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Coexistence of Order-Disorder and Displacive Features at the Phase Transitions
in Hydrogen-Bonded Solids: Squaric Acid and its Analogs
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The systematic analysis of high-resolution NMR data, bond lengths, and isott@pahemical shifts
of crystals of squaric acidH,SQ) and its deuterated compounB,SQ) yields convincing evidence
that order-disorder and displacive features coexist at the antiferroelectric phase transition temperature.
The experimental data are analyzed within a coupled pseudospin-lattice model which combines order-
disorder and displacive dynamics and consistently describes the dynamics and the huge isotope effect
observed. The results are considered to be of general importance for systems with collective proton
ordering which is common to many organic compounds. [S0031-9007(98)08076-4]

PACS numbers: 77.80.Bh, 64.60.Cn, 76.60.Cq

Hydrogen-bonded ferroelectric and antiferroelectric ortroscopy, which has the advantages of (a) being sensitive
ganic and inorganic compounds have the unique propertip essentially all atomic displacements, (b) its dynami-
that the hydrogen atoms in the O-H-O bonds occupy a&al range covering both slow and fast motion regimes
double-well position above the structural phase transitiorf10’ —10'! Hz), (c) its easy accessibility and simplicity
temperaturel. with random occupation in either of the in probing directly the dynamics and displacements of a
two sites. AtT, a collective proton ordering is observed given atomic site, and (d) the isotropic part of the chem-
together with the onset of a spontaneous polarization. Thieal shift tensor,os,, being invariant to any rotational
contribution to the polarization from the proton orderingand translational change of a given molecular unit. We
is minor and arises mainly from the deformation of thehave utilized théd3C NMR of squaric acidH,C 404, and
host lattice. In all hydrogen-bonded ferroelectrics and anD,C404. The temperature dependencesgf, and the O-
tiferroelectrics a huge isotope effect @h and the Curie  H(D) andO - -- H(D) bond lengths have been measured in
constant is observed upon deuteration. Because of this efrder to compare the results directly with the predictions
fect the conventional understanding of the order-disordefrom the coupled proton-lattice model [10].
transition related to the protons is based on the pseu- Squaric acid(H,SQ was chosen because it has a
dospin model [1], which assumes that the phase transitiomery simple molecular structure. Planar sheets of the
is essentially driven by the slowing down of the order-squarate(C,0,4) groups are linked to each other in a
disorder dynamics of the hydrogen atoms in the O-H-Owo-dimensional network throug®-H ---O bonds with
bonds. Recent high-resolution neutron diffraction data onveak van der Waals forces [11,12]. The protons perform
the “prototype” hydrogen-bonded ferroelectric KMD,  an order-disorder motion above the antiferroelectric phase
(KDP) [2—4] and extended x-ray-absorption fine struc-transition temperatur®. = 373 K [11-14]; i.e., the dis-
ture (EXAFS) measurements on related compounds [Sfibution of long O---H and short O-H bonds is ran-
have provided increasing evidence that the former modeldom. BelowT . the protons order antiferroelectrically and
have to be extended to account for structural changes isimultaneously the squarate units distort. Even though
the hydrogen bond geometry [6—8] which requires a couH,SQ has been well investigated experimentally [13—18]
pling of the order-disorder mode to the soft optic latticeand theoretically [19], the aspects of the coexistence of
mode [9]. A consistent approach to the coupled systenorder-disorder and displacive effects in the vicinity7of
has been given in [10]. The isotope effect has been shownave not been addressed previously.
there to arise from nonlinear polarizability effects of the The NMR measurements were performed at 360 MHz
host lattice and the details of the O-H-O bond geomeon natural abundancé’C nuclei employing a'*C-H
try. In addition, the model explicitly predicts the coex- double resonance [cross-polarization (CP)] technique
istence of order-disorder and displacive dynamics on thand using a Chemmagnetics solid state NMR spectrome-
same time scale abov&. No data supporting this predic- ter equipped with magic angle spinning (MAS) [20].
tion have yet been reported for hydrogen-bonded system3he temperature control was accurate to 0.1 K over the
as both x-ray diffraction and EXAFS techniques are notl40-420 K range. The utilization of single crystals in
sensitive to the position of the light atom. In this Letter CP-MAS experiments leads to an enhancement of spectral
we provide evidence that fully supports these predictionstesolution by a factor of 5 in thé’C peaks as com-
The experimental data were obtained by NMR specpared to the use of powder in routine MAS studies [21].
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This enabled us to measure tlg,, for all four car- ponentis present causing the continuous shift in the NMR
bons of theC,0, unit, which was crucial for the present peak positions.
study. The measuretfC isotropic chemical shifts ver- The data have been analyzed within the coupled proton-
sus the C-H, C-D distances where obtained by using #&attice model [10], which, without loss of generality, has
simple polynomial fit between x-ray and neutron data forbeen applied to KDP and its deuterated compound DKDP.
the undeuterated and deuterated compound and the folks the structure ofH,SQ is less complex than that of
chemical shifts [22]. The analysis of the data is basedKDP, the model is slightly simplified as compared to
on constructing a functiori(x) wherex is the O-H, O-D  the one used in Ref. [10]. The Hamiltonian we use is
distance which relates to the chemical shifr. An op-  thought to model the pseudo-two-dimensional structure
timum function to the experimental data was obtained byof squaric acid where th€,0,4 unit is represented by a
f(x) = a + bx + cx? with coefficientsa = 158.3 ppm,  single highly polarizable cluster coupled to the protons.
b =36.41 ppmA~!, and ¢ = —8.392 ppmA~2. The The large polarizability of the squarate ion framework is
corresponding distances are listed in Table I. modeled by the nonlinear shell model representation [23]
The 3C NMR single crystal data show, in contrast which induces in perovskite-type ferroelectrics a displacive
to powder samples, four well resolved peaks belbw phase transition and causes the optic mode softening [24].
corresponding to the distortions of tlig 0,4 unit (for the _
original data see Ref. [22]). With increasing temperature H=Hr + He + Hre. @
they merge together, but being still well resolved andH7 is given by the tunneling model [1] ¥ interacting
close toT, (T, < 2 K) a new peak appears at the averageprotons
position of the four peaks. The new peak corresponds
to the high temperature phase. The single crystal data
could be fitted with four Lorentzians belo®, and one
Lorentzian abovel.. The peak positions as a function Where the equilibrium positions of the proton are given
of temperature are shown in Fig. 1, where the data foPY & two state pseudospst = *§*, J;; is the proton-
the low temperature phase correspond to performing theroton interaction, and} is the tunnel frequency H, is
average over the four peak positions [22]. the lattice Hamiltonian related to th&,0, cluster,
As is seen in Fig. 1 where the data are shownHe6Q 1 1 v
(similar ones have been obtained for partially deuter-7 = 3D PPy + EZ{wﬁQquq + 0,0
ated D,SQ) a significant steplike (S-shape) increase in ! o Wo® (1p
the average chemical shift occurs in the vicinity Bf. 2840404 07,04} (10)
This anomalous shift is not only related to the low tem-P,, Q, refer tog-dependent momentum and displacement
perature peak positions but is also present in the higleoordinate of th&€,0, core mass with shell displacement

temperature peak position. In the coexistence regiogoordinateQ.”’, 2 is the harmonic squared lattice mode
which corresponds to a small regime in the S-shapegrequency, and;,, g4 are on-site harmonic and 4th-order
anomaly (see Fig. 1) the average of the four low tem—ore-shell coupling constants. The coupling between
perature peaks and the high temperature peak coincidggttice and protons is modeled by two back-to-back Morse
so there is no detectable break in the chemical shift agotentiajs VM between the protons and the shells of
the crystal changes from the paraelectric to the antiferrothe two neighboringC404 groups where the shells act
electric phase which would be expected from a 1st order
order-disorder transition. A signature of the 1st order na-
ture of the transition still remains as the intensity of the _ 191.1 - A-a

Hr = =3 > JySiS; — QS*/IN, (1a)
v

four low temperature peaks suddenly becomes zero be-g ,_,———‘/"7.7‘
fore they actually merge on the high temperature peak. & 1919 L i &
Even though it is well known that the protons sponta- § i o
neously order aff. corresponding to an order-disorder ‘g? ’
mechanism, the above data suggest that a displacive coma 1909 = Ao ;‘:
© i®
o) i
TABLE |I. Bond distances foH,C,0, and D,C,04 as mea- %‘, 1908 |- ;
sured by NMR (distances are given in A). g | o oo —
2 190.7 - low temperature phase
Bond H,C404 D,C404 < - high temperature phase
O(1)-H(1) 1.033 £ 0.002 1.013 = 0.003 190.6 1 | I O I I
O(1)-H(2) 1.070 *+ 0.002 1.055 *+ 0.003 0 100 200 280
H(1)---0(3) 1.520 = 0.004 1.555 = 0.005 T[°C]
H(1)---0O(4) 1.483 = 0.004 1.513 *+ 0.005 N _
o(1)---0(3) 2.553 + 0.006 2.568 + 0.008 FIG. 1. Averaged NMR peak_posmon &,SQ as a function
0(2)---0(4) 2553 + 0.006 2568 + 0.008 of temperature. The dashed line corresponds to the calculated

chemical shift.
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alternatively as proton donors or acceptors [25], pling of the displacive heavy ion unit to the order-disorder
@) dynamics of the protons. Using a mean-field approxima-

Hp, = C%,8°0,", (1¢)  tion the thermal expectation values of the phonon coordi-
C provides here the harmonic coupling between thdhates an(_j the pseudospin ope_rators_have to be determined
shells and the pseudospins and is, as has been Sho@ﬁlf—con5|(s'[)ently. Itis then easily verified thatsf) = 0,
in Ref. [10], linearly dependent on the proton-proton site!?) = <g ) = 0 which holds in the paraelectric phase
separations which has been measured indirectly through'While (5*) can be approximated b§ /4ksT. The equa-
the O---O bond distance of neighboring,0; groups t!ons of 'motlon are obtqmed by introducing cpllec-
(Table 1). The interaction between pseudospins and shelfd/€ Fourier transform variables for the pseudospin and
leads to important renormalizations of the temperature dg2honon deviations ope_ratorzs. These equations provide
pendent dynamics of the system as it provides the couXPlicitly the frequenciesw” of the coupled lattice-

P pseudospin system.

02 = (0 — Cxy) + 5 QQ — TSy — CXS%)/gaT) = {[(w] — CX,) — 5 QQ — J(S*) — CXS*)/guTT

— 4Q.C?x,(S*)/gaT}"?, )
where y; = 85*/5Q defines an effective pseudospiﬁ- enhanced as compared to the uncoupled or weakly cou-
pseudospin  correlation  function and{(§Q)?) = pled system. In the vicinity of . the frequencies of both

>, hwgcoth(iw,/2kpT) which atT = T, simplifies like  systems are nearly degenerate, and it is no longer possible
((80)?) = 2kpT,/w?. wé is the g = 0 uncoupled soft to make a clear distinction between the lattice mode and

lattice mode frequency. From Eq. (1) the coupled modeghe tunnel mode; i.e., displacive and order-disorder fea-

have been calculated as a function of temperature, and tiigres coexist as is also observed experimentally. As the

results are shown in Fig. 2. double-well potential of the proton system is not rigid

For the uncoupled system two transition temperaturegboveT,. but temperature dependent due to the coupling
are obtained where one transition is purely 1st order ordetto the soft lattice mode, the isotropic part of the chemi-
disorder related to the protons, while the other is purelygal shift tensorois, can be expressed as the sum of a
2nd order displacive related to the heavy ions. For smallemperature independent pai and a temperature depen-
coupling the displacive lattice mode frequency hardenglent quantityo(7) = o7((§Q™)?), with (§Q™)?) =
slightly and becomes discontinuousZt, while the tun- >, (/i/w cothfiw)/2kT. Inserting forw the lattice re-
nel mode already adopts a small displacive componerated frequency as obtained from Eq. (2) and shown in
appearing by a rounding in the temperature dependenddg. 2 the chemical shiftr;, = o9 + o(T) is calculated
of this mode close td.. Also the transition tempera- and shown as a function of temperature in Fig. 1 (dashed
ture is raised as compared to the uncoupled case. Fdine)together with the experimental data. Even though the
strong enough coupling both transition temperatures calculated transition is less broad the agreement between
coincide and a substantial displacive component appeagxperiment and theory is rather good. As the discontinuity
in the tunnel mode frequency, while the soft lattice modein the lattice related mode is small &t whereT. corre-
hardens more and has a small discontinuitf ati.e., the  sponds tow = 0, the calculated chemical shift does not
transition is 1st order in both subsystems. It is also imshow a discontinuity af’. within the numerical accuracy.
portant to note thaf. of the proton system is strongly It is also important to point out that the S shapevi(i)
is a direct consequence of using the renormalized frequen-
cies as defined by Eq. (2) in the calculation.

Assuming that the proton-proton site separatidns
linear in x in H,—,D,C404 the coupling C between
pseudospins and squarate is linear as well [10]. As the
soft mode and’. are substantially renormalized through
Tiso IS also renormalized through(T).

From Eq. (2)T. is given by the condition thab = 0.

At T =T, g + ga{(8QW)*) =0; ie., Te = —gr/ga,
and(S*) = O /4T.. T, is determined numerically from
Eg. (2) and shown as a function 6f5) (6 := H--- H,
D.--D site separation) in Fig. 3 where the numerical
results are compared to the experimental data from
FIG. 2f. Tunnel and Iar:tice mode frgquencies as a funcRefs. [13,14]. Even thougt is linear iné andx, T, is

tion of temperature with paramete = 18.2, = i i i

—-0.8 A2, Q/le)q = 0.46). S(F))Iid Iines:rﬁ/moupled syﬁtze/(ét)it = Fonrl]lngarly c_zlependent. 00’ as s obvious frqm [.Eq' (2).
0); dashed line: weakly coupled systeidi — 1 X 10° K /A): n the mvgstlgated regime @, andC §hown_|n Fig. 3 a
dash-dotted line: strongly coupled systemC € 5.7 x  close to linear dependence 6f on C is obtained where
10* K/A). C is calculated within the scheme used in Ref. [10]. Itis
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important with respect to ferroelectric and antiferroelec-
tric systems, but carry significant implications for other or-
ganic and inorganic compounds where collective tunneling
is present and the hydrogen bond symmetry is crucial.

It is a pleasure to acknowledge useful discussions with
R. Blinc and K. H. Michel.
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