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The local proton order in the proton glagetaine phosphakg,;s (betaine phosphijggsis studied by means
of electron nuclear double-resonance and two-dimensional electron spin-echo envelope mo&EiER)
techniques. The experimental results allow very detailed comparisons with theoretical models such as the one-,
and three-dimensional random-bond random-fi@ddBRF Ising glass model. The attempt to describe the
experimental behavior within the framework of the random-bond random«f8dRF Ising glass, which was
worked out for deuteron glasses, suffers in conspicuous insufficiency at least at lower temperatures. Taking the
influence of proton tunneling into account by using the stochastic model of a quantum RBRF Ising glass, the
experimental results can fully be described. Furthermore, ESEEM experiments on a partially deuterated
BP, 18Py g5 crystal confirm the different local polarization behavior in the protonated and deuterated hydro-
gen bonds in agreement with the model expectaf{i§0163-18207)03618-7

I. INTRODUCTION hydrogen bonds, linking the phosphite and phosphate groups
to quasi-one-dimensional chains along the crystallographic
In mixed crystals consisting of ferroelectric betaine phos-b direction (see Fig. ], show glassy behavior. We showed
phite (BPI) and antiferroelectric betaine phosphé@®),* the  that the line shape of the ENDOR spectra of the protons in
frustrating interactions cause a glasslike order behawbr these hydrogen bonds is a direct measure of the local polar-
the protons in the system of hydrogen bonds. Such materiaigation distributionW(p). The experimental determination
belong to a class of orientational glasses that are designat&d W(p) allowed a very detailed comparison with theoretical
as proton glasses. Model systems like spin glasses and offiodels such as the one- and two-%mensmnal random-bond
entational glasses are of special interest for the basic undef@ndom-field (RBRF) Ising model.” The experimental

standing of the glassy behavior of matter because for thefrdWwards-Anderson glass order parameter obtained as the
theoretical model descriptions have been developed whicRecond moment dlV(p) showed a temperature dependence

allow comparisons with the experimental findings. Magnetic
resonance proved to be one of the most appropriate tech-
nigues for the study of local proton or deuteron order and
dynamics® Deuteron glasses were carefully analyzed by deu-
teron nuclear magnetic resonan@MR) where the local
deuteron order is mirrored via the nuclear quadrupolar cou-
pling. However, up to now there is no direct study of the
proton order in a proton glass by*MIMR because with the
chemical shift as the only interaction it is difficult to resolve
local proton order. An interesting electron spin resonance
(ESR study of the local order-parameter distribution and the
glass order parameter in the proton glass rubidium ammo-
nium dihydrogen phosophate was achieved in an indirect
way using substitutional ¥t ions at Rb sites as paramag-
netic centers and probing the changes of the crystalline field
at this site as a measure of the proton order at thg PO
tetrahedrd.

In recent paper® we reported on the
local ~ proton  order in the proton glass G, 1. Schematic drawing of the structure of BPI showing the
(betaine phosphakgisbetaine phosphilggs studied by  chains of HPQ groups linked by hydrogen bonds with the protons
means of high-resolution ESR techniques such as electran13 and H15. The betaine molecules are bound to the HfP@ups
nuclear double resonan¢€ENDOR) and electron spin echo by one hydrogen bon¢H12). In the mixed crystal, HPQis par-
envelope modulatiofESEEM in a direct way via the proton tially substituted by HP@to which the betaine is bound by two
hyperfine couplings. In this mixed crystal, the protons in thehydrogen bond$H12 and H14.
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which is characteristic for a proton glass with strong randomH12, H13, H14, and H15 in the hydrogen bonds of the inor-
fields. In order to reduce the number of fit parameters, thganic PO; and HPO, groups(Fig. 1) should be replaced
glass temperatureTg=30 K was taken from dielectric by deuterons in DBP;fDBPIy g5 The degree of deuteration
results’ The unusually strong random fields, represented byf the grown crystal amounts to about 85%. Byrradiation
the temperaturd@; = 95 K, reflect the relatively strong distor- 0f BP 188Ply gsat room temperature FOradicals were pro-
tions of the proton double minimum potentials in the hydro-duced at P@ sites with a relative concentration of about
gen bonds adjacent to substitutional phosphate sites. The cat0”%. Consequently, the proton order in the hydrogen-
respondence of the experimental data with the simulationbridged phosphorus chains can only be probed attR®not
improved considerably when a nonzero mean of the randorat PQ, sites. We proved by dielectric permittivity measure-
bonds was introduced in the RBRF Ising model which indi-ments of irradiated sampfesthat the dielectric behavior did
cates a smeared transition into a long-range ordered protamt remarkably change. This result is understandable from
state afT .= 144 K. the structural point of view as the proton missed at the radi-
Though there is no doubt that the local proton order corcal is bonded to a lone orbital pair of the phosphorus atom
responds to the behavior expected for a proton glass thetbat is not involved in the hydrogen bond system.
were still quantitative disagreements with the model simula- The ENDOR measurements were performed on the high-
tions for lower temperatures, especially. The most strikingfield ESR line of the®'P hyperfine doublef The static mag-
difference with the model simulations is the fact that thenetic field was applied parallel to the crystallographic
experimental order-parameter distribution function takes itgplane forming an angle of 20° with thedirection such that
maximum at low temperatures not pt=1 as the model the ENDOR line of proton H13 is not overlapped by other
predicts but atp=0.7. Therefore, as an alternative proce-lines and that the individual line position of each proton is
dure, in this paper we will take into consideration the influ-linearly related to its local polarizatiofl. The measured
ence of proton tunneling. Recently, theories for a quantunENDOR line shapes were analyzed by the Tikhonov regular-
RBRF Ising glass have been publisi&d?which take into ization metho@® to deduce the experimental local polariza-
account proton tunneling. The aim of our paper is to showtion distributionW(p). Additionally, we showed experimen-
that using these theories a very convincing description of théally to be in the fast motional regime for the studied
experimental results succeeds. The tunneling en€lfly;  temperature range. Therefore, the line shape is proportional
=250 K used as a fit parameter in our simulations is of thedo W(p) only. A very crucial point is the normalization of
same order of magnitude as the tunneling enefhf)kg  the ENDOR line scale with respect to the local order param-
=440 K that explains the isotope shiftof the transition eterp. In the Tikhonov regularization calculations this scal-
temperature into the ferroelectric phase of betaine phosphiteég was self-consistently done by taking the scaling unit
of about 100 K due to deuteration. Furthermore, ESEEMw;=Aw/2 (see Sec. Illas an independent adjustable param-
experiments on a partially deuterated BBBPI, g5 crystal — eter. This scaling procedure is confirmed by the experimental
confirm the different local polarization behavior in the pro- line shapes themselves. The frequenciasy« w4)/27
tonated and deuterated hydrogen bonds in agreement with 9.2 MHz as the mean value of the low-frequency end of all
the model expectation. Taking into the considerations protothe ENDOR lines corresponding t@p=1 and wy/27
tunneling, the proton order in the BBPI,_, system can =12.1 MHz as the central position of the ENDOR line at
satisfactorily and unifiedly be described by the Ising modelroom temperature corresponding ©@=0 gives w,/27
Recently a papét was published reporting on the proton =2.9 MHz in good agreement with the Tikhonov regulariza-
and deuteron glass dynamics in RRHENH4)gsdHPOs, tion result.
Ry 54NDy)g 42D:PQs, and RB gdND,)g 3D-As0O, studied ESEEM investigations were performed on an ESP 380
by NMR spin-lattice relaxation measurements down to veryBruker FT ESR spectrometer. Two-dimension&2D)
low temperatures at th&’Rb and O-D--O deuteron nuclei. ESEEM spectra were recorded using the hyperfine sublevel
The temperature independence of the relaxation rate at loworrelation spectroscopyHYSCORE sequence 4/2— 7
temperatures is claimed to indicate the presence of phonon- 7/2—t;— 7m—t,— w/2— 7—echo) with a pulse delayr
assisted tunneling of the protons and deuterons within the=120 ns orr=208 ns to enhance proton or deuteron modu-
hydrogen bonds resulting from the quantum glass charactéation, respectively. 256 stepsipandt, were sampled with
of these mixed compounds. 16 ns(proton spectrpor 48 ns(deuteron spectjalwell time.
In Sec. Il we will briefly quote some experimental details. The echo decay was eliminated by a third-order polynomial
In Sec. Il a short outline of the theory will be given which is base line correction of the experimental data set in both time
used in Sec. V to simulate and discuss the experimental ratomains. Before 2D Fourier transformatitfl) the data set
sults presented in Sec. IV. was zero filled to 1024 1024 points. The 2D FT power
spectra were calculated and presented as contour plots. All
ESEEM spectra were recorded at the high-field signal of the
PG5~ ESR doublet with the external magnetic field di-
Mixed single crystals Bp;BPI, g5 Were grown by con- rected parallel to the crystallographic bc plane with
trolled evaporation from aqueous solution containing betaine” (B,c) =20° or £ (B,c)=45°. For these orientations the
with 15% H;PO; and 85% HPO,. The crystal growing pro- ESR signals of the two magnetically nonequivalent;PO
cedure for deuterated mixed crystals QBEPBPIy g5 was  sites are well separated avoiding excitation of different crys-
basically the same except that the parent materials were ditallographic sites by the microwave pulses which
solved in BO. By analogy with the pure DBRRef. 15 and  might  complicate  the interpretation of  the
DBPI (Ref. 16 crystals one expects that only the protonsESEEM spectra.

Il. EXPERIMENTAL
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IIl. THEORY
, , O H=X IH+AeX I7S7-123, J;SIST-02, S
Some years ago, theories of magnetic resonance line i i ] i
shape in proton glass&svere published where the effect of
the tu_nneling motion of the_: protons in _randomly mixed ferro- -> f,S7. (3.3
electric crystals was studied. Mean-field thed&FT) was i

applied to the infinite-range model of an Ising spin glass with

a transverse field describing the tunneling of a proton in thé-_kare’Q Is the tunnglmg freguency],ij Is the mﬂmte-rang_ed
hydrogen bond. Two mechanisms have been discussed fgluenched random interaction betyveep thg pseuqlpﬁﬁns
the interplay of tunneling and thermally activated motion of@ndfi represents the random longitudinal field at sitdhe

the protons which both could be effective in real systemsduantitiesJ;; andf; are supposed to be distributed indepen-
depending on the temperatdfeFor the first mechanism it is Qently one _from _angthgr according to their respective Gauss-
assumed that the heat-bath coupling does not only cause rafn Probability distributions:
dom hopping of the proton from one site to another in its 2
double-well potential, but also leads to incoherence in the P(J)= 1 exp( _ (Jij—Jo) ) 3.4
tunneling process. The authors expect that this mechanism is NP 2J? '

dominant at higher temperatures. For the second mechanism

predominating at low temperatures it is presupposed that 1 fi2

only the hopping of the proton is aided by the stochastic P(f)= —=ex _ﬂ)' (3.5
forces of the heat-bath while tunneling remains uneffected V2mA

and coherent. The interplay of tunneling and spin-glass-likérhe yarianceJ of the random interactions determines the
ordering phenomena leads to characteristic features in th§ominal glass temperatufie=J/4, and often the variance of

magnetic-resonance line shapes which permit discriminatioghe random fieldA is expressed by the temperatufe

between tunneling processes and classical thermally acti- JAR=T \/Zwith A=4A/J2 Though, in analogy to the
vated intrabond hopping across the potential barrier in protorﬁ ntunneli%g casé we take iﬁto consi'deration 2 nonzero
glasses. This characteristic feature in the line shape does nog.

; " ; mean of the random interactios;;) =J#0.
show up only in the transition region from fast to slow mo- : . ] S
! T e . The pseudospin system is treated within the framework of
tional regime'? manifesting itself in the appearance of an

additional central line, but also in the fast motional regimea MFT of a quantum spin glass. The static effective single

because of the very special form of the order-parameter digP"" Hamiltonian can then be written as

tribl_Jtion functio_nW(p) due to proton tu_nneling. In the fol- Ho=Awl?S—hF— QS (3.6)
lowing, the main results of the theoretical approach for the o

simplified case of incoherent tunnelif@re shortly outlined Wwith an effective field

because this mechanism should be dominant in the experi-

; J _
mentally studied temperature range. h=h(Z)= - Jag+A 7+J 3
It is assumed that the proton in an O-HD hydrogen @ 2 VA oP S

bond moves in a double-well potential such that it Spend%cting on the pseudospin along thexis due to a nonzero

most of its time at the bottom of either the left or the right _ . | d dal larizati
well and very little in between. This is considered to be a>PIn-giass oraer pargmetqran_ a lonhg-range po a_1r|zat_|on
two-level system described by. the pseudospin variaBles p wherez is a Gaussian noise field. The last equation differs

o . ; . " from the original one in Ref. 11 in so far as we have included
_rc;:tc}r/1 2i’n V:ﬁécgoﬂilség\zztlf _}_T]ee Ierf(t)tgrr] \r/l/?tﬁt tECe)S::JC:;TegI ;h?nthe termJop which refers to a nonzero mean of the quenched
P . ' proto PN andom interaction between the pseudospins. Thus the total
I =1/2 will have the nuclear magnetic resonance frequenmeﬁ

L . . . eld has the strength
w, and wg when it is on left and right side of the potential,
respectively. The frequencies; and wg result from transi- ho(Z) = 02+h(Z)2. (3.9
tions between the eigenstates of the nuclear-spin operator . _ o
|?=+1/2 in the Hamiltonian for a proton in an isolated The mean-field equations for the local polarizatipn its
double well nonzero mearp and the spin-glass order parametgmare

then obtained as

H=0l*+Awl? (3.1 1 1
p(2)= r(i)tanl‘(i ﬁho(f)) BT (3.9
B
where )
with
0=12 0, +og), Ao=wg—o . (3.2 h(2)
Including now interwell interaction, random electric fields,
and the possibility of tunneling between the two proton sites — 1 +oe ~s
in a hydrogen bond, the Hamiltonian in E.1) is to be p:\/ﬁ fﬁx exp(—Z%/2)p(2)dz (3.10

extended by the terms of the interacting pseudospin system
to and
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_ 1 fﬂo exp(—Z2%/2)p(Z)%dz (3.11) 3.5
NG praydz G |l
The local polarization distributiod/(p) has been calculated
to take the form 25
4 exp( — 2212) ( 202 -t 2
W(p)= —————— [ r(zg)%+ -p?|

(3.12 1.5

where zy=zy(p) is the solution of Eq(3.9) for a givenp
value. This equation includes now also the case of a nonzero
average order parametgr because of Eq(3.7). Conse- 5!
guently, we are able to model a system which can undergo a
transition into a long-range ordered state but with consider-
able distribution of the local order parameter. 1.0 -05
Until now the static properties of the system were only ’ ’
considered. In order to model its dynamics the system is
assumed to be placed in contact with a heat bath. However,
one expects the heat bath to induce not only classic thermal FIG. 2. Local order-parameter distribution functidhi(p) of
fluctuations but quantum fluctuations as well, leading to “in-Proton H13, attached to the BOprobe in BR ;BPlygs for the
coherence” in tunneling. The usual way in the spirit of the temperatures 290 Kwith highestW value atp=0), 250, 210, 170,
kinetic Ising model of the Glauber type is to add to the statict30, 120, and 90 Kwith lowestW value atp=0). The experimen-
Hamiltonian in Eq.(3.6) coupling terms to the heat bath tal W(p) distribution function is shown on Ieft_3|d_e. It was c_)bta_lned
which are off diagonal in the representation whéfeis di- from the ENDQR spectra takc_an ata magnetlc-flfld_dlrectlon in the
agonal. Wher(# 0, however, the appropriate quantization crystallographicac plane forming an angle of 20° with theaxis.

axis is not longer parallel ta but somewhere in-between the The theoreticalW(p) distribution function according to the quan-
tum Ising glass model is presented on right side. It was calculated

z andx directions. The simplest coupling to the heat bath 'Susing Eq.(3.12 and the parameter set given in the text. The

then .assumeq to pe proportional to a.n operator that IS. Str!Ctlyalues were 10 fof>144 K and 3.4, 3.5, and 4.0 far<144 K.
off diagonal in this new representation of the quantization

axis of the quasispins. Using these assumptions, an indi-

0 0.5 1.0
P

vidual line-shape function and theW scale such thajtl_1W(p)dp= 1. The experimental
W(p) functions appear to be symmetric with respectpto
1 M(Aw)?r(z9)?~p?] =0. This is related to the special lattice site position of the
H(w,p)= A {0?—14r(z0)Aw]?} 2+ N[ w— (1/2pAw]? protons H13 and H15 in the unit cell.
(3.13 For simplicity, let us consider the isostructural BPI crys-

tal. In the nonpolar phase of BPI, both protons are at lattice
sites which are inversion centers with respect to the two
%eighbored phosphite groups. As a consequence, one would
not obtain a linear relation between proton or deuteron po-
larization and NMR line shift in the polar phase with NMR
techniques. However, in the case of ENDOR spectroscopy,
the protons are detected via their hyperfih® coupling to

is derived in the limit of a large ratid/ A  for a proton in a
double-well potential which is at the same time subjected t
thermal fluctuations with a relaxation rateand to incoher-
ent tunneling.

The total line shape is given by

+1
I(w)zf dpWp)l(w,p), (3.14  the attached Pb probe. The hf interaction does not show
-1 inversional symmetry with respect to the proton position.
which reduces to Therefore, a linear relation between the ENDOR line shift
and the proton polarizatiop is not inconsistent with the

Awl? 3.15 crystals. However, as the proton positions are symmetric in
the nonpolar case with respect to the two neighbored phos-

in the fast motion limit. Consequently, in the fast motion phite groups labeled\ and B, protons at equiva]ent sites

regime, the order-parameter distribution functiéf(p) is  with the same local polarization vector lead to ENDOR line

1 1) local symmetry of the P@H13 (H15) complex in BPI-type
o) =5 W

immediately given by the ENDOR line shape. shifts of opposite signs when the POprobe is situated at
A and B positions, respectively. The local symmetry rela-
IV. RESULTS tions for the proton sites in the mixed crystal are, in prin-
ciple, similar.

The experimentally determined temperature dependence These symmetry properties of the ENDOR spectra have to
of the local order parameter distributid¥(p) of proton H13  be taken into account in the case of nonzero long-range order
is shown on the left side of Fig. 2. It was evaluated by meansf the proton system. The ENDOR spectrum consists then of
of the Tikhonov regularization technique from the ENDOR two overlapping spectra for a defined sign of the averaged
spectra® The p scale is normalized as mentioned in Sec. Il order parametep. Both spectra are inverted one to another
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r r T r T protons H13, H15 and the deuterons D13, D15 substituted at
the same positions in a highly deuterated QBPBPI, g5
crystal. In the HYSCORE experiment of =1/2, | =1/2
spin system with small hyperfine couplingA{<2v,) the
- correlations between the nuclear coherences of the two dif-
ferent electron spin Nlg) manifolds lead to cross peaks
(va,vp), (vg,v,) inthe 2D spectra. Here, is the nuclear
Larmor frequency,A denotes the hyperfine coupling, and
v,,vg are the nuclear transition frequencies in the two dif-
0.0k ferentMg states. In the case of $=1/2, | =1 spin system
' - - L : ' and small nuclear quadrupole interactiog (| vo|<v,,|Al)
50 100 150 200 250 300 as typical for deuteron nuclei, the nuclear quadrupole inter-
T(K) action gives rise to four nuclear transitions with the frequen-
CieS V1= Va+ VQ y Vo3= V4 — VQ y Vygs= V'3+ VQ and Vsg
FIG. 3. Temperature dependence of the experimental long-range v;—vo, Wherevg is the nuclear quadrupole frequency.
order parametep (open circley and the Edwards-Anderson glass Thus, we would expect eight cross peak®;,(v.s),
order parameteq (full circles) of proton H13 attached to the (vi2:vs0), (V23,v48), (V23,v50), (Vasiv12),  (Vas,v2d),
PC;~ probe in BR 18Pl g5 The quantitiep andq were obtained (155, 1,,), and (vsg, v53 in the 2D spectrum. However, in
as the first and second moment of the experimém@l). The solid  the case of &= 1/2, 1=1 spin system with small quadru-
lines were calculated according to Ed8.10 and (3.11) of the  hole interactions, these cross peaks are weighted by different
guantum Ising glass model using the parameters given in the teXtintensity factors depending on the modulation depth param-
, ) eterK and the pulse delay timein a similar manner as the
with respect tqp=0. We showed in our former paﬁahat & modulation in the 1D four-pulse ESEEM experiméhian
nonzero average proton polarizatipr 0 does exist for tem-  5na1vsis of these intensity factors reveals that the four cross
peratures beIoMc:144_K._ Th_us, the experlmentally ob- peaks ©12,74), (V3,vse), (Vas:v1o), and (g, o9 have
tained symmetrioN(p) distribution shown in Fig. 2 has 10 jnensities proportional t& in the limit of small hyperfine
be interpreted as consisting of two overlapping nonsymmetzqrlings whereas the intensity of all other peaks are propor-

ric parts tional to a higher power irK. As K<1 usually holds in

o , ESEEM experiments, the peaksvif,vss), (va3,Vse),
W(p)=W'(p)+W'(=p), (4.) (vas,v12), and (vsg,vog) Will dominate the 2D deuteron
where the average order parameter of the protons is given Bpectra in our case. A more detailed analysis of the cross-

peak intensities in HYSCORE experiments in the limit of
_ (+1 small nuclear quadrupole interactions will be given else-
p= ffl pW (p)dp. (4.2 where.
Proton HYSCORE spectra recorded at room temperature
For that reasonW(p) shown in Fig. 2 was empirically de- for two different orientations are illustrated in Fig. 4. The
convoluted intoW’ (p). This procedure allows us to calcu- assignment of the observed nuclear transition frequencies to
late numerically the temperature dependence of the averaglke protons H13 and H15 are based on an angular depen-
proton order parametgr according to Eq(4.2). The resultis  dence measured by the five-pulse sequence and a subsequent
presented in Fig. 3. For the determination of the Edwardscomparison with the hyperfine coupling tensors of H13 and
Anderson glass order parametgr there are no such prob- H15 in BRy;8Ply g5 given in a previous papérCross-peak
lems. It can immediately be calculated from the experimentafeatures were only observed in the first quadrant of the 2D
W(p) distribution asq is defined by plot as the conditiofA|<2v, is valid for both protons H13
and H15° The cross peaks of proton H13 @t8.07,14.71
1 (s, 1 (+1, MHz and(14.71,18.0Y MHz are well separated from those
9=3 Jfl p*W'(p)dp+ 5 ffl p°W'(—p)dp of proton H15 a(18.43,13.55MHz and(13.55,18.43MHz
for an orientation/ (B,c)=45° [Fig. 4a)] due to different
1+, anisotropic hyperfine couplings of both protons for the se-
—2 fﬁl p“W(p)dp. (4.3 lected orientatioR! However, the cross peaks of both pro-
tons H13, H15 display a ridge-type shape indicating a strong
The temperature dependence of the experimental glass ordé@homogeneous line broadening of the hyperfine signals
parameteq determined from the ENDOR spectra accordingwhich is caused by a distribution of the individual hyperfine
to Eq. (4.3 is also shown in Fig. 3. coupling parameterd. These hyperfine coupling distribu-
When tunneling is of importance for the protons but nottions reflect a variation of the local order parameter which
for the deuterons, one can expect that even in a partiallgan be observed in proton glass systems with strong random
deuterated crystal the local polarizations of the protons an€lelds such as BP.,BPI, even far above the nominal glass
deuterons are different. Measurements of the local polarizafansition temperature. For the other investigated orientation,
tions in a partially deuterated crystal have the big advantage (B,c)=20°, the separation between the cross peaks of
that protons and deuterons are studied at the same physiddal3 and H15 is smaller and the correlation peaks merge into
conditions. We employed HYSCORE experiments in ordereach other[Fig. 4b)] due to the strong inhomogeneous
to detect differences between the local polarization of théroadening of the hyperfine signals.
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FIG. 5. HYSCORE spectra of deuteron nuclei D13 and D15 of
v-irradiated DBR 1DBPI, g5 at 297 K. The spectra were obtained
with B in thebc plane anda) 2 (B,c)=45°, (b) «(B,c)=20°.

FIG. 4. HYSCORE spectra of protons H13 and H15 of
v-irradiated DBR 1DBPI; g5 at 297 K. The spectra were obtained
with B within the bc plane and(a) 2 (B,c)=45° (b) 2(B,c)
=20°.

resolved forz (B,c)=45° as the nuclear quadrupole inter-

Deuteron HYSCORE spectra taken at the same orientaaction of the deuteron nuclei leads to an additional line
tions at room temperature are presented in Fig. 5. As in thbroadening of the correlation peaks. As for H13 and H15, the
case of protons, the assignment of the nuclear transition franhomogeneously broadened cross peaks of D13 and D15
quencies to the deuteron nuclei D13 and D15 is based on likewise indicate a variation of the local order parameter of
measurement of their angular dependence using the fivéhe deuterated hydrogen bonds.
pulse sequence. Again the line shape of the cross peaks of Figure 6 shows a proton HYSCORE spectrum of
D13 and D15 reveals a remarkable inhomogeneous broadern-irradiated DBR ;JDBPIy g5 at T=10 K. The 2D spectrum
ing of the corresponding nuclear transition frequencies whichieveals cross peaks of protons H13 and H15 in their mean
prevents a better resolved deuteron HYSCORE spectruntlose and far positions labeled by H13H13, H15,, and
The cross peaks of both deuteron nuclei could even not bEl15;. Their nuclear transition frequencies have been deter-
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cates the absence of any inhomogeneous broadening due to a
Jj\ v,(MHz) variation of the local polarizations within the experimental
M A error. The deuteron nuclear transition frequencies of D13
D13, D15,, and D15 estimated from the HYSCORE spec-
H13c I trum are likewise summarized in Table I. In order to com-
Q H15¢ I pare the frequency splittingsAv,,5(D13)=v,,5(D13;)
- 20 —vop(D13) and Av,p(D15)= v, p(D15) — v,/5(D15)
H13f - between the close and far positions of the deuteron nuclei
\H15°f I with those of the protons H13 and H15, the deuteron nuclear
%0e I transition frequencies without quadrupole splitting were cal-
© QH15f N 15 culated according to

V1oia5t Vo356

i Vo= . 4.4
% HiSe Ny | ' 2 @
H13c - 10 The frequencies ,,; of the deuteron nuclei are also included

in Table I. It was shown in a previous ENDOR study on BPI
L L B L B that the frequency splittinga v,,5(H13) andAwv,,z(H15)

10 15 20 - are linearly related to the local polarizatigmy within the
hydrogen bonds H13 and H18lt is supposed that the same
v,(MHz) holds true for the deuterons also.
FIG. 6. Proton HYSCORE spectrum ofy-irradiated V. DISCUSSION

DBP, 1PBPly gsat 10 K. The marks andf refer to the mean close
and far positions of the protons H13 and H15 with respect to the The comparison with the theory outlined above, leading
PG~ center. The spectra were obtained witin the bc plane at  to the determination of the model parameters, was done in
£(B,c)=20°. the following way. In the first step, the self-consistent system
of Egs.(3.10 and(3.11) for the average proton order param-

mined from the 2D plot in Fig. 6 and are summarized in€t€"P and the proton glass order paramegewas numeri-
Table I. Close and far positions of the protons H13 and H1Zally solved, starting with parametedg, J,A from the non-
have also been observed in nondeuterateg B8P, g5 at  tunneling case. The model parameters includidgwere
low temperature§.It was shown that there, these positions varied such that the calculated glass order parantegame
correspond to a local polarization gf| ~0.7. Furthermore it ~ close to the experimental one. In the next step, taking these
is obvious from Fig. 6 that although the ridge-type shape ofarameters, the order-parameter distribution function given
the cross peaks is not as pronounced a6=a297 K (Fig. 4 by Eq.(3.12 was calculated witlt,=2o(p) as the numerical
the cross-peak shape of the protons H1813;, H15,, and  solution of Eq. (3.9 for every considered value
H15; still indicates some inhomogeneous broadening of the- 1=p= + 1. The distribution functioW(p) depends more
nuclear transition frequencies &it= 10 K. sensitively on the model parameters as the integral viglue

A deuteron HYSCORE spectrum &= 10 K is illustrated ~ Therefore, the parameters were fine-tuned by adapting the
in Fig. 7(a). Eight intensive cross peaks are clearly resolvedtheoreticaMW(p) to the experimental one. In the last step, the
We assign these peaks to the correlation peaks, ¢4s), theoretical values off andp were calculateq Wl.th this final
(v23,v50), (Vas,v12), and (s, v,9) Of the mean close posi- Parameter set. The result_s are illustrated in Figs. 2 an_d 3 as
tions D13 and D15 . An inspection of the central part of the Solid lines. The following parameters were obtained:
deuteron 2D spectrum reveals the less intensive eight crosk/4ks=200 K, J/4kg=30 K, and (2/kg=250 K. The pa-
peaks of the mean far positions D18nd D15 [Fig. 7(b)]. rameterA for the variance of the stochastic local field have
The deuteron cross peaks show a circular shape which indie be adapted for every temperature under study separately. It

TABLE I. Nuclear transition frequencieg; = w;;/27 of the mean close and far positions of protons H13,
H15 and deuteron nuclei D13 and D15 as determined from HYSCORE experiménts1tK.

V12 V23 Vas Vse Vo Vg
H13; 11.07 21.83
H13 14.31 18.10
H15; 11.54 21.10
H15 11.90 17.36
D13 1.709 1.607 3.438 3.343 1.658 3.391
D13 2.250 2.143 2.822 2.696 2.197 2.759
D15 1.719 1.719 3.337 2.255 1.719 3.296

D15 2.290 2.290 2.686 2.604 2.290 2.645
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D15¢ 2.0
o% FIG. 8. Local order-parameter distributio and ENDOR line
A\ L shapel calculated for 30 K according to Egé.12, (3.13, and
D13c¢ (3.14 with the parameters obtained at 90 K but using a relaxation
1.0 rate \/Aw=1. Both curves are identical on the normalized scale
' ' ' ' ' : 2w/Aw=p. No central line appears due to tunneling in the calcu-
1.0 2.0 3.0 lated ENDOR line shapd under the present conditions. The
ENDOR line is still rather broad due to the remaining distribution
V2(MHZ) of the local order parameter.
b) range ordered domains. As already argued in our previous
paper® the temperature dependence of the stochastic fields
v 1(|\/| Hz) below T might be attributed to a rearrangement of the local

proton polarization with the growing up of domains which is
not considered in the used theory. With the entrance into the
long-range ordered phase, the nucleation of domains is start-
D13f — - 2.9 ing in such a manner that their directions coincide with the
© mean direction of the local fields in this area. Consequently,
the variance of the local fields is apparently reduced as many

\
) ¢ o I of the local-field directions coincide with the direction of the

/ mean proton polarization. With growing up of the domain
D15f areas by lowering the temperature, more and more local-field
positions are incorporated into the domain with conflicting
directions which results in an increasing of the local-field
o) variance. However, we have now to regard the presence of a

nonzero mean polarization. As a consequence, a large num-
ber of local fields becomes nearly ineffective because their
directions coincide with the direction of the mean polariza-
. ) tion. Therefore, the variance of local fields in the ordered
2.00 230 phasg is distinctly Ipwgr than above . _

) : ’ It is worth mentioning that the appearance of an addi-
tional central line in the transition region from the fast to the
slow motional regime is considered to be an unequivocal
indication of proton tunneling? However, such a central line

FIG. 7. Deuteron HYSCORE spectrum of-irradiated Cannot be expected in our case with the above parameter set
DBP, ;DBPI, gsat 10 K. The marks andf refer to the mean close as the following considerations show. The reasons for that
and far positions of the deuteron nuclei D13 and D15 with respec@re the strong local fields at the proton sites caused by both
to the PG~ center. In(a) and (b) different contour levels and fre- the large stochastic fields and the long-range order, as seen in
quency scales are used as the cross peaks of @BD15 are less  EQ. (3.7). Using Egs.(3.14), (3.12, and (3.13, the line
intense and closer to the Larmor frequency as those of. Bh8  shapel (p) was calculated with the above parameter set but
D15.. The spectra were obtained wiB in the bc plane and for T=30 K assuming a relaxation ratldAw=1. The re-
£(B,c)=20°. sulting line shapd (p) is presented in Fig. 8 together with
. . . the order-parameter distribution functis¥(p) on a normal-
shows the fqllowmg pe(.:ullanty: a temperature—mdependenfzed scale 2/Aw=p. No central line at all appears in the
value A=10 is only estimated abové.=144 K, whereas magnetic resonance line shap@). Both I(p) and W(p)

A drops steplikely down to a valuk=2.5 atT¢ and rises up  are practically identical.
again with decreasing temperatureAe-4 atT=90 K. We In order to inspect whether the local polarization of a
assume that this peculiarity is related to the presence of longroton in the hydrogen bond is really smaller than that of an
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FIG. 9. ENDOR line shapé on the normalized scale«c? A w on |
=p calculated for 30 K according to Eg®8.12), (3.13, and(3.14 P j
with the parameters obtained at 90 K using a relaxation rate H13c H15¢ H13f H15f H15f H13f H15¢c H13c
MAw=1 but puttingQ=0. Due to the absence of tunneling the | | | [ [ ]
ENDOR line appears very close o=1 and is very sharp because

there is almost no distribution @f present anymore. Please note the
strongly extendeg scale. b)

substituted deuteron, additional ESEEM pulse experiments
were performed on a 85% deuterated sample of
BP, 1BPIy g5 at room temperature antl=10 K. The static
magnetic field was applied in directions where both the pro-
tons H13, H15 and deuterons D13, D15 were detectable and
gave separate lines with a linear relation between ENDOR
line position and local polarization. The room-temperature
HYSCORE spectra of the protons and deuterons as well are N T T O O B O
definitely strongly inhomogeneously broadened as the ridge- 10 15 20 25
type cross-peak shaffen Figs. 4 and 5 shows. Such a be-
havior is the expected one for a local order-parameter distri- v(MHZz) —»
bution as present in a proton or deuteron glass. The
HYSCORE spectra of the protons H13, H15 and deuterons gg, 10, projections of the HYSCORE spectraTat 10 K onto
D13, D15 at 10 K, however, show a striking qualitatively the », frequency axis. The deuteron spectrum is scaled by multi-
different cross-peak shape. Whereas the deuteron cross peaffsing the deuteron frequencies by the quotient of the gyromagnetic
are of circular shape which is typical for a homogeneousatios v, /vy : (a) projection of the deuteron HYSCORE spectrum,
line, the protons still show a ridge-type shape indicating anb) projection of the proton HYSCORE spectrum. The spectra were
inhomogeneous broadening. This different behavior is als@btained withB in the bc plane andz (B,c)=20°.
an indication for the appearance of proton tunneling as the
model calculations show. We see in Fig. 8 that the calculatednd D15 can be compared with those of the nondeuterated
proton line at 30 K is considerably inhomogeneously broadbonds formed by protons H13 and H15 according to
ened due to the still present local order-parameter distribu-
tion. The reason for this distribution at low temperatures is va/ﬂ(Hl%)—va/g(Hl&)\
the influence of tunneling. Using the same parameter set but PH/pPp(H13)= =

R X . ) ) Va/ﬁ(D13c) Va/,B(Dl3f)‘
without tunneling (0 =0), the resulting line shape is shown
in Fig. 9. Now one obtains a very sharp linepat 1 whichis ~ and
nearly perfectly homogeneous. This explains the circular
cross-peak Ilne shape of the deuterons for which tunneling is by /pp(H15)=
nearly not of importance.

As the investigation of the protons and deuterons was
done at the same crystal sample, a direct comparison of theithe quantitiespy and pp denote the local polarizations of
local polarizations is allowed. As already mentioned at thethe O-H--O and O-D--O bonds, respectively.
end of the former chapter, the local polarizatipnof the The different local polarizations of the protonated and
proton or deuteron in the hydrogen bond is proportional tadeuterated hydrogen bonds become obvious by a comparison
the frequency splittingAv,,;. When we assume that the of the projections of the proton and deuteron HYSCORE
factor of proportionality for protons and deuterons is alsospectra onto the, frequency axigFig. 10. For this purpose
scaled with the quotient of their gyromagnetic ratios, thethe frequency scale of the deuteron spectrum was adapted to
local polarizations of the deuterated hydrogen bonds D13hose of the proton spectrum by multiplying the deuteron

Varp(H15) = v p(H15)|
Vap(D15) — vay5(D15y)|

(5.9
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frequencies by the quotient of the gyromagnetic ratios VI. CONCLUSIONS
vyl/vp. The assignment of the deuteron frequencies to

D13., D15., D13, and D1 based the int ta- . . .
% % 3. an 9 was based on the interpreta ments on(betaine phosphajg;sbetaine phosphilggs pro-

tion of the deuteron 2D spectruftkig. 7). Figure 10 shows . .
clearly that the splittings for the protons H13 and H15 pe.vide a direct access to the study of the local proton polariza-

tween their mean close and far positions are smaller thaHon distribution and the glass order parameter in a proton
those of the corresponding deuteron nuclei D13 and D15. OHlass. The attempt to describe the experimental behavior
this renormalized frequency scale the line splittings,, 5 within thg framework of the random-bond random-field
are a direct measure of the local proton and deuteron polafRBRF) Ising glass worked out for deuteron glasses suffers
ization as shown schematically on the high-frequency side df? conspicuous insufficiency at least at lower temperatures.
Fig. 10. Taking the experimental values from Table | WeTaklng into consideration the influence of prqton tunneling
estimate using Eqs(5.1) py/pp(H13)=0.91+0.04 and by using the model of a quantum RI_3RF Ising glass, the
Py /Pp(H15)=0.89+0.05. experimental results can fully be descrlbe_d when a tunneling
As one may assume that for deuterons the tunneling cornergy {1/kg=250 K has been used. This value is of the
tribution is negligible, this experimental result obtained for Same order of magnitude as the tunneling enefigy /kg
the deuterated crystal confirms the findings for the proto=440 K that has to be taken in order to explain the shift of
nated system. The normalized local proton polarizapon T from 220 K in protonated betaine phosphite to about 300
remains smaller than one down to the lowest temperaturé€ in the deuterated compound. Therefore, we conclude
which underlines the importance of proton tunneling withinquantum tunneling of the protons to be of relevant impor-
the framework of the above applied model. tance in betaine phosphate/phosphite proton glasses.
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