NQR lines the O—H
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distance as well as the orientation of the O—H bond in
the eigenframe of the EFG tensor at the oxygen site can
be determined.*>®

The ¥Rb, ¥Rb, and 'O NQR frequencies have been
measured with a nuclear-quadrupole double-resonance
(NQDR) technique based on magnetic-field cycling be-
tween a high-static and zero magnetic field and phase
modulated rf irradiation in zero magnetic field.”® The di-
polar structures of the '"O NQR lines have been mea-
sured with a nuclear-quadrupole double-resonance tech-
nique based on magnetic-field cycling and two-frequency
irradiation.’

III. RESULTS AND DISCUSSION

A. RbH,PO,

The temperature dependence of the *Rb and %’Rb
NQR frequencies is shown in Fig. 1. The corresponding
quadrupole coupling constants and the asymmetry pa-
rameter are shown in Fig. 2. Above the phase transition
the #*Rb quadrupole coupling constant is 19.97 MHz, the
8"Rb quadrupole coupling constant is 9.68 MHz, and the
asymmetry parameter 7 is zero. The ratio of the two ru-
bidium quadrupole coupling constants 19.97 MHz / 9.68
MHz = 2.063 is equal to the ratio of two rubidium nu-
clear quadrupole moments Q (**Rb)Q(¥Rb). Below the
phase transition the rubidium quadrupole coupling con-
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FIG. 1. Temperature dependence of the **Rb and *’Rb NQR
frequencies in RbH,PO,.
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FIG. 2. Temperature dependences of the ®*Rb quadrupole
coupling constant, *’Rb quadrupole coupling constant, and of
the asymmetry parameter 7 of the EFG tensor at the rubidium
sites in RbH,PO,.

stants slightly decrease and the asymmetry parameter 7
strongly increases with decreasing temperature. Thus at
—140°C the ¥*Rb quadrupole coupling constant is 19.44
MHz and the asymmetry parameter 1 is 0.53. The
present NQR data agree with the previously published
data’® obtained by the quadrupole perturbed NMR tech-
nique. However, the resolution of the presently used
nuclear-quadrupole double-resonance technique is much
higher than the resolution of the quadrupole perturbed
NMR technique.

There are two possible models of the ferroelectric
phase transition in the KH,PO, type crystals. According
to the first of these two models the Rb™ ions are in the
paraelectric phase dynamically disordered between two
equivalent equilibrium positions similarly as the O—
H - - O protons. According to the second model only
the O—H - - - O protons (or deuterons) are disordered be-
tween two equilibrium sites, whereas the Rb™ ions move
in an anharmonic single-site potential above T,.

In the two site Rb* order-disorder model we assume
that the rubidium ions are in the paraelectric phase disor-
dered between the two equivalent equilibrium positions
along the 4 axis that is also the Z-principle axis of the
electric-field gradient tensor. One of these position is at
—z and another at +z with respect to the average rubidi-
um position. The two ERG tensors V(z) and V(—z)
have, according to the site symmetry of rubidium, the fol-
lowing forms:



Vix 0 O
Viz)=| 0 Vyy 0 |,
0 0 Vg
(3)
Viy 0 0
V( _Z) = 0 VXX O
0 0 VZZ

Here the Z axis is the crystallographic ¢ axis, while the X
and Y axes are lying in the a -b plane. In the paraelectric
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phase the time averaged EFG tensor (V) is
—Vzz /2 0 0
(V)=1[V(=2)+V(2)]= 0 —Vzz/72 0
0 0 V,,
(4)

Thus the asymmetry parameter n is zero what agrees
with the NQR data. In the ferroelectric phase the two
equilibrium positions are no more equivalent and the
time-averaged EFG tensor ( V) is

(Vy=1ES v+ 128y,
2 2
[= Vg +S(Vey—Vyy)1/2 0 0
= 0 [—Vy—S(Vyg—Vyp)l2 0 | . (5)
0 0 Vs

Here S is the order parameter. Thus the quadrupole cou-
pling constant eQV,, remains the same as in the
paraelectric phase, whereas the asymmetry parameter 7,

77:(< V>XX_—< V)yy)/( V)ZZZS(VXX—VYY)/VZZ ,

(6)

is proportional to the order parameter. By comparing
the experimentally determined values of 1 with the tem-
perature dependence of the spontaneous polarization P,
(Ref. 10) we found that 7 is indeed proportional to the
spontaneous polarization and thus to the order parame-
ter. The limiting value of 7 in case of complete ordering
(§=1) is then obtained from the temperature depen-
dence of P;; It is equal to 0.59. The quadrupole coupling
constant is not temperature independent in the ferroelec-
tric phase as expected from expression (5) but it slightly
decreases with decreasing temperature. Presumably the
separation of 2z of the two equilibrium positions slightly
increases with increasing order parameter. Nevertheless,
it is hard to believe that a displacement Az of the equilib-
rium site would cause a change of the quadrupole cou-
pling constant that is proportional to the square of the
order parameter.

Another possible explanation of the NQR data is the
proton order-disorder model with a single-site Rb poten-
tial. Here we assume that in the paraelectric phase a ru-
bidium ion stays at rest in its paraelectric position and
displaces from the paraeleectric position below T,. We
assume that the displacement z of a rubidium ion induced
by the ordering of protons is proportional to the order
parameter. The elements of the EFG tensor can be ex-
panded in power series in the displacement z. Owing to
the symmetry of the rubidium site the following relations
hold [expressions (3)]:

sz( —'Z)z Vlz(z) ’

Vxx( "Z): Vyy(z) )

and from them we obtain

VXX(Z):‘V22/2+az+b22+'-- ,
Vyy(Z)z‘VZZ/z“aZ+bzz- e, (8)
Var2)=Vz;—2bz+ -+ .

Here V,, is the largest principal value of the EFG tensor
at the rubidium site in the paraelectric phase. To the
lowest order in z, the asymmetry parameter 7,

1]=202/sz 5 9)

is proportional to z and thus to the order parameter,
while the shift of the quadrupole coupling constant,

(eQ/h)[Vyz(T >T,)—V (T <T,)]1=2bz?, (10)

is proportional to the square of the order parameter in
agreement with the NQR data. The NQR data thus seem
to support the proton order-disorder model with a
single-site potential for the Rb* ions. Thus we believe
that above T, each proton is disordered between two
equivalent equilibrium sites in an O—H - - - O hydrogen
bond, while the rubidium ions are at rest. Below T pro-
tons order and the rubidium ions displace from their
paraelectric positions.

The temperature dependence of the 7O NQR frequen-
cies in RbH,PO, is shown in Fig. 3 and the correspond-
ing quadrupole coupling constants and asymmetry pa-
rameters are shown in Fig. 4. All the oxygen sites are
chemically equivalent above T,, whereas two chemically
inequivalent oxygen sites are observed below T, in agree-
ment with the proposed model of proton ordering in the
O—H - - - O hydrogen bonds. In view of the dipolar cou-
pling with protons the 'O NQR lines corresponding to
the “close” (O-H) sites are broad and the 70O NQR lines
corresponding to the ‘“distant” (O - - - H) sites are nar-
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FIG. 3. Temperature dependence of the 'O NQR frequen-
cies in RbH,PO,.
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FIG. 4. Temperature dependence of the '"O quadrupole cou-
pling constants and asymmetry parameters in RbH,PO,.

row. Below T, the average value of the two intermediate
principal values Vyy multiplied by eQ/h: eQ[Vyy(O-
H)+Vyy(O - - - H)]/2h is temperature independent and is
equal to eQVyy(T >T,)/h =4.01 MHz. The difference
eQVyy(O-H)/h —eQVyy(O - - - H)/h is within the exper-
imental resolution proportional to the order parameter S
and reaches the value (2.05+0.04) MHz at S =1. From
the structure of a hydrogen-bonded PO, group we may
expect that one of the principal axes of the EFG tensor at
the O-H site as well as one of the principal axes of the
EFG tensor at the O - - - H site point approximately per-
pendicular to the P-O-H plane and are thus perpendicu-
lar to the O—H bond. The NQR data suggest this to be
in both cases the Y axes, similarly as in KH,PO,.!" Thus
the intermediate principal value {( V) yy of the time aver-
aged EFG tensor { V) is for the O-H site

1+S 1—S

( V(O-H))yy=TVYY(O-H)+—%~Vyy(O -+ H)

and for the O - - - H site

(VO H)>YY=%VW(0-H)

1+S

The average value

LH{V(O-H)) yy +{V (O - H))yy],

(13)
L{V(O-H)) yy +{V(O -+ H) )yl
= 1[Vyy(O-H)+ Vyy(O - - H)]
is constant while the difference (V(O-H))yy
—(V(O - -H))yy,
(V(O-H)) yy—( V(O - -H))yy
=S[Vyy(O-H)—Vyy(O-- - H)], (14)

is proportional to the order parameter S and measures
the asymmetry of the O—H - - - O hydrogen bond. In
case of complete ordering (S =1) we may also expect
that the asymmetry of the O—H - - - O bond as well as
the difference Vyy(O-H)—Vyy(O - - - H) increases with
increasing O-O distance.

In order to test the above assumption and to find the
O-H distance we have measured the dipolar structures of
the three 7O-H NQR lines at —135°C. The experimen-
tal results are shown in Fig. 5. The O-H distance as de-
duced from the dipolar structures of the 70O NQR lines is
(0.1075+0.001) nm and the O—H bond lies in the X -Z
plane of the EFG tensor forming an angle of 36°+3° with
the Z axis. Thus the Y axis is indeed perpendicular to the
O—H bond. The O-H distance seems to be longer than
0.106 nm as obtained by neutron diffraction.? However,
at —135°C the protons are not yet completely ordered
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FIG. 5. Dipolar structures of the '"O-H NQR lines in
RbH,PO, at —135°C as obtained by the two-frequency irradia-
tion. The fixed irradiation frequencies (v,) are indicated by the
arrows.

and the proton-oxygen dipolar coupling depends on a
time averaged O-H distance R defined as

R‘3=%R(O-H)"3+l—i—§R(O---H)‘3. 15)
Here S is the order parameter that is at —135°C equal to
0.85, R(O-H) is the short O-H distance and R(O - - - H)
is the long O - - - H distance within an O—H - - - O bond.
By inserting R =0.1075 nm, S =0.85, and R(O-
O)=R(0O-H)+R(O - - - H)=0.251 nm into Eq. (11) we ob-
tain R(O-H)=(0.106+0.001) nm and R(O---H)
=0.145 nm in good agreement with the neutron-
diffraction results.

B. Rb(H,_,D,),PO,

The '"O NQR frequencies have been measured in
Rb(Hg sDg 5),PO, and in Rb(H, ;D ;),PO,. In both sub-
stances the 'O NQR frequencies are equal within the ex-
perimental resolution and they are below —130°C tem-
perature independent. For the O-H site the two lower
70 NQR frequencies are v(;,;_(3,2,=1280 kHz and
V(3,2)—(5,2)= 1665 kHz, the quadrupole coupling constant
eQV ;5 /h is 5980 kHz, and the asymmetry parameter 7 is
0.69. For the O - - - H site the two lower 'O NQR fre-
quencies are vy ,5,—(3,2)=755 kHz and v3 /5)_(5,,)=1388
kHz, the quadrupole coupling constant is 4690 kHz, and
the asymmetry parameter 7 is 0.26. The widths of the
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70 NQR lines are nearly the same as in RbH,PO,. This
demonstrates that the distributions of the 'O NQR fre-
quencies in the O—H - - - O bonds due to the random dis-
tribution of deuterons are rather narrow. Nevertheless,
the dipolar structures of the "O NQR lines are much
better resolved in RbH,PO, than in the partially deu-
terated compounds although the proton-proton dipolar
interactions that partially smear out the dipolar struc-
tures decrease with the increasing deuteriuim concentra-
tion. The average eQ[Vyy(O-H)+Vyy(O - - - H)]/2h of
the intermediate principal values of the EFG tensors at
the O-H site and at the O - - - H site is the same as in
RbH,PO,, while their difference eQ[Vyy(O-
H)—Vyy(O - - - H)]/h, which measures the asymmetry of
the O—H - - - O hydrogen bond is equal to (2.10%0.04)
MHz, which is within the limits of experimental resolu-
tion equal to the value obtained in RbH,PO, at S =1.
Since the asymmetry of the O—H - - - O hydrogen bond
is expected to increase with increasing O-O distance we
may conclude that the O-H:---O bonds in
Rb(H,_, D, ),PO, are not very much affected by the sur-
rounding O—D - - - O bonds and that they are of nearly
the same length as in RbH,PO,.

The O nuclei at the O-D sites and at the O - - - D sites
are rather far from the closest protons and have not been
observed.

A more pronounced difference between RbH,PO, and
Rb(H,_,D,),PO, can be seen from the **Rb NQR spec-
tra. The three B3Rb NQR line shapes in
Rb(H, 5D, 5),PO, at T=—140°C are shown in Fig. 6.
The 3°Rb NQR line shapes in RbH,PO, at T =—140°C
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FIG. 6. **Rb NQDR line shapes in Rb(H, sD, 5),PO, (open
circles) and in RbH,PO, (crosses) at —140°C.
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are shown for comparison. In the partially deuterated
compound the %Rb NQR lines are structured and
markedly broader than in the nondeuterated compound.
In the partially deuterated compound we in fact observe
the distributions of the 3°Rb NQR frequencies that de-
pend on the distribution of deuterons and protons in the
hydrogen bonds surrounding the rubidium ions. The -3
transition frequencies extend from 3.8 MHz, which is ap-
proximately the 1-3 transition frequency in RbH,PO, at
S =1to0 4.2 MHz. The - transition frequencies extend
from 5.2 to 5.5 MHz, which is approximately the 3-3
transition frequency in RbH,PO, at S =1. The 1-3 tran-

2 2
sition frequencies extend from 9.3 to 9.4 MHz. The
quadrupole coupling constants and asymmetry parame-
ters range from eQV,,/h=19.1 MHz, =0.60 to
eQV,,/h =18.9 MHz, =0.75. The distribution limits
eQVzz/h=19.1 MHz and 7=0.60 are equal to the
quadrupole coupling constant and the asymmetry param-
eter in RbH,PO, extrapolated to S =1. This agrees with
the conclusion, based on the "0 NQR, that the asym-
metry of the O—H ---O hydrogen bonds does not
significantly change in partially deuterated compounds.
The other limits: eQV,,/h =18.9 MHz, n=0.75 may
be assigned to the rubidium sites surrounded by deute-
rons (RbD,PO,). Since the asymmetry parameter is pro-
portional to the spontaneous polarization in RbH,PO,, or
to the local polarization in Rb(H,_,D,),PO,, it is clear
that the O—D - - - O bonds in the mixed crystals are
indeed more asymmetric and longer than the O—H - - - O
bonds as already concluded from the neutron-diffraction
data.® Moreover, we may on the basis of the NQR data
conclude that the spontaneous polarization in RbH,PO,
exceeds the spontaneous polarization in RbH,PO, by ap-
proximately 25%. A similar difference between the spon-
taneous polarization in KD,PO, and in KH,PO, has
been observed by Chabin and Gilletta.'?

The structures of the NQR frequency distributions are
presumably due to the rubidium interactions with the
closest oxygens that many participate in the O—H - - - O
or in the O—D - - - O hydrogen bonds.

In Rb(H,;D,,),PO, the **Rb NQR frequencies are
distributed in the same frequency ranges as in
Rb(H, sD 5),PO,, with the only difference that the fre-
quency distributions become asymmetric: stronger at the
RbD,PO, side and weaker at the RbH,PO, side in agree-
ment with the above assumptions.
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IV. CONCLUSIONS

The 7O NQR measurements in RbH,PO, show that
the ferroelectric phase transition is indeed associated
with the ordering of protons in the O—H - - - O hydrogen
bonds. The difference of the two intermediate principal
values of the EFG tensors at the O-H site and at the
O - H site: Vyy(O-H)—Vyy(O - - - H) is proportional
to the order parameter and also to the spontaneous polar-
ization. The O-H distance as deduced from the dipolar
structures of the 'O NQR lines (0.106+0.001) nm,
agrees with the value obtained by neutron diffraction.

The ¥Rb NQR results have been analyzed with two
models of the ferroelectric phase transition: (i) with a
model in which the rubidium ions are in the paraelectric
phase dynamically disordered between two equivalent
equilibrium positions, similarly as protons, and (ii) with a
model in which the rubidium ions are in the paraelectric
phase moving in an anharmonic single-site potential and
displace from their paraelectric positions along the fer-
roelectric axis below 7T,. The NQR data seem to support
the second model in which the asymmetry parameter 7 is
proportional to the displacement of a rubidium ion.

The O NQR data in Rb(H,_,D,),PO, show only
narrow distributions of the NQR frequencies and the
difference Vyy(O-H)— Vyy(O - - - H) is nearly the same as
in RbH,PO, in the case of the complete proton ordering.
Thus the asymmetry of the O—H - - - O bonds is in par-
tially deuterated samples nearly the same as in RbH,PO,.

Rather broad distributions of the 3*Rb quadrupole cou-
pling constants and of the asymmetry parameters have
been observed in the partially deuterated samples, rang-
ing from the values found in RbH,PO, to the values as-
signed to RbD,PO,. The asymmetry parameter 7 of the
EFG tensor at the rubidium site is in RbD,PO,, by ap-
proximately 25%, larger than in RbH,PO,, demonstrat-
ing that the displacement of a rubidium ion from its
paraelectric position is in RbD,PO,, by approximately
25%, larger than in RbH,PO,. Thus the O—D - -O
bonds are indeed longer and more asymmetric than the
O—H - - - O bonds. The electric dipole moment associat-
ed with an O-D - -+ O bond is, by approximately 25%
larger than the electric dipole moment associated with an
O—H - - O bond. This microscopic determination of
the isotope effect in the electric dipole moments agrees
with the results of the macroscopic measurements of the
spontaneous polarization.
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