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The proton ENDOR spectra of BRBPIy gstaken between 90 and 290 K allow a direct determination of the
local polarization distributioWV(p) of the protons in the hydrogen bonds linking the phosphate and phosphite
groups to chains. The temperature dependence of the Edwards-Anderson glass order parameter can be de-
scribed by a random-field dominated proton glass behavior gy B, g5 with a glass temperature @f; =30
K and a random-field induced freezing temperatur@ Gf (95=5) K. The experimental results do not permit
one to discriminate between three-dimensiofgD) or quasi-one-dimensional interactions of the hydrogen
bonds. The experimentally determined polarization distribution fundfigp) can be described to a certain
extent within the 3D random-bond random-field model if a long-range order of the protons is introduced by a
non-zero meady/kg =160 K of the random-bond interaction. Additionally, the local field variafdeas to be
taken as a temperature-dependent parameter with a minimal value at the resulting phase transition at 144 K.
However, even at lowest temperatures the maxima of the order parameter distribution fAigtlpappear at
values of the local proton polarization distinctly smaller than one. This is not describable within the above
models. We conclude that proton tunneling is of importance in betaine phosphite-phosphate proton glasses.
[S0163-182696)05938-3

[. INTRODUCTION that the hydrogen bonds play an important role in the ferro-
electric and antiferroelectric transition. In recent papers
Betaine phosphitéBPI) (CH;);NCH,COOH,PO; and be-  we studied the phase transitions and the proton order in the
taine phosphatéP) (CH;)sNCH,COOH;PO, belong to the  hydrogen bonds in BPI by means of electron spin resonance
well-known family of betaine additive compourtdé which ~ (ESR), electron nuclear double resonan@NDOR) and
shows an impressive variety of ordered phases. Both com-
pounds, BPI and BP, undergo a phase transition from a
paraelectric high-temperature phase with space gR&ypm
to an antiferrodistortive phase with space grdep,/c at
355 K (BPI) and 365 K(BP), respectively. BPI experiences
a second transition into a ferroelectric ordered low-
temperature phase with space grdty, at 220 K. BP shows
two further structural transitions at 86 K into a ferroelectric
intermediate phase d?2; symmetry> and at 81 K into an
antiferroelectric low-temperature phase with doubling of the
unit cell along the crystallographg direction. The structure
of both compounds’ is very similar. The inorganic tetrahe-
dral PQ or HPQO; groups are linked by hydrogen bonds
forming zig-zag chains along the monoclificaxis (Fig. 1).
The betaine molecules are arranged almost perpendicular to
this chains along tha direction and linked by onéBPI) or
two (BP) hydrogen bonds to the inorganic group. The tem-

perature dependence of the dielectric permittivity of both i 1. Schematic drawing of the structure of betaine phosphite

compounds shows evidence for a quasi-one-dimensional bgnowing the chains of HP@yroups linked by hydrogen bonds with

havior as the coupling between the electric dipolar unitshe protonsH13 andH15. The betaine molecules are bound to the

along the chains is much stronger than perpendicular® it. HPO, groups by one hydrogen bond with the protdd2. In the
Deuteration of the hydrogen bonds leads to an increase ghixed crystal, HP@is partially substituted by P©to which the

the transition temperature into the low-temperature phases @ktaine is bound by two hydrogen bonds. Projection on the crystal-

BP and BPI by about 70 R1° This gives strong evidence lographicab plane with the atomic coordinates taken from Ref. 7.
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electron spin echo envelope modulatigBSEEM tech-  action of protons with the paramagnetic £Qrobe one can
niques. We showed that the ferroelectric transition in BPI isselect the protons of interest in the hydrogen bonds linking
closely related to the ordering of the protons in the two hy-the phosphorous groups to chains along tthaxis from all
drogen bonds linking the HRQgroups to chains along the the other protons present in the compound. The hyperfine
crystallographicb axis. Dielectric measurements on BPI coupling changes very sensitively with the variation of the
(Ref. 16 revealed that the ferroelectric transition of order- proton distance from the F%O center. And last but not least,
disorder type is caused by a relaxational soft mode related tthis technique is applicable also to deuterated or partially
the proton motion. The ordering processes in BP and BPdeuterated samples so that a direct comparison of the local
show some certain similarities with that of representatives oproton and deuteron order becomes practicable even in the
the well-known KHPO, (KDP) family!’in so far as also the same sample. This is of special interest with respect to the
ordering of the protons in the double minimum potential ofstill open problem of proton tunnelimd:>? Another problem
hydrogen bonds linking the R@r HPQO; groups appears to s related with the proton dynamics. It is important to know
be the most striking structural order mechanism. Howeverif the thermal proton motion within the hydrogen bond is
whereas in the KDP family the hydrogen bridges form asjow or fast with respect to the time scale of the experiment.
three-dimensional network, the hydrogen bonds in the beSuch a determination can be made by means Of a two-
taine compounds are arranged in quasi-one-dimensiongimensional electron spin echo envelope modulati2d
chains which resultsiln a peculiar ordering behavior. ESEEM technique using the HY SCOREyperfine sublevel
The two almost isostructural compounds BP and BPlyqejation spectroscopysequencé® This experiment per-

Iggg fSOliF: SOIL.J“OSS at tarlly (;onct_e]:cntraticlnn.tSirEil?r_as ir:1themits one to separate the homogeneous from the inhomoge-
amily, mixed crystals ot antiferroelectric betain€ phos- o, o part of the broadening of an ENDOR [ffi&he ho-

phate and ferroelectric betaine phosphite BF,_, show mogeneous line broadening is a sensitive measure of the

phase transitions to long-range ordered or to glassy states 'srfowing down of the proton dynamics. In this paper the pro-

R 8-22
dependence on the ratio of both compounds™* The ton order in the BR,BPl,gs mixed crystal is studied by

phase diagram of BBPI,_, can be divided into three re- ; S
gions: a first one withx>0.7 where a transition into an an- ENDOR, HYSCORE and electron spin relaxation time mea-

tiferroelectric ordered state appears, a second one with 0SHrements.

>x>0.1 in which glassy behavior is observed at low

temperatures, and a third region with a ferroelectric ordered

low temperature phase for<0.1. Dielectric measurements Il. EXPERIMENTAL

revealed proton glass behavior for0.15, 0.20, 0.40, 0.50, BP, 1sBPly g5 single crystals were grown by controlled

and 0.60**'"?*Recently, the static freezing transition at fi- evaporation from aqueous solution containing betaine with

nite temperature was found in a deuterated mixed crystaj5o of H,PO, and 85% HPQ,. For ENDOR investigations

with x=0.402" the crystals werey irradiated with a dose of about 2 Mrad to
The glassy state in hydrogen bonded mixed crystals congyrm the paramagnetic PO probe. The ESR, ENDOR, and

sisting of a ferroelectric and an antiferroelectric componengsegm experiments have been carried out with a Bruker

is considered to be a consequence of frustrating interactionssp 330 E FT/CW ESR spectrometer workingxirband.

O.f the electric dipoles formed_ py t.he Q'H“'O bonds. To de‘I’emperature variations in the range from 77 to 290 K were

cide whether the glassy transition is driven by randomly frus—done with a liquid nitrogen flow cryostat whereas measure-

trated pompet.ing_ interactioffs’ or governed by strong ran- ments below 77 K were performed using an Oxford CF 935

dom fields, it is necessary to know the temperature rlyostat. All ENDOR experiments were performed by satu-

gezrs)ggdence of the Edwards-Anderson glass order paramefr:%ltion of the high field ESR line of the BO centers. For the

Recently, we showed by ESR and ENDOR stutfie® ESEEM experiments pulse lengths of 12 ns #92 pulses
that y irradiation of BPI single crystals produces stable2PO  @nd 24 ns form pulses were used. In the 2D spectra 256
centers(electron spirS= %) which are appropriate probes to pomts were sampled with 126 ns increment in both tlme
investigate the local polarization of the protons in the hydro-domainst; andt,. A four-step phase cycle was used to avoid
gen bridges linking the phosphite groups to chains along théterference with unwanted two and three pulse echoes. The
b axis. We showed that a linear relation exists between th€cho decay has been eliminated by a fourth-order polynomi-
ENDOR line shift and the spontaneous polarization at varinal base line correction of the experimental data set in both
ous temperatures. Therefore, the investigation of the temtime domains. No apodization functions were used to avoid
perature dependence of thel electron nuclear double reso- additional line shape distortions. Before 2D Fourier transfor-
nance(ENDOR) spectra iny irradiated BR ;:BPl, g5 should  mation(FT) the data set was zero filled to 1 kilo-byte in both
allow one to measure the local polarization distribution oftime domains. After 2D Fourier transformation the power
the protons in this mixed compound and to draw conclusionspectra were calculated and presented as contour plots. The
on the ordering behavior. As recently shoRef. 30, *H spin-lattice relaxation tim&, was measured by means of the
ENDOR spectra analyzed with the Tikhonov regularizationinversion recovery method using-T-/2-7- - 7-echo se-
method provide a direct experimental access to the local paguence or by signal saturation of the primary echo with
larization distribution functionW(p) which is directly re- changing the repetition rate/2-r-m-rechoT-m/2-7--7-
lated to the Edwards-Anderson parameger echoT---. During the experimentsr was kept constant

In comparison to NMR spectroscopy the ENDOR tech-whereasT was changed. The pulse widths used were the
nigue has the advantage that because of the hyperfine intesame as in the ESEEM experiment.
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. THEORETICAL previous papet® the Tikhonov regularization method can
. successfully be used to determine the local polarization dis-
ENDOR line shape tribution W(p) from magnetic resonance line shapes. The
In proton glasses the local polarizatipnof the O-H...O  great advantage of this method is that one does not need
bonds is distributed according to a probability function model assumption aboi¥/(p), one uses all the information
W(p). The second moment of this probability distribution given in the experimental data, and there are no restrictions
W(p) is the Edwards-Anderson glass order param&ter necessary for the relaxation rdfe

1
q= er dp W(p)p?. (1) 3D RBRF Ising Model
- In the next section we will make comparisons with two
A simple relation between the probability distributig(p) models, the three-dimensional random-bond random-field
and the ENDOR line shape exists when the ENDOR fre{3D RBRP Ising model of Pircet al?® and the quasi-one-
guencyw of a single proton in such a bond depends linearlydimensional random-bond random figltiD RBRP model

on the local polarization: of Oresic and Piré® Therefore, we shall briefly repeat the
results for these models.
w=wot wyP, 2 In Ref. 28 the authors presented a dynamic theory of the
wherew, is the ENDOR line shift ap= =1 with respect to deutéron NMR line shape in deuteron glasses based on the
the ENDOR line position, at p=0. infinitely ranged random-bond Ising model with the addition

Considering a fluctuating proton in a hydrogen bond its2f duenched local random field8D RBRF Ising model
individual line shapel (w,p) can be described as that for Thg pseudo-spin glass can be described by the model Hamil-

chemical exchange in an asymmetric two site potefitial  fonian

2/9 _ A2
1 le(l p ) HZ—%ZJ JijO'iO'j_Ei in'i, (73)

[(w,p)=— 3

T (wz—wi)z-i-l—‘z(w—wlp)z’
where the pseudospin = *+ 1 refers to the left-right position
of a proton(deuteron in theith hydrogen bond. The random
interactionsJ;; distributed according to a Gaussian probabil-

whereT is a phenomenological parameter called the relax
ation rate. For a Markov process the rate is given by

1 1 ity density are assumed to be infinitely ranged with a mean
N=—+— (4)  value
Ty T_
with 7, =7_ exp(— 2AE/kgT). The quantitiesr, and7_ are Jo=J0/N=(J;j) (7b)

the average dwell times in the left or right minimum of the
asymmetric local double minimum potential with bias ener-
gies *AE. The local static polarization of the proton in a ~J/NY2=yad 3. 7

hydrogen bond can be written as I=J arJi}- (79

and a variance

The random electric field§; due to substitutional disorder

p=(7-—7)/(7_+7,)=tanAE/kgT). () are also Gaussian distributed with a variance
The *H ENDOR line shape of the proton in the proton glass
is then given b§? \/K=’\v/ar{f’iu} (7d)
and a zero mean value. FRly|>J a transition into a long-
+1 ; . N
|(w):f W(p)l(w,p)dp. (6a)  ranged ordered ferroelectricJ{>0) or antiferroelectric
-1 (Jo<0) phase takes platewhereas for|Jo|<J a low-

temperature pseudo-spin-glass phase appears. The latter

Consequently, the probability distributioi(p) of the local . : )
order parametep can be obtained directly by analyzing the phase is characterized by a zero long-range order parameter

; C i p=(1/N)Z(o;) but a nonzero Edwards-Anderson glass or-
ENDOR line shapg. We have to d|st|ngwsh two cases: der parameteq=(l/N)Ei(ai)2. Here N is the number of
In the fast motion I|m|tl“>2w.1 the Ilng shape function pseudospins of the system. The local pseudospin polarization
I(w,p) behaves nearly as a Dirag function §(w— w4p) :

a_nd, ltherefore, the line shape of thd ENDOR spectrum is p=tanfh(z)/kgT] ®)
simply
is determined by the Gaussian random field

1
()= o W(w/w1). (6b) h(z)=3(q+A) Y22+ J,p (9)

at the position of the quasispin wherés a Gaussian random

In the intermediate(I'~2w;) and slow motion regime N ;
(I'<2w,) additional broadenings and line shifts appear mak-?vvgnsgs alre]gxs_eﬁ_/goh;—ig?eﬁ,[deeru%?irggeters are given by the
ing the relationship between ENDOR line shape and order P q

parameter distribution functiod/(p) more complicated. In
order to extracW(p) from the ENDOR line shape, the in-

— (** dz 2
= — e “Ptantih(z)/kgT (10)
tegral in Eq.(6a must be solved numerically. As shown in a P f—w V2 i 1]
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and The recursion relations contain only the ferroelectric interac-
tion K, the local fieldsh(z) and the temperatur€. After the
teodz ), local polarizationsp; of all the N spins were numerically
q= fﬁx Tn e~ "*tanif[h(z)/kgT]. (1) calculated, we determined the probability distributhp)
of the local order parameter by counting off the spins which
Introducing the local polarizatiop from Eq. (8) as a new have their local polarization within an interval betwepn

integration variable one can rewrite H3.0) as’’?® andp+Ap.
= fﬂodp W(p)p, (12) IV. EXPERIMENTAL RESULTS
- ENDOR and ESEEM measurements

where The ESR spectra oy irradiated BR 1BPl; g5 at 290 K

1 show a doublet structure Véiyth a hyperfine splitting of more
W(p)= than 50 mT typical for a P© radical at a phosphite group

(JkgT)[2m(q+A)]¥2 1—p? of the mixed crystal. This doublet splitting is due to the
T 2 hyperfine interaction of the unpaired electron localized in

X ;{ - [arctanh(p) Z‘Jop/kBT] (13) onesp’ phosphorus orbital with thé'P nuclear spirl =3.
2(J/kgT)“(q+A) The observed two doublets for an arbitrary direction of the

external magnetic field with respect to the crystallographic
axes indicate two magnetically nonequivalent positions of
the PG~ center according to the expected space group
P2,/c in the antiferrodistortive phase. In contradiction to the
pure BPI single crystals no further splitting of the ESR
lines was observed in the mixed crystal BEBPI, g5 in the
temperature range from 290 down to 10 K but a remarkable

represents the static equilibrium probability distribution of
the local polarizatiorp which was already used in E¢L).
The glass temperatur€; and the freezing temperatuiig
are related to the variancdsand A of the Gaussian distrib-
uted random bond3; and random field$; , respectively, in
the following mannef?®

-~ _ increase in line width occurs to lower temperatures.
J=kgTg for A=0, (14) Saturating the high field ESR line at different directions
and of the external magnetic field with respect to the crystallo-
graphic axes of the BRBPI, g5 Samples, the angular depen-
JA=KgT;. (15  dencies of theH ENDOR spectra were investigated. In con-

trast to the'H ENDOR spectra of the pure BPI crystat?

For A#0 the Edwards-Anderson glass order parameter aGyhich show sharp lines, we observed strongly broadened
cording to Eq.(11) is different from zero at temperatures

already far above the nominal glass temperaiute

1D RBRF Ising Model

In the model of a quasi-one-dimensional spin gf&sa,
system of linear chains of Ising spins is considered. It is
supposed that a short-range nearest-neighbor ferroelectric in-
teraction of strengttK acts along the chains, whereas an
infinite-range random interaction of a Sherrington-
Kirkpatrick type with the variance) is effective between
different chains. The model includes also local Gaussian ran-
dom fields with variancé. The model Hamiltonian for such H13 H15
a system oN Ising spinso;= *= 1 arranged in a set of linear
chains is formally written as

H:_(Z) Kija-io-j_(Z:) ‘Jijo-io-j_Ei in'i, (16)
1 1]

whereK;;=K>0 if i andj are nearest neighbors within a @)

chain butK;;=0 otherwise. The quenched random interac-

tions J;; and the local random field§ are Gaussian distrib- (b)

uted with zero mean values. Using the replica formalism, : . 1 . "
recursion relations for the local polarizatipp={o;),p were 10 12 14

given [Eq. (27) in Ref. 35 which allow one to calculate

v (MHz)
numerically the glass order paramefgq. (36) in Ref. 35 ENDOR

1 N FIG. 2. Low frequency part of théH ENDOR spectra of the
=_ 2 )2 (17) PO~ center iny irradiated(a) BPI and(b) BP, ;dBPly g5 taken at
q 2 (oi)1p. ) o
N =1 room temperature with the magnetic fieddlc.
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FIG. 4. Temperature dependence of thd ENDOR line of
protonH13 at PG~ center iny-irradiated BR 18Py g5 taken from
. . . . 4 290 K (upper spectrumdown to 90 K(lower spectrumin steps of
10 12 14 20 K with the magnetic fieldB in the crystallographiac plane
venpor (MH2) forming an angle of 20° with the direction. The hatching marks
the part of the spectra which is not overlapped by other lines and,
therefore, used for the calculations.

FIG. 3. Low frequency part of théH ENDOR spectra of the
PO~ center iny-irradiated(a) BPI and(b) BP, ;8P g5 taken at ) ) )
100 K with the magnetic fieldlic. The marks “close” and “far” ~ double peak structure with extended parts of intensity be-
correspond to the possible mean positions of the prokttd and  tween the peaks marking the “close” and “far” positions,
H15 with respect to the P center at low temperatures. either the individual hfs parameters of the protons must re-

markably scatter or strong motional effects must govern the
ENDOR lines in the spectra of the mixed -crystalsline shape. In order to distinguish between both cases, pulse
BP,.1BPIy g5 from room temperaturéFig. 2) down to 100 K ESR experiments were performed.
(Figs. 3 and 4 We determined the hyperfine structure ten- HYSCORE experiments indicate that the protons in the
sors(Table ) from the angular dependencies of thed EN-  hydrogen bridges are always close to the fast-motion limit
DOR lines(Fig. 5 and compared them with the results of with I'>2w, at temperatures above 70 K. The distribution of
our ENDOR investigation of the pure BPI crystal. Eigenval-the proton hyperfine couplings related to the probability dis-
ues and eigenvectors of the measured hfs tensors for the lingbution of the local proton order in the hydrogen bonds
centers of the protons in BR:BPI, g5 are in good agreement leads to ridge-type cross-peaks perpendicular to the fre-
with those for the protonsl12, H13 andH15 in pure BPE!  quency diagonal, =, of the 2D HYSCORE spectt4®® as
Therefore, thetH ENDOR lines in BR ;BPly g5 can be as-  shown in Fig. 6. The extension of the ridge-type cross peak
signed to the protonsi12, H13, andH15 in the O-H...O parallel to the frequency diagonaj=, is a measure of the
bonds adjacent to the BOcentre in the mixed crystal. The homogeneous line width of each of the individual cross
temperature dependence of thé ENDOR line shape of the peaks at distinct frequencies. This individual homogeneous
protonsH13 andH15 linking neighboring HPGPO, was  line width should significantly increase when the proton dy-
measured in the temperature range from 290 to 90 K. As anamics change from the fast to the slow motion limit. Be-
example, the ENDOR spectra of protéiil3 are illustrated causew /27 is of the order of 3 MHz for the direction of
in Fig. 4. The line shape and line width of tHél ENDOR  applied magnetic field used in Fig. 4, one would expect re-
spectra of the protom12 do not indicate any temperature ally strong and remarkable changes in the ENDOR spectra
dependence whereas those of protbts3 andH15 show  for decreasing temperatures. The temperature dependence of
very strong changes from room temperatures down to lowwhe homogeneous width in half height of tHA3 cross peaks
temperatures. We observed a change in the line shape fromtaken from the 2D spectra shown in Fig. 6 is given in Fig. 7.
nearly Gaussian line of up to 2 MHz line width at 300 K The homogeneous width increases up to 300 kHz at 120 K.
[Figs. 2b) and 4 to a flattened shape at intermediate tem-An estimation of the line width using E@3) with p=0.6,
peratures and further into a double peak structure at loww,/27=3 MHz leads to a relaxation ral&27=40 MHz. In
temperaturegFig. 3b)]. The angular dependencies of the this estimation, one has to take into consideration that the
ENDOR lines with the double peak structure were measurewidth plotted in Fig. 7 is overestimated because it contains
at 77 K[Fig. 5b)]. The hfs tensors of both peak positions an additional contribution of 0.12 MHz due to the finite
were determined and appeared to agree with those in BPI &ngth of the time window for the data set of 4u%. Conse-
77 K (Ref. 1)) indicating that the peaks correspond to thequently, from this experiment we may conclude that the re-
“close” and “far” positions of the protonsH13 andH15. laxation ratel'/27 in the investigated temperature range is
Because théH ENDOR line shape of these protons show ahigher than 40 MHz. This is in agreement with the dielectric



54 ENDOR AND PULSED ESR STUDY OF PROTON GLAS. .. 9167

TABLE I. Principle values and eigenvectors of the hfs tensors
for the protonsH12, H13, and H15 in the mixed crystal
BPy 1BPlg g5 at the temperatures=290 andT=77 K. The refer-
ence frame is the rectangular coordinate system a/fithbc plane.

The indicesp= *= 0.7 mean that the hfs tensors were determined for
the peak positions of the ENDOR spectra corresponding to the local
order parameterp=*=0.7.

Principal axes

Aiso Aaniso Error ﬁ

(MHz) (MHz) a* b c (MHz) §

T=290 K v%

-2.5 0.827 0.313-0.468 g

H13 -20 —-6.0 0425 0.197 0.883 0.2 &

+8.5 —-0.368 0.929 —0.030

—2.1 0.230 -0.646 0.727
H15 —22 —-6.1 -0.488 0570 0.661 *0.2
+8.2 0.842 0507 0.184

—-23 —-0.206 0.293 0.934
H12 -04 52 0.245 0.939-0.240 =*=0.1
+7.5 0947 —-0.180 0.266

T=77K
—-29 0.647 0.300-0.701
H13-,07 —-51 -94 0624 0320 0.713*03
+12.3 -0.438 0.899 —0.020

1.9 0644 0.333 —0.689
H13,_ o; -12 —41 0598 0343 0.724 0.4
+6.0 —0.477 0.878 —0.021

—-38 0188 —0.414 0.891
H15._.,0; —45 —7.9 —-0588 0678 0.440 +0.3
+11.7 0786 0.607 0.116

—-3.2 0366 —0.371 0.853
H15- o7 -05 —-44 0721 -0.466 —-0.512 =*0.4
+7.6 0.588 —0.803 0.097

venpor (MHZ)

—-2.9 -0.215 0.399 —0.892
H12 +0.1 —-44 0175 0.914 -0.367 =*=0.2
+7.3 0961 —0.077 0.266

measurement$ which showed that the relaxation rates are ] - I S P
larger than 10 MHz above 50 K. 0 30 60 90 120 150 180
Therefore it is justified to assume that the double peak Angle (deg)

structure of the'H ENDOR lines of the proton${13 and

H15 at 90 K and the large line width of a nearly Gaussian g, 5. Angular dependence of tHé ENDOR spectra of the
shaped line at 290 K are indications for a distributiip)  pc2- center iny-irradiated BR ;8PI, gs ith B rotating around the

of the local proton polarization, as expected for a protong axis at(a) T=290 K: (@) H12, (A) H13, (¥) H15 and(b) at
glass. The change from a Gaussian to a flattened line shape-77 K: (—) H12, () H13—07 (=) H13_ o7 (=)

and further into a double peak structure is typical for mag+H15,_q7 (—--) H15,__~.
netic resonance line shapes in proton and deuteron gl&sses.

The measured ENDOR line shapes were analyzed by theemperature T;=30 K known from dielectric
Tikhonov regularization method to deduce the local polarizameasurement$ is a special experimental peculiarity which
tion distribution W(p).%° This analysis shows also that the has to find its explanation within the given models. The
protonsH13 andH15 are always close to the fast motion Edwards-Anderson order parametenumerically calculated
limit in the investigated temperature range. Figure 8 repreas the second momentdf(p) according to Eq(1) is shown
sents the resulting order parameter distribution functionsn Fig. 9. It is evidently different from zero already far above
W(p) at different temperatures. The onset of a double peaR ;. This verifies that random fields play an important role in
structure ofW(p) for T<140 K already far above the glass BP, ;BPlg g5
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FIG. 6. 2D HYSCORE spectra of protoisl2 andH13 measured at the BO center iny-irradiated BR ;BP, g5 at the temperatures
(a) 297,(b) 140,(c) 70, and(d) 10 K. The magnetic field is applied in theac plane forming an angle of 35° with tleedirection. Adjacent
contour lines differ by a factor of 2 in intensity. The cross peaks of prbtd8 in its “far” position are overlapped by those of protéti2.
A scale bar indicating the extension of the cross peaks due to homogeneous broadening was drawrian Fig. 6

One very important point in concluding from the ENDOR comparing the ENDOR spectra in Fig. 4 and the calculated
spectra toW(p) is the normalization of the line positions W(p) probability distribution functions given in Fig. 8 that
this normalization is correct. Because we are in the fast-
importance because we will see that the probability maxiimotion regime at all temperatures, the ENDOR lines must be

with respect to the local order parameperThis is of special

mum of the local order parameter never shifts up tol not

decayed to zero at frequencies above or below the border line
even at lowest temperatures. Within the Tikhonov regularfrequencyw* =wy* w; corresponding t@= * 1. In the spec-
ization calculations the normalization was self-consistentlytra in Fig. 4, this is the case af'/27=9.2 MHz. Because the
done introducingw; as an adjustable parameter which wasline maximum at room temperature corresponding 0 is
numerically optimized. Otherwise, it is obviously seen byat wy27=12.1 MHz a valuew;=2.9 MHz results. With this
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> 0.20 1 E ] FIG. 9. Temperature dependence of the Edwards-Anderson or-
<5 der parameteq for proton H13 attached to the PO center in
BP; 1BPly g5 (8) points—experimentat] values obtained as the
second moment of the experimental order parameter distribution
015 7 functions shown in Fig. 8, antb) drawn line—simulatecy(T)
dependence calculated with the 3D and 1D RBRF model as well
0.10 . . . . . . with zero-mean], using the parameter sets as given in the text.
0 50 100 150 200 250 300 - .
very similar to that of the Bp,BPIy go mixed crystal already
TK) published®” Without going into the details of explanation of

the relaxation processes induced by optical Raman processes
FIG. 7. Temperature dependence of the homogeneous part @fnd phonon assisted tunneling as explained in our former
the ENDOR line widthA /%" of protonH13 extracted from the 2D paper’’ we want to focus our attention on the temperature
HYSCORE spectra fpr which examples are presented in Fig. 6 "bnomaly observed at about 150 K in BEBPly g5 A similar
the manner as explained in the text. anomaly was also seen in BRBPI, s,and in pure BP[Ref.
37) but at temperatures of about 140 and 200 K, respectively.
experimental normalization procedure the peak position ofye related this anomaly to an anomaly of the damping of the
the ENDOR line at 90 K corresponds f=0.7 in good internal optical phosphite mode at X&0' Hz. This mode

agreement to the Tikhonov regularization results. seems to be critically damped at the ferroelectric transition in
BPI which causes th&,; anomaly. Because we probe the
Relaxation time measurements mixed crystals with the same paramagnetic;P@enter, we

" , . . _may conclude that also in Ply g5 this mode experi-
Additionally, measurements of the spin-lattice relaxation > BRBPlo os P

time T, of the PG~ center in BR,BPl g5 single crystals

were performed in the temperature rangenfrd K to room ] ' ' ' .
temperature. The results are presented in Fig. 10. The tem- ] L
perature dependence of the spin-lattice relaxationTFateis ] ‘d'
104_: . -
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FIG. 8. Local order parameter distribution functid¥(p) of
proton H13 attached to the PO center in BR ;BPlq g5 obtained T(K)
from the ENDOR spectra shown in Fig. 4 by means of the
Tikhonov regularization method for the following temperatures: FIG. 10. Temperature dependence of the spin-lattice relaxation
290 (highest value ap=0), 250, 210, 170, 130, 120, and 90 K rateT ;! of the PG~ center iny-irradiated BR ;BPl, g5 With mag-
(lowest value ap=0). netic fieldBllb.
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p FIG. 12. Simulation of the local order parameter distribution

functionsW(p) using the 1D RBRF model with zero-medp=0,
J/kg=K/kg=70 K, andA=0.8 for the following temperatures:

FIG. 11. Simulation of the local order parameter distribution 200 (highest value ap=0), 160, 130, 120, 110, and 90 fowest
functionsW(p) using the 3D RBRF model with zero-medp=0,  \4ye atp=0), R

J/kg=30 K, andA =10 for the following temperatures: 29Bigh-
est value ap=0), 250, 210, 170, 140, 130, 120, and 9QIKwest

and or P roups to guasi-one-dimensional chains one
value atp=0). Q group 9

could suspect that the interactions between the quasispins
within the chains are dominating in comparison to those be-
{ween quasispins in different chalfs and therefore,
BP;1BPly g5 might be described more adequately by a
quasi-one-dimensional Ising model as described in Sec. Ill.
V. COMPARISON OF THE ENDOR RESULTS The numerical calculation off with the parameter sets
WITH THE THEORETICAL MODELS J=K=30 K, A=8 (T;=85 K) and J=K=70 K, A=0.8
(T;=63 K), respectively, for a chain with=10° quasispins
leads to a temperature dependenceyafot distinguishable
To get an estimate of the random field variance we didrom that calculated with the 3D RBRF model in the last
simulations of the experimental temperature dependence @lbsection. ThaV(p) distribution was estimated with the
the Edwards-Anderson order paramegewith Eq. (9) taking  second parameter set fti= 10" by calculating(o;) accord-
J/Ikg=Ts=30 K from_the dielectric measuremeriszero  ing to Eq.(27) in Ref. 36 and then counting the number of
mean bond interactiod=0, andA =10 corresponding to spins the individual order parameter of which are within each
Ti~(95=5) K. The result is shown in Fig. 9. The large of 20 intervals betweer1 and—1. The result is shown in
random fields in BR;BPly s generated by substitutional Fig. 12. The qualitative behavior ®(p) in the 1D model is
disorder induce the random local polarization of the protonssimilar to that of the 3D model but can also only poorly
in the O-H--O bonds far abovd as observed in théH  explain the experimental behavior shown in Fig. 8. There-
ENDOR spectra. fore, there is no indication for a more adequate description of
The change in the shape of the distribution functg(p) the proton order in Bf;BPI, g5 by the 1D model.
from a single-peak Gaussian distribution to a double-peak

ences a critical damping due to a structural transition a
about 150 K until now unknown.

3D RBREF Ising Model

structure far abovd is at the first view typical for proton 3D RBRF Ising Model with nonzero meanJ,
and deuteron glasses when local random fields are o ) ]
dominant®2° A simulation of W(p) with Eq. (13) for dif- The deviations of the experimentally determinéd{p)

ferent temperatures using the paramedéks =30 K, A=10  distribution from those calculated with the 3D and 1D RBRF

and a zero mean bond interactidg=0 is shown in Fig. 11. model with zero mead, become obvious for temperatures
However, the simulated distribution functioké(p) do not below 150 K. The observed behavior seems to be indicative
very well agree with thaV(p) distributions obtained by the for & smeared-out phase transition to a long-ranged ordered
14 ENDOR line shape analysiéFig. 8. Especially, the Phase. Therefore, we tried to simulate #¥¢p) distribution
gradual change from the flattened structure into the doubl¥ith the 3D RBRF lIsing model with non-zero-medg. In
peak shape cannot be simulated with the above parametef{der to obtain aV(p) behavior similar to the experimental
We also calculatedV(p) with Eq. (13) using J,=0 and  ©Nne the variance of the random fields at temperature below
other parameters sets dfand A =0 but no set of data gave o=Jo/Ks must be taken as a temperature-dependent simu-

satisfactory agreement with the experimental distributions. |ation parameter. The optimized simulations adapted to ex-
perimental W(p) and gg, values are shown in Fig. 13.

_ Above Jy/kg=160 K the variance parameters=7 and

1D RBRF Ising Model J/kg=30 K give reasonable results. Below 160 K one has to

From this disagreement one could conclude that the 3DeduceA in order to be able to describe the experimental
RBRF Ising model of proton glasses with infinite-range in-W(p) curves with the model. Witliy/kg=160 K, J/kg=30

teractions is not adequate for the hydrogen bonded system I§, and A=2 one obtains a non-zero-mean order parameter
BP,1BPly g5 Because the hydrogen bonds link the HPO p#0 below Tc=144 K. This results in peaks oi(p) at
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FIG. 14. Simulated temperature dependence of the Edwards-
Anderson order parameter (thin line) and the long-range order
p paranletelp_(thick line) using the 3D RBRF model with non-zero-
meanJy/kg=160 K and the same parameter set as given in Fig. 13.
FIG. 13. Simulation of the local order parameter distribution The points are again the experimentplvalues obtained as the
functionsW(p) by means of the 3D RBRF model with non-zero- second moments of the experimeri(p) distributions shown in
meanJy/kg= 160, J/kg= 30 K, using a constant random field vari- Fig. 8.

ance parameteA =7 for the temperatures 29Mighest value at . .
p=0), 250, 210, 170 K, but temperature_dependent paramete 13-PQ-H15-PQ cluster the protomd 13 is shifted towards

I L.
A=2 for 140,A = 2.5 for 130,A=3.5 for 120 A = 4.5 for 110, and :he EQ group "_"r?]erteas pmt?;' F.’ htar‘]s. a Post'“otr;]g'f’oserl too
A=6.5 for 90 K (lowest value ap=0). e PQ group. That means that in this cluster cal po-

larization of both protons is such as that created by a local

. bias field at the substitutional RGite.
p=0.5 as experimentally observed, but only when the ran- t js jnteresting to note that the experimentally determined

dom field variance was drastically reduced below the transiyrger parameter distribution functiohl(p) of the protons in
tion temperature taA=2.0, 2.5, 3.5, and 4.5 at 140, 130, Bp,,BPI, 4 gives much deeper insight into the proton order
120, and 110 K, respectively. The calculatpdndp values  of the hydrogen bridges in the chains than the Edwards-
are shown in Fig. 14. The used parameter sets are a compranderson order parameter expressed as its integral. Already
mise of best agreement between the simulated and the exn inspection of Fig. 4 reveals remarkable deviations of the
perimental results of(p) for the obtained temperature- modeledq values from the experimental one. A comparison
dependent values of the Edwards-Anderson order parametef Fig. 8 with Fig. 11 and Fig. 12 shows very evidently the
qg. lack of agreement of the experiment with the 1D and 3D
RBRF model inW(p). The modeledV(p) distribution func-
tions show only rough similarity with those experimentally
V1. DISCUSSION AND CONCLUSIONS obtained. Whereas the agreement at higher temperatures is
acceptable, distinct deviations appear below 170 K. The ex-
The ENDOR investigations of the BRBPIl,gs mixed  perimentally obtainedV(p) distribution functions show at
crystal give a direct experimental evidence for a temperaturéower temperatures pronounced maxima at local order pa-
dependent local order of the protokhkl3 andH15 in the rameter valuesp|<1 which are shifted to largep| with
hydrogen bonds linking the phosphite and phosphate grougewering the temperature. This behavior cannot be simulated
to chains along the monoclinlzaxis. The protorH12 in the  within the framework of the 1D or 3D RBRF model without
hydrogen bond linking the phosphite group with the carboxyllong-range order. There are no indications for a more ad-
group of the betaine molecule is clearly not involved in theequate description of the proton glass behavior in
ordering process. The comparison of the experimentally deBP, ;:BPI, g5 when the 1D model is used. This was also the
termined temperature dependence of the Edwards-Andersaasult of dielectric investigatiorfs.Probably, the strong ran-
order parameter of the protokkl3 andH 15 in the hydrogen dom fields cover the weaker dimensional dependent random
bridges with those calculated from the 3D and 1D RFRBbond interactions.
model indicates that B} BPI, g5 behaves as a proton glass A better agreement is achieved when a long-range proton
with strong random fields. The unusually large random fieldorder is introduced in the 3D RBRF model using a non-zero-
variance parametek which we had to use in order to simu- mean J, of the bond interactions. Now, the pronounced
late the experimental results shows us that the substitution ehaxima in the order parameter distribution function as well
an HPQ group by a PQgroup leads to strong distortions of as their temperature-dependent position can be simulated
the adjacent hydrogen bonds linking the substituted grougualitatively. Also the processed temperature dependence of
with the others. This is also directly seen from not yet pub-the Edwards-Anderson order parameter shows better agree-
lished *H ENDOR and HYSCORE spectra of the phosphate-ment with the experimental values insofar as for tempera-
rich mixed crystal BRoBPlyos Where the paramagnetic tures above 140 K the simulation succeeds rather well and
PO%~ center probes a substitution site which is with highthe rapid increase to lower temperatures can be described at
probability surrounded by phosphate groups. The ENDOReast qualitatively. The non-zero-mean valligkg =160 K
lines of the adjacent protort413 andH15 appear at posi- means that a long-range ferroelectric or antiferroelectric pro-
tions which show that already at room temperature both proton order takes place in the hydrogen bond system of the
tons are off-center. It comes out that in the ;O chains below the transition temperatufg=145 K which
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results fromJ, and the Edwards-Anderson order parameteiprocess with frozen-in or frustrated regions, dogla clus-
g~0.2 in this temperature region. This transition tempera+terlike phase below 4, with fixed domain structure. Also in
ture is far above the freezing temperatilie=95 K and the  betaine phosphate a ferroelectric phase was repoited
glass transition temperatuiigs=30 K. However, one must small temperature interval above the transition temperature
also remember that the simulation of both the temperatureto the antiferroelectric phase at 81 K. One could speculate
dependent order parameter distribution functidip) and  that it is such an intermediate phase which we see in the
the Edwards-Anderson order parameter only succeeds whegmoton order of the Bf;BPI, g5 mixed crystal.
the random field variance is not temperature independent but At the end there is still one very important point to be
strongly reduced at and below the phase transition temperaliscussed. It concerns the obvious disagreement of the ex-
ture T . As discussed above, the random fields in the mixegerimental and simulated behavior of Edwards-Anderson or-
crystal are related to distortions in the hydrogen bonds adjader parameter and order parameter distribution function at
cent to the substitutional RQyroup in such a manner that the lowest temperatures. The simulations at 90 K lead always
their proton order is strongly biased. A reduced random fieldo sharp maxima o¥W(p) close top=*1 whereas the ex-
variance afl - could mean that the local proton polarizations perimentally obtained distribution functio(p) shows its
are rearranged within one growing domain in such a way thamaxima atp=*=0.7. This deviation of the position of the
the polarization direction of most of the biased substitutionakxtrema is far outside of the experimental error as already
sites coincides with that in the domain. With lower tempera-demonstrated in Sec. IV. It shows that the local proton po-
ture the domains grow up, and more and more substitutiondérization is limited to values distinctly beloyp|=1 at low
sites conflict with their surrounding domains leading to in-temperatures in B2 BPl; g5 In relation with this interesting
creased local random fields. effect we must remember that we did ignore proton tunneling
An additional confirmation for a phase transition in thattill now. The models which we used for simulations have
temperature range comes from the results of the electrobeen worked out for deuteron glasses where tunneling is not
spin-lattice relaxation time measurements performed at thef importance. Dattaguptt al3! published a stochastic
PO~ center in BR;BPlygs and shown in Fig. 10. The ob- theory that considers the influence of tunneling on the NMR
served temperature anomaly of the spin-lattice relaxation raténe shape in proton glasses. The authors showed that the
T 1! close to the above transition temperatiiceis an indi-  local proton polarization is reduced due to tunneling by a
cation for a structural phase transition. As already mentionefhactor r which is the ratio between the local fields seen by
in Sec. 1V, also in the Bf,BPl, go mixed crystal a similar  the proton without and with the tunneling contribution,
T, anomaly was observed at a comparable temperafure.
This can indicate that the phase with a strongly distorted r(z2)=h(z)/ho(2)

long-range proton order _in the hydrogen bond_s qf theyith ho=VQ%+h(2)?, whereQ is the tunneling energy. Es-
phosphate/phosphite chains does not only exist in thgmations lead to a value for the tunneling energy of the order
BPy.188Ply gs compound but in a extended composition rangej, () k. — 200 K whenr = 0.7 shall be obtained. On the other
of the phase diagram. . _ hand, if one tries to explain the shift of the ferroelectric
In_this context, it is interesting to point out that Ebert yansition temperature due to deuteration in betaine phosphite
etal™ reported on pressure-dependent dielectric measurggiihin the tunneling modéf a tunneling energy of the same
ments on pure betaine phosphite. Two additional transitiong,qer of magnitude)/kg =440 K, results. Therefore, we
were found under a hydrostatic pressure of 350 MPa af,ggest that proton tunneling in the hydrogen bonds of the
T41~150 K and T4,=85 K which collapse into one at ,hasphite/phosphate chains is of relevant importance in be-

Tq=142 K under zero pressure as already known fromgine nhosphate/betaine phosphite proton glasses.
former measurementS.From that they concluded on three

different regions in the formerly called ferroelectric phase of
betaine phosphitea) a ferroelectric phase up ®y,, (b) a ACKNOWLEDGMENTS
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