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Phase diagram of the mixed crystals betaine phosphate and betaine phosphite:
Experimental and Monte Carlo results
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We propose a microscopic model that is capable of describing the features of both deuterated and nondeu-
terated betaine phosphdf@P)—betaine phosphitéBPI) solid solutions in the region of small concentration of
BP. The size mismatch between the BP and BPI structural units, which leads to a drastical change of the
nearest-neighbor interactions in the vicinity of single BP impurity, was taken into account in the model. We
show that the model quite accurately reproduces the experimentally observed abrupt drop of the ferroelectric
phase transition temperature. The onset of the glass state given by the model also agrees well with the
experimental results.

Substitution of one structural unit by another similar unitabout this®> BPI exhibits belowT.=216 K a ferroelectric
may in some crystals dragtically change properties of t,h%rdered phase with space groBg,.2 The hydrogen atoms
parent compound toward either an improvement or deteriog, je pejowT . within the double-well potential of the ©H
ration of desired features. An impressive example of such a O bonds between the RIPO,) groups and spontaneous

2. A

system is the solid solution of betaine phosphate - : . . .
[BP: (CHy) NCH,COOH,PO,] and betaine phosphif@PI: ( polarization of the chain occurs. In BP neighboring chains

CH3)NCH,NCOH;PG;]. Both compounds are molecular hﬁvg oEposm; d|rect|or(1jlof POIanza:]'énNT"? |n.BPI the
crystals of the amino acid betaine and phosphBie) and chains have the same direction of the po an;aﬂon. .
phosphorougBPI) acids and contain inorganic components ' 1€ BRBPlL -, system was extensively — studied
(PO, or PQ, tetrahedral groupsinked by hydrogen bonds experimentally~*! and it is clearly estabhshed that the low-
forming zig-zag chains along the monocliricaxist [Fig. ~ (emperature part of the T(x) phase diagram of the
1(a)]. The two almost isostructural compounds form solid BPxBPli—x system consists mainly ofi) a ferroelectric
solutions at any proportiorfswhich makes the B@BPI,_,  Phase for 8x=<0.1, (i) an antiferroelectric phase for
system (G=x=<1) a convenient object for both experimental 0.65=x=<1, and (iii) so-called glass phase for &X
and theoretical fundamental studies. =0.65, where the proton motion is frozen out below a cer-
Both BP and BPI exhibit a phase transition from atain temperature leading to a disordered array of asymmetri-
paraelectric high-temperature phase with space gR#2ipm  cally occupied G-H---O bonds. The phase diagrams for
to an antiferrodistortive phase with space gr&gi/c at 365 the solid solutions of both nondeuterated,BPIl;_, and
K (BP)! and 355 K(BPI).>2 The high-temperature phase of deuterated DBFDBPI, _, are shown in Fig. 2. The main
both compounds is characterized by disorder of the hydrogedifference between the two systems is the discrepancy in the
atoms as well as of orientations of both tetrahedra and beabsolute values of the phase transition temperatdrgs
taine molecules, which order in the antiferrodistortive phasevhich are higher for DBfDBPI, _, within the whole inter-
while the hydrogen atoms between the ;P@ PQ, group  val of x. Both compounds show an abrupt decreaseé_ it
remain disordered. There are two further structural phasemallx with ferroelectricity completely destroyed »&0.1.
transitions in BP, one at 86 K into an intermediate phaseContrary to that, antiferroelectric ordering persists within a
with the P21 symmetry, and the other at 81 K into a low- much widerx range (0.Zx=<1). The similarity in the be-
temperature phase with doubling of the unit cell along thehavior of both systems manifests itself even more clearly if
crystallographic a direction® Antiferroelectric order is the phase diagram is plotted using a normalized temperature
claimed to occur aT =86 K,* but there exist some doubts T./T™®* (whereT™®*is T, atx=0 for the BRBPI,_, and
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FIG. 2. The {T,x) phase diagram of the solid solutions of
BP,BPI, , (represented by circlgand DBEDBPI; _, (drawn by
triangles. F, AF, G, andP denote the ferroelectric, antiferroelec-
tric, spin-glasses, and paraelectric phases, respectively. Inset shows
the F-P part of the phase diagram plotted using normalized tem-
perature. Solid{for BP,BPI,_,) and dashedfor DBP,DBPI, _,)
(b) lines are guides to the eye. Open symbols represent the experimen-
tal results obtained by the authors of the present paper from the

O O QN O O dielectric measurements at the frequency 100 Hz and filled symbols
-~ |J1’2 - are the data taken from Ref. 8.
le ’qs Jl,,
O Q—” g\_" “ZQ O Ising model with nearest neighbdNN) interactions might
. J | \ T thus serve as a simplest microscopic model for the betaines.
5 1 ﬁi\ 7 Iz The Hamiltonian of this model is
O*2-(D 2 (O--=0
~ 1\ J2y \’/ / JJ;' H=—JZZ Uijo'itlj_‘]yZ TijOij+1» D
I\ . Iy ., .,
O O\\ o ’,O 1z O whereo;; is an Ising pseudospithereafter, spinthat equals
N ’j” +1 depending on which position of the double-well poten-
o Pz @ tial hydrogen occupies. Indicésandj number spins along
O O OJJZ O O and across the chains, respectively, apdand J, are the

interactions between spins along theand | axis, respec-

FIG. 1. Schematic representation of the hydrogen chains in thgvely' At x=0 J,>0 and‘Jy>0' while atx=1 J,>0 and

c-b crystallographic plane for the BR&) and schematic represen- y<o' ) . )

tation of a distortion in the system of Ising pseudospins caused by [N order to describe the system at angach interactiod,

the presence of a single impuritp). Large open circles i@  andJy should be further split into three componerts ,
denote phosphorus atoms, oxygensition for hydrogehatoms are  J2,, J3,, andJqy, Joy, J3,, where indices 1, 2, 3 denote
pictured as middle(smal) open circles. The impurity infb) is  interactions between the hydrogen atoms located between the
shown as the large circle and dashed circles show the positions &0; groups in the chaifBPI unitg, between the PQand
pseudospins in the absence of impurity. For the notation of interacPO, groups(BPI and BP units and between the BQ@roups

tion constants see the text. (BP unity, respectively. Ferroelectric ordering along the

) ) ) chains persists at both ends of the phase digram and therefore
DBP,DBPI, _, systems, respectivelyas shown in the inset gne can takel;, = J,,= J3,= J,>0. The asymmetry of the
of Fig. 2. Therefore, the ferroelectric features of both sysppage diagram implies thab,<0. Then, a single BP unit
tems might be described within the framework of a generaﬁhereafter referred to as impuritgurrounded by BPI units
microscopic model. _ _locally destroys ferroelectric order while at largantiferro-
The considerable increase il; when hydrogen in  ejectricity is locally destroyed only if there are several neigh-

hydrogen-bonded ferrolectrics is replaced by deuterium wagoring Bp| units. The Hamiltonian of the model could thus
recently described within the framework of a model, whichyg \ritten as

takes into account the bilinear coupling between the tunnel-

ing protons and the displacements of the electron shells of

the neighboring P@groupst? However, this model does not Hy= _JzZ OijTi=1j _leBPZBPI 0ijTij=1

describe changes @f; due to the substitution of other struc- :

tural elements, e.g., RQyroups with the PQones. Due to

the chainlike fashion in the arrangement of the hydrogen _JZVBMZBP ‘Tii‘Tijtl_JSszfBP 0ijoij=1. (2
bonds, betaineéhereafter we mean both deuterated and non-

deuterated systemare potential candidates for the applica- The modek2) is the simplest model applicable to the betaine
tion of quasi-one-dimensional modéfst* The anisotropic ~ systems if one wants to calculate quantities of interest for the
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FIG. 4. The comparison of thé-P transition lines obtained
from the MC(circles, dotted lingcalculations and from the experi-
; o, mental results for the BBPI,_, (diamonds, solid ling and
s S i, DBP,DBPI, _, (triangles, dashed linesystems. Lines are guides for
0.5 1.0 1.5 2.0 2.5 the eye
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o o ditional parameters. One of them is the change of the “origi-
FIG. 3. Temperature variations of the magnetizatioita) and  npa|” NN interactions in the immediate surrounding of the
of the susceptibility(b) of the system described by the Hamiltonian impurity and another is the change of “original” interactions
(3) at different concentration of impurities. Circles represent the the more distant neighborhood of the impurity.
results of simulations ak=0.03, triangles show results fox We employed the Metropolis Monte Carlo algorithm with
=0.07 and diamonds stand for the resultxat0.10. All the data Glauber dynamié§ in order to calculate theT(x) phase
points shown in the figure are obtained on the<x32 lattice from diagram of the mode(3) for x=<0.15. Most of E)ur results

the average over number of ruwaried from 3 to 7 with different . . . -
random distribution of impurities, each of 100 000 MCS/S. Solid V€' obtained on a 3232 square lattice with periodic

(x=0.03), dashedx=0.07), and dottedx=0.1) lines are guides boundary conditions. Data point_s were averaged over
for the eye. 100 000 Monte Carlo steps per lattice qiCS/S after the

system reached equilibrium. To make sure that finite size
BP,BPI, , and DBRDBPI, , systems. It should be noted, effects do not affect our results we also performed several

that results of calculations do not depend in an essential Wa(gms on larger latticequp tc_) 12.8>< 128). At each MCS/S we
either on whether a two- or three-dimensional model is used2/culated the  magnetizationm .Of.. the — system En
for the calculations or on the ratigvithin a wide rangg of :(UNZ)E”_U” ' a_nd the susceptlbmty_ X:(.ln—)«m )
the interaction constants, and henceforth, for the sake of simT<m> ) with N being the number of particles in the system

plicity, we restrict ourselves to the two-dimensional case?Nd( - . .) denoting the average over MCS/S. Th¢s were

with |J,/=[Jy,| = |32| =|J3,]. We performed Monte Carlo determined from the position of the maxima in tix€T)

calculations of the moddl2) and found, however, that the dependence. L .

model has serious drawbacks. For instancexaD.l the _ FOI the~sake of simplicity we restrict ourselves to the case
model predicts T,/T"#*~0.8, while experiment gives J1y=J1,=J1y and performed calculations varying tioaly

T /T#~0.25. parametet,, in a wide range with respect tb,. We find

In order to describe the experimental data we propose ththe best agreement with experiment ~ﬁblry= —Jiy which
following modification of the mode(2). Due to size mis- means an amplification of the antiferroelectric character of a
match between PQand PQ groups, BPI units in the neigh- BP impurity in BPI. Results fom and y with this choice of
borhood of a single BP impurity are shifted from their equi- parameters are shown in Fig. 3 for three values. és seen,
librium positions[Fig. 1(b)]. It is plausible then to suppose for x<0.1 m and y show a behavior typical for an order-
that a BP unit changes the interaction between neighboringisorder phase transition wiffi, decreasing with increasing
BPI units also and since four BPI units experience the largest. Contrary to that forx=0.1 the magnetization does not
shift, we take into consideration six changed interactidys  reach saturation down to the lowest temperatures we were
(denoted agiy and?]’l’y). Then able to calculate and the results are very scattered, i.e., the

dynamics of the system becomes very slow. The peak in

~, ~ x(T) disappears almost completely»at 0.1. We think that
HIHl_lez Tirjr+10irjr+2~ 1y2/ Oirx1j70ir=1j7=1,  at x=0.1 our system starts exhibiting glasslike behavior
) ) 3) when spins remain disordered with their dynamics being ex-

tremely slow. Indeed, whexis sufficiently large the model
wherei’,j’ denote positions of the BP impurities aif] is  (3) might be viewed as the so-called, Edwards-Anderson
the Hamiltonian(2) taken over the whole lattice except the model, a model with random alternation of ferromagnetic
nearest surrounding of impurities. Under above described asnd antiferromagnetic NN bonds, usually used to describe
sumptions the model proposed reduces to the simple twospin-glasse&®’ Note, that the onset of the glassy state pre-
dimensional Ising model with NN interactions where thedicted by our model agrees well with the experimental esti-

presence of an impurity is described by introducing ad- matex=0.1-0.15 (see Fig. 2 The (T,x) phase diagram
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obtained for smalk is plotted in Fig. 4 along with the ex- [Fig. 1(a@)], while in the pure BP compound the presence of
perimental data for the BBPI,_, and DBRDBPI,_, com-  the extra oxygen atom rearranges the hydrogen bonds in such
pounds. One can see that our model describes quite¢ way that the angle between the bond and lihexis be-

well the behavior of both systems. Note, that for thecomes the same for all the bonds. Then, a lonely BP unit
DBP,DBPI, _, system the agreement between theory and exs.urroun(.jed.by the BPI units introduce_s an effective strain
periment is better than that for the EBPI,_, system. We field which in turn distorts the symmetric shape of double-
think this is due to the fact that our model does not take intgV€ll Potential of a hydrogen bond in the neighborhood of the

consideration such a phenomenon as proton tunneling, r(%gggg%"sSeuncer};egicséﬁ;tig\‘/g?ggl(Iae?:r t&éhﬁesigﬁggﬁgg"n;grg
ntl rved in th PI mpound-® . . A i
cently observed & BRBPly ¢ compound. en atoms across the chains to occupy different positions of

One may ask, what the physical reason is for such a seen%e double-well potential. This, in the language of the Ising

ingly drastic change of the interactions between the BPI unite% : . . . . )
in the neighborhood of BP unit, especially with respect to th StS:nutdOSpmS' means the change in the sign of interaction con

fact that distances between the atoms in both BPI and B
differ slightly only (e.g., the distance between pP@roups in We are grateful to A. Rosengren and S. Lapinskas for
BPl is 3.75 A and the distance between Rfpoups in BP is  stimulating discussions. This work was supported by the Al-
4.0 A)? In the pure BPI there is an alternation of the hydro-exander von Humboldt Stiftung).B) and by The Swedish
gen bonds parallel and almost perpendicular to lthaxis  Institute (P.K.).
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