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Analysis of magnetic-resonance signals from mixed lattices with application to the As( center
in the Rb;_,(NH,),H,PO, proton glass
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Electron paramagnetic resonan(®PR signals of the As@}~ radical embedded in the ferroelectric-
antiferroelectric mixed lattice Rh ,(NH,),H,PO,, the so-called proton glass, exhibit unusual features: the line
centers shift concomitant with an overall broadening, but not as predicted by standard motional narrowing
models. Earlier studies have interpreted this phenomenon as implying a direct evidence for the existence of a
“fast” ferroelectric-antiferroelectric exchange process. In contrast, the current work presents a phenomeno-
logical model that ascribes the observed signal to the resultant of a statistical average of hyperfine splittings
over the various possible near-neighbor interactions, with little contribution from motional averaging or ex-
change processes. The methodology presented yields information on the range of interactions in a mixed
lattice, and should be applicable to other related cases such as NMR analysis of mixed systems.

[. INTRODUCTION ly: a relatively sharp doublet for ADP and a broad singlet
for RDP (for Hlla+45°.181° Subsequent measurements from
This report presents a simple theoretical procedure foRADP mixed crystals showed a systematic shift in line po-
analyzing the line shapes of EPR signals from a spin probsition as well as line shape of the individual features as a
that is dilutely substituted in a crystal lattice of varying com-function of the composition variable.>~® These changes
position, i.e., a homogeneousingle crystal grown from were first interpreted to result from a fast exchange between
two compounds. The mixed lattice considered here is thafierroelectric and antiferroelectric configurations around the
whose components interact differently with the spin probe s#\sO,*~ probe? while later studies ascribed them to a com-
that the probe’s spectra are characteristic of each componemound result of strain broadening and slow motional
The main impetus for this undertaking came from some reprocessed;® but some controversy still existsThe present
cent EPR studies of the mixed lattice RR(NH,),H,PO,,  analysis indicates that the dominant features of the spectra in
henceforth RADP, in which the Asf)” center was utilized the mixed lattice can be explained as being a result of statis-
as a spin probe and the reported results were not wetical averaging together with some broadening due to slow
understood:® RADP has attracted considerable attention re-motional processes. Moreover, the presented methodology is
cently because its single crystals exhibit glasslike dielectri@eneral enough to be applicable for other types of spectro-
behavior® for example, a wide distribution of relaxation scopic studiesfor example, NMR of mixed lattices.
times/~'2and different magnitudes for field-cooled and zero-  Our organization of the article is as follows. The experi-
field-cooled susceptibilities: for the composition range 0.21 mental apparatus and sample preparation techniques are de-
<x<0.74. This system has thus been acclaimed to constitutecribed in the next section. An overview of the crystal struc-
a fundamentally new class ¢§pin glass system$!%14The ture and bonding is presented in Sec. Ill. The salient features
glassy behavior is essentially a result of the existence off the EPR spectra from the mixed crystals are described in
competing interactions in the RADP lattiée"* since Sec. IV. A theoretical model that can satisfactorily explain
RbH,PO, (RDP) is ferroelectric and NgH,PO, (ADP) is  the observed results and its comparison with the observed
antiferroelectri¢® In a mixed crystal of RDP and ADP, data are discussed in Sec. V. The concluding section summa-
therefore, a polar probe would be expected to experienctizes the main implications of this study for the problem of
competing ferroelectric and antiferroelectric interactions.proton glass and related areas.
Since the As@*~ center had proven to be a sensitive probe
of the slow motional dynamics and microscopic changes
near the ferroelectric and antiferroelectric transitions of the
RDP/ADP type crystal$® it was natural to examine its utility Mixed crystals of Rb_,(NH,),H,PO, (x=0.0, x=0.1,
for the mixed latticé’” Additionally, earlier EPR studies of x=0.2, .. x=0.9,x=1.0) were grown by slow evaporation
the AsQQ™ center substituted into single crystals of RDP andof aqueous solutions containing about 0.1 mol %
ADP had demonstrated that this probe’s EPR signals werdlH,H,AsO,. NH,H,AsO, was added in order to replace
distinctly different when used in the two lattices separatesome of the PG~ units by AsQ®™ groups. The doped crys-

Il. EXPERIMENTAL DETAILS
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tals werex irradiated in order to generate the EPR-active  x=00 x=0.3 x=05 x=0.7 x=1.0
AsO,* center'® The x content of the mixed crystals was

ascertained via measurements of the Rb content through EPR

analysis as outlined in Sec. V. All of the crystals utilized in

this study were rectangular plates with prismatic ends an

their longest dimension was found to be the unigpelan

direction, thec axis. EPR measurements were made at the

X-band (~9.5 GH2 frequencies utilizing a computer-

controlled Bruker ER-300 EPR spectrometer. The micro- FIG. 1. Lowest-fieldm=3/2) components of EPR spectra of the
wave frequency was measured with a Hewlett-PackdlRk  AsO,*" center in Rh_,(NH,),H,PQ, for x=0.0, 0.3, 0.5, 0.7, and
5340A) frequency counter while the Zeeman field was1.0.

calibrated using the standard free radical 1,1-diphenyl-2-

picrylhydrazyl (DPPH. Crystal orientation was accom- to the lattice via strong Coulombic forces since it has been
plished using a Bruker goniometer with EPR measurementshowrf? that relatively weak electric fields can alter the polar

made at every 5° in the three mutually perpendicular crystagtate of the radical even at temperatures above the Curie
planesab, bc, andca at every compositiox. Microwave  point. Thus the EPR spectra of this center would be expected
power level and magnetic field modulation amplitude wereto be a sensitive probe for monitoring the nature of compet-

optimized to obtain maximum signal amplitude without anying interactions in the RADP type of mixed lattices.
noticeable line shape distortion.

IV. SALIENT FEATURES OF THE EPR SPECTRA
Ill. STRUCTURAL DETAILS AS A FUNCTION OF COMPOSITION

With the view of being able to provide a clear physical We begin by summarizing the evolution of the complex
description of our theoretical model as well as for later dis-line shape of the EPR signals as the composition is varied
cussion, it seems useful to give a brief overview of the strucfrom that of pure RDRx=0.0) toward pure ADP(x=1.0).
tural and bonding properties of RDP, ADP, and the RADPThe salient features of the observed line shape would then be
(proton glass system. Both RDP and ADP grow as rectanused as the basis for our theoretical model presented in the
gular parallel-piped crystals, exhibiting a tetragonia ) following section(V).
symmetry, with thec axis as the largest dimensidnhThe Figure 1 shows some typical spectra for five selected
structure is built from chains of P& anions and Rb (or ~ compositionsx=0.0, 0.3, 0.5, 0.7, and 1.0. The spectral fea-
NH,") cations, alternating along theaxis atc/2 intervals.  ture depicted is the lowest-fielgn, =3/2) component of the
Each PQ*" anion is linked to a neighboring B® unit  "°As hyperfine quartet for the orientatiéfil(a+45°) at room
through O-H--O hydrogen bonds essentially perpendiculartemperaturg~295 K) and has been discussed in detail in
to the c direction, i.e., along the crystallographicandb  several earlier reports.®®=291t will be noted that the line
directions. The H's are found to be dynamically disorderedshape evolves steadily from a singlet to a doublet, almost as
between two sites of a double-minimum potential well alongif the mixed-lattice spectra were a result of a simple super-
the O-H--O bond® On cooling below about 148 K, the H's position of those from the individual components. In order to
order in one of these two sites and this process results in eheck this possibility the spectra were reexamined by com-
(nearly) first-order structural as well as dielectric transition in paring them with those obtained by their algebraic addition.
both RDP and ADP. However, the H’s order ferroelectrically Figure 2 shows the results for=0.5. For convenience of
in RDP but antiferroelectrically in ADP. Thus, when a crystal comparison, the spectra for pure ADP and RDP are repro-
is grown as a mixture of RDP and ADP, i.e., RDRADP,,  duced in Figs. &) and 2b), respectively, and their algebraic
the proton lattice experiences competing interactions: the H'sum(simple addition is shown in Fig. Zc). The spectrum of
in a microscopic unit containing the Rb cation would have aFig. 2(c) was found to be identical with that obtained from
tendency to align ferroelectrically, whereas those around athe crystals of RDP and ADP glued togett€ig. 2(d)]. In
NH,"-containing subunit would experience antiferroelectricgeneral, the spectra observed from the RADP crystals were
forces. Thus the H's in a mixed RDP/ADP crystal would found to be different, as may be noted from Fige)2vhich
behave as a glassy system, providing the justification for thehows a typical, experimentally observed spectrum for
term “proton glass” for RADP(7—14). It is also importantto  x=0.5. It is noted that the mixed lattice shows a spectrum
note that the mixed lattice retains its tetragonal symmetryvhich is significantly shifted toward the center, as compared
even in the glassy phagéwell below 148 K. to Figs. Zc) or 2(d), implying that the probe responds to the

The AsQ" radical is generated in the RDP, ADP, and mixed lattice fairly characteristically. Thus the spectrum of a
RADP crystals by a diluté=0.1 mol %9 substitution of the mixed crystal is not just an algebraic sum of the spectra of
PO,>~ moieties by As@®~ units and then x-ray irradiation of pure ADP and pure RDP. Nevertheless, it seemed clear that
the doped crystals to convert AgO anions to As@'” the spectrum of Fig. @) still could be analyzed as being
radicals!® Thus the As@*" radical acts as a microscopic composed of the signals of the pure compounds by assuming
probe for sampling the environment around the,PQunits.  that the mixing process causes changes in both the positions
Detailed EPR and electron-nuclear double resonancand widths of the signals. This hypothesis was tested by
(ENDOR) measurements of the AsD radical have estab- application of a fitting procedure. To simplify the mathemati-
lished that the radical retains the site symmetry of the subeal procedure, the integrated spectra were used. The experi-
stituted siteg®82 Furthermore, this polar radical is coupled mental spectra of the mixed crystals were fitted from a com-
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' ! ferroelectric and ferroelectric state of the AGOunit as seen

in the pure RDP and ADP spectra. These observations

H (Gauss) formed the basis of our theoretical model as discussed in the
next section.

FIG. 2. EPR spectra of the RADP system: pure AGR pure

RDP (b), the mathematical sum of the spectey, the spectrum of
an RDP and an ADP crystal glued togethd), and of an RADP

V. THEORETICAL MODEL

mixed crystal withx=0.5 (e). In order to further interpret the parameters of the com-

pound signals as obtained by the fitting procedure, and to

bination of the ADP signalGaussian line shape in the explain their linewidths and positions, a statistical approach
integrated spectrujmand the RDP signaldouble Gaussian was used. Assuming that a neighboring'Rbn has a ten-
line shapg The fitting parameters were the amplitudes, lin-dency to impose a ferroelectric orientation on the £SO
ewidths, and the positions of both the Gaussian and thgnits, and an ler group has the opposite effect, the prob-
double Gaussian signal. Satisfactory results were obtaineghijlity of the observed unit being in each of the two possible
for every composition. An example&=0.5) is shown in Fig.  states can be determined from the number of influencing
3. As may be noted, a plot of the area under the signal fronheighbors and the composition of the system. In a first-order
either of the components versus the system composition approximation, it was assumed that around the As@robe
yields a straight line with unity slope, showing that indeedthere are a total afi cations that can influence the spectrum.
the theoretically obtained amplitudes of the postulated comThe probability thatm of the n significant neighbors are
ponent signals match the actual composition of the mixedyH," jons can be expressed as

crystals closely(Fig. 4).

The straightforward conclusion is

that the experimental EPR signal of RADP is indeed com- nIxX™M(1—x)"~m
posed of two distinct components, representing a local anti- Pm(N,X) = Th—m)iml (1)

FE Component

- Experiment

— - Fit Results

wherex is the fraction of ADP in the mixed lattic®@<x<1).
The assumption that Rband NH," neighbors influence

the "°As hyperfine coupling for an Asf)™ center with equal

! strength leads to the following expression for agAkIO,"

% AFE Component unit to be in the antiferroelectric configuration:

m
Pare(n) = e 2

Combining(1) and (2) gives the probability to find an anti-
ferroelectrically oriented unit withm NH," neighbors
around

1
1350

H (Gauss) PAFE,m(n’X): pm(n’x)

m

FIG. 3. Comparison of experimental and theoretical spectra for
an RADP mixed crystalx=0.5); rectangles: experimental signal; Using the linear dependence of tfds hyperfine splitting
full line: theoretical signal obtained by fitting; dashed lines: theon the system compositidnthe line positionH ,(n) of the
two components of the theoretical signal. component of the signal can be expressed as



6126 KLYMACHYOV, XU, WANDELT, KAHOL, AND DALAL 53

Mo Position of AFE component 5 P
— — Position of FE component — s
1445 2 //
e
S / °
1440 '83 A . // //
2 phous
1435 4"~ c /
o . -
£ L
S 1430 f= ///
T - E 3 / ’ ®
1425 O z /
o . /
5 VIS
1420 - g /
[
1415 - 'g 2] /Z
//
3 / ,
c : /
1410 T T T T ~ / /
0.0 0.2 0.4 06 08 1.0 c // 4
x in Rb, ,(NH,),H,PO, 1 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
FIG. 5. Plot ofHgg andH ge versus the system compositian ;
xin Rb, (NH,) H PO
The different lines reflect the different values for 1(NFL) ?

FIG. 6. Plot of the interaction range parametevs the system

H,.(n)=H m ‘H n—-m 4) compositiornx; the hatched area corresponds to the rangevdfiere
mit T ETAFE FE nh an FE/AFE ordered phase does not exi®efs. 7, 8, and 10
whereH g andH e are the line positions of pure ROIPE) Heee H A
and ADP(AFE). The line position of the total antiferroelec- e o AT )

tric component of the signal of a given RADP system can
then be obtained by calculating the average over the line
positions of all the As¢f~ units, weighted by the probabili- whereA is the difference in the line positions for the spectra
ties of their occurrence, of pure RDP and ADP, i.eA=Hg—Hare. If experimental
men values forA andA, could be obtained, this equation would
Zm-oPrem(NX)Hm(N) allow the determination of the parameter
S oPArEm(N,X) ExperimentallyA can be obtained easily by recording the
i L spectra of pure RDP and ADR,,, on the other hand, is the
where the denominator serves as a normalization constanfiterence in the line positions for the FE and AFE contribu-
Substitution of(1), (3), and(4) in (5) and subsequent simpli- jong 1o the observed signal from the mixed crystal as ob-
fication (see Appendikyields tained from the fitting procedure described above. In Fig. 6
L 1+(n—1)x the results fon obtained from our EPR spectra are depicted.
Hare(N,X) =Hpe+ (Hape—Hp) ————  (6)  The plot shows that the range of interactigrepresented by
n n) is biggest in the vicinity oix=0 andx=1, whereas for
as the function describing the line position of the overallX~0.4,n reaches its minimum. Another very significant ob-
ferroelectric contribution to the EPR signal and its depensServation was the asymmetry of the plot in Fig. 6. The same
dence orx andn. An analogous expression can be obtaineddielectric studies which reporté&'® that the range ofx
for H_FE(an): where no ferroelectric or antiferroelectric low-temperature
phase exists is 0.21x<<0.74, also showed that the formation
_ 1+(n—1)(1—x) of an ordered phase is a little more favored on the,xich
Hee(n,X) =Hare+ (Hre— Hare) N : side of the diagram than on the Rb-rich side. This is in full
(7) accordance with our result that the range of interactions
) ) » ) seems to be slightly smaller on the Rb-rich side. It also ap-
As can be seen, for any giventhe line positions are linearly pears as if there is a threshold value for the parameter
dependent ox. _ _ ~2.8), below which an ordered phase cannot exist.

Figure 5 shows a plot of this dependence for different  another interesting result which can be obtained from
values ofn. Forn=«, one obtains a straight line between the Fig. 6 is the fact that at the minimum of the experimental
line positionsH e andH e of the pure compounds. For all ¢yrve, the parameter approaches 2. Since one of the main
other values of, there is a pair of corresponding lines for agsumptions in our model is that signifies neighbors of
the FE and AFE contributions. The lines of each pair havesqual influence on the group, and there are two closest neigh-
equal slopes, with a vertical distandg between them. This o5 for every PQASO, group in the unit cell, it seems safe
distance corresponds to the differencéeg(n,X)  to assume that at least for system compositions around
—Hare(n,x), and subtraction of6) from (7) can be used to x=0.5, the range of interactions in the crystal is limited to
derive the relationship one unit cell. For other values of, the interaction range

Hee—Hare An

Hape(n,X) =

: ©)
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seems to increase. This result is in line with the notion thaODn the basis of a fairly satisfactory agreement between the
short range cationic interactions are the signatures of the foexperimentally observed angresently simulated spectra

mation of the RADP glass. (as may be noted from Fig. 2, for exampiee conclude that
the observed spectra can be well understood in terms of the
VI. CONCLUSION presently suggested statistical model, without any contribu-

) tion from motional effects.

In the present study, we were able to show that in the EPR |n summary, for the RADP system these results provide
spectra of RADP crystals the spectra from the two possiblgformation that is relevant to the range of interactions. It
(ferroelectric/antiferroelectrjcstates of théP, A9O, tetrahe-  hus appears that this procedure provides an easy and quick
dra can be clearly distinguished for all values of system commethodology for assessing the composition over which one
position x. Using only very general assumptions, we wereémight expect glassy behavior. With a broader view, and since
able to derive a relationship between the relative shift of thgpe analysis procedure used is fairly general, the methodol-
component signal and an interaction range parammete®p- gy should in principle be applicable to a wide range of
resenting ahypothetical shell of neighbors with equal in-  gystems with competing interactions. As long as the indi-
fluence on the central tetrahedron. Thus experimental valuggqyal contributions can be spectroscopically separated for a
for this parameter were obtained from the observed spectrgjven composition, it should be possible to utilize these pa-
For system compositions aroure-0.5,n corresponds to the  rameters for assessing the range of interactions in the system
number of closest neighbors the tetrahedron has in the unjy, that composition. Thus the same methodology might be
cell, indicating that the range of interactions in mixed Crys-applicable to3'P or As NMR studies of phosphate- and

compositions, the range of interactions is significantly larger.

Itis worth emphasizing that all the measurgments_were made ACKNOWLEDGMENTS

at ambient temperatures, but we could still obtain valuable

information related to the RADP composition range which We gratefully acknowledge the U.S. Department of En-

shows glassy behavior. ergy and the U.S. Bureau of Mines for partial support of this
As alluded to in the Introduction, two contrasting inter- research.

pretations of essentially the same spectra have been reported.

The first oné proposed that the spectral changes can only be APPENDIX

explained in terms of the effects of a fast=10"% s) ex- . o

change between adjacent ferroelectric and antiferroelectric '" Order to obtain Eq(6) from Eq. () it is useful to

configurations. In contrast, a subsequent stushcribed the derive three intermediate equatiofis1)—(A3)]

line shape changes to just spectral overlap and broadening

: , . : onixM(1-x)"m
due to lattice strairfcaused by structural and bonding mis- > = CxM(1-x)" "
; . - © . ™ mX"(1=X)
match, without presenting any mechanistic details. The re- m=0  (n—m)!m! m=0

sults obtained in the present work disagree with the “fast _ o
ferroelectric-antiferroelectric exchange” model because for =[x+ (1=x)"=1. (AL)
every composition we have two hyperfine parameters, rathefhis  directly follows from binomial expansion
than only one(as expected from the fast exchange mddel (a+b)"=3"_,Cla™" ™,

N - N - - . N
nIX™(1—x)""™m nIX™(1—x)"""m kIX' (1—x)k _
mZo (n—m)imin _szl (n—m)!min _XEO (k=iyrip Where k=n-1 andi=m-1
=X, using Eq(Al). (A2)

And, finally

" nlX™(1-x)""™m? KIx(1—x)T(i+1) ,
mE:O (n—m)Imin? :Xizo (k=D (k+1) where k=n—1 andi=m-1
kI (1—x)Kj

1|2 1]= 2 (kxt1), using Eq.(A2
k1|2 k=i Y T (et using Bq.(A2)

X
=ﬁ(nx—x+ 1), on substituting backn=k+1. (A3)

Now we can simplify Eq(5) by substituting Egs(3) and (4):
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_, NIXT(L=x)"" ™ m H m H n—m
S +
m=0 (n—m)'m! n | TAFE FET
1M1 —y\n—m
_, NIXT(1=x) m

m=0" (n—m)Im!' n

Hare(n,x) = (A4)

Then, using EqstAl), (A2), and(A3), Eq. (A4) becomes

1+x(n—1)

Hare(n,X) =Hge+ (Hape—Hep) n
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