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Th e K 3 H ( SO4 ) 2 doped w ith C u2 + ion w as studied in detai l by X -band
C W EPR . Tw o kinds of C u2+ comple xes (ma gneticall y and structurall y

none qui valent ) denoted as C u2+ (I ) and Cu2+ (I I ) w ere found. Spin- H amil -
tonian parameters , direction cosines, and coordinati on of C u2+ ion w ere de-
termined at ro om temp erature. The superhyp erÙne structure w as observed

b elow 250 K as a result of interacting of C u2+ ion w ith four equiv alent
protons (I = 1 =2 ). Temp erature studies of K 3 H ( SO4 ) 2 crystal show that
interb ond motion as a precursor of superprotonic phase transition occurs at
above ¤ 2 50 K .

PACS numb ers: 61.50. {f , 76.30. {v

1. I n t rod uct io n

The tra nsport of proto ns in hydro gen-bonded system is a long standi ng prob-
lem tha t has not yet been sati sfactori ly expl ained.

The properti es of the proto n potenti al and the proto n{ proto n intera cti on
lead to possible coherence in proto n moti on wi th the concept of to pological sol i -
to ns [1]. On the other hand, the propagati on of sol i to ns in nonl inear latti ce wi th
an im puri t y has been extensi vel y studi ed theo reti cal ly [2, 3]. T o perf orm such sys-
tem ati c experim enta l studi es i t is necessary to use several typ es of im puri ti eswi th
wel l deÙned concentra ti ons and site positi on.

The aim of thi s wo rk are studi es of coordi nati on and spin-Ha mi lto nian pa-
ram eters of Cu 2 + (3 9 ) paramagneti c ion in K H( SO ) (KHS) crysta l whi ch be-
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Fig. 1. The view of K 3 H( SO4 ) 2 structure along the b axis.

longs to M 3 H( SO4 ) 2 fam i ly of hydro gen-bonded insul ato rs, where M = K, Cs, R b,
NH 4 [4, 5].

The KHS crysta l has speciÙc crysta l structure whi ch conta ins a \ zero-dim en-
sional " hydro gen-bond netwo rk consisti ng of isolated SO2 À

4 À H . . . SO di mers.
The K + ions occupy tw o di ˜erent sites: K1 sym metri c site on tw ofold axi s (para l lel
to the axi s) and K2 sites related by screw axi s (Fi g. 1). X- ray data [5] show tha t
KHS at room temperature (R T) belongs to the space group 2 = 4 wi th

= 9 7 7 7 ¡A, = 5 6 7 4 ¡A, = 1 4 6 6 7 ¡A and = 1 0 2 9 2 latti ce param eters. Below
471 K, KHS exhi bi ts f erroelasti c properti es and above 471 K reveals high proto n
conducti vi ty order 1 0 1 ¨ 1 cm 1 [6]. In superpro to nic (paraelastic) phase the
ato m s slightl y displace to m ore symm etri c positi on resulti ng in crysta l structure
sym m etri zati on wi th the space group 3 .

Hexagonal plate- l ike K H ( SO ) crysta ls were grown isotherm al ly at 300 K
from the satura ted aqueous soluti on conta ining 19 wt % K 2 SO4 , 12.7 wt% H2 SO4

and 1 wt% CuSO 4 5H2 O. Opti cal investigati on of the sing le crysta l in polari zed
l ight reveals the ferroelasti c 6 0 dom ain pattern. EPR studi es were carri ed out
on a sing le-dom ain sam ple cut o˜ under the polarizati on microscope. The Cu2 +

ion concentra ti on in crysta l under study was of order of 300 ppm .

The ortho gonal laborato ry fram e chosen for the EPR ani sotro py pat-
tern was related to the , , and crysta llographi c axes as fol lows: ,
and .



EPR Study of C u2 + Doped Fast-Pr oton Conduct or K 3 H ( S O 4 ) 2 . . . 551

Fi gure 2 shows the EPR spectrum wi th m agneti c Ùeld B para l lel to the X

axi s (a ) and Y axi s (b). In Fi g. 3 the EPR l ine angular dependence is shown.

Fig. 2. EPR spectra of the single- domai n K 3 H (S O 4 ) 2 :C u2+ crystal at ro om temp er-

ature. T he external magnetic Ùeld is parallel to the X axis (a) and Y axis (b),

resp ectively .

Fig. 3. The simpliÙed angular dependence of the resonance Ùelds for Cu2+ complexes

in the X Y plane which include only , , and for the 63 C u isotop e. T he forbidden

transition lines are omitted. T he symb ols represent the experimental data for C u2+ (I )

(squares) and C u2+ (I I ) (circles) complexes. The solid lines were calculated using Eq. (1)

and parameters collected in Table.

There are two typ es of magneti cal ly non-equivalent com plexes denoted as
Cu 2 + (I) and Cu 2 + (I I). D ue to the point symm etry 2 in the sing le-domain crys-
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TAB LE

Spin- H amil toni an parameters and direction cosines of the C u2+ (I ) 1 ; 2 and C u2+ (I I ) 1 ; 2

complexes in K 3 H (SO 4 ) 2 :Cu2+ at ro om temp erature for 63 Cu isotop e.

Principal Principa l Principal Direction cosines of the princip al

Complex g-values A - values P - values direction of g and A tensors

in [Gs] in [Gs] X Y Z

2.066(5) 24(2) P = 6(1) 0.935 0.101 ´ 0: 340

C u2+ (I )1 ; 2 2.093(5) 6(2) Q < 1 Ï 0: 156 Ï 0 :743 0.650

2.435(5) 101(2) {0. 318 0.661 ´ 0: 67 9

2.105(8) 30(2) 0.615 0.252 Ï 0: 747

Cu2+ (I I ) 1 ; 2 2.065(8) 54(2) ´ 0: 257 Ï 0 :960 {0. 112

2.445(8) 80(2) 0.746 0.123 Ï 0: 655

ta l there are two structura l ly nonequivalent sites Cu (I) and Cu (I) for I- typ e
compl ex and two Cu (I I) and Cu (I I) for I I- typ e com plex (see Fi g. 2, Fi g. 3,
and Table).

The EPR l ines of each com plex consist o f four hyp erÙne structure l ines re-
sul ti ng f rom intera cti on of the electron spin of the Cu ion and i ts
nucl ear spin .

The integ ra l intensi ty of the single com ponent of the I- typ e compl ex is ap-
pro xi matel y 2.5 ti m es larger tha n I I- typ e com plex. The outer l ines of the I- typ e
compl ex in Fi g. 2 are spli t as a resul t of the app earance of two copp er isoto pes

Cu/ Cu. The sim ilar e˜ect is observed f or II- typ e com plex.
D ue to non-zero value of quadrupl e intera cti on tensor , the distances be-

tween four hyp erÙne structure l ines are not equidi stant and the forbi dden tra nsi-
ti on structure l ines ( 1, ) occurs around perpendi cular -tensor
ori enta ti on (see Fi g. 2a).

The EPR spectrum of Cu centre is described by the spin-Ha mi lto nian

(1)

where is the spectroscopic tensor, is the hyp erÙne tensor, is the quadrup ole
tensor, and are the Cu electronic and nucl ear spin operato rs, respect ively.

For both com plexes the pri nci pal values of the and tensors as well as
di recti on cosines of the m ain di recti ons were found f rom the angul ar dependence of
the l ines, and from hyp erÙne spli tti ng in the three mutua l ly perpendicul ar pl anes

.
The pro per f orm ulae for resonance Ùelds along pri nci pa l and tensor

di recti on in the case of rhombi c sym metry for Cu ion and for allowed tra nsi ti on
( 1, ) were given by Sakaguchi et al . [7]. In order to obta in
pri ncipa l values of , , and tensors we have m easured the positi ons of hyp erÙne
structure resonance l ines in the pri nci pal di recti ons , and used the m odi Ùed
[7] equati ons
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The coordi nati on of the Cu 2 + ion in crysta l latti ce can be determ ined f rom
the X- ray studi es, superhyp erÙne structure of the EPR l ines of Cu2 + ion, di recti on
cosines of the m ain crysta l Ùeld di recti ons as well as from the relati ons
between com ponents of the and tensors.

In the case of copper com plex of low sym metry the ground state is m ixed
(i .e. wa ve functi on of the ground state is a l inear com bina ti on of the ground and
exci ted states). If the fol lowing relati ons between spin-Ham il to nian param eters
hold:

or (3)

then the coordi nati on of Cu 2 + ion has ortho rom bic symm etry l ike in our case
(T able). The -axi s di recti on of Cu 2 + com plex is nearl y para l lel to the norm al of
the main coordi nati on pl ane.

The positi on of the adm ixture ion in crysta l l ine latti ce shoul d be also con-
sidered from the point of vi ew of the local charge com pensati on of the adm ixed
ions.

W e perform ed deta i led analysis of possible positi ons of Cu2 + ion in the crys-
ta l latti ce: (a) the vacancy left over by K1 ion (Fi g. 4a); (b) an intersti ti al positi on
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Fig. 4. T he neighb ourho ods of Cu2+ ion in mono cli ni c phase: (a) replacin g a K 1 ion,

(b) occupying an interstitial p ositio n betw een vacancies of K 2 ions. T he possibl e co-

ordinati on planes were marked as w hite quadrangle for I -typ e and grey for I I -typ es

complexes, respectively .

between two vacanci es of nearest-neighbouri ng K2 (Fi g. 4b). In both casesnear-
est oxygen ato m s of neighb ouri ng SO 4 groups form quadrangles whi ch coordi nate
Cu 2 + ion.

For I- typ e com plex i t is possibl e to Ùnd a coordi nati on pl ane determ ined
by four oxyg en ato m s wi th the angles 1 8 £ and 2 0 £ between the norm al and the
z -axi s, respectivel y. One can Ùnd the sim ilar relati on I I- typ e com plex wi th the
angles 1 7 £ (see Fi g. 4). for Unf ortuna tel y, the choice of the positi on of Cu 2 + ion

Fig. 5. (a) T he experimental (circles) and simulated (lines) superhyp erÙne spectrum

for Cu2+ in the K 3 H ( SO4 ) 2 at 119 K . (b) Simulated isotopic comp onents and total

spectrum for transition: ( M s = 1= 2, m = 3 =2) $ ( M s = À 1= 2, m = 3 = 2).
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is sti l l not uni que. Fortuna tel y, below 250 K the EPR superhyp erÙne structure
(SHFS) appears. D etai led analysis of the l ine positi on and l ine wi dth of tra nsi ti on
(M s = 1=2; m = 3 =2 ) ! ( M s = À 1=2 = 3 2 ) shows tha t Cu 2 + ion intera cts
wi th four equivalent proto ns ( = 1 2 ). Fi gure 5 shows the experim enta l and sim -
ul ated spectra. The spectrum consi sts of l ine of 6 3 Cu and 6 5 Cu isoto pes and we as-
sumed tha t the intensi ty rati o corresp onds to the rati o of abunda nce of 6 3 Cu/ 6 5 Cu
whi ch is equal to 2.24. The di ˜erence of hyp erÙne consta nts for the isoto pes
6 3 Cu and 6 5 Cu is equal to 3.2(2) Gs, the superhyp erÙne intera cti on consta nt is

= 2 4( 2) Gs and l ine wi dth Â = 1 2( 1) Gs.
The presence of SHFS indi cates tha t Cu 2 + ion occupi es intersti ti al posi-

ti on between vacancies of K2 ions (see Fi g. 4b), because only in thi s positi on an
intera cti on of Cu2 + wi th four proto ns in SO H . . . SO di mers is possible.

The f oregoing results and values of di recti on cosines show tha t case (b) is
correct and coordi nati on surro undi ng of Cu 2 + ion consists of oxygen ato m sdenoted
as O1(4), O3(1), O2(5), O3(6) for I- typ e com plex (whi te quadrangle) and O2(1),
O1(4), O2(4), O1(1) (grey quadrangle) for I I- typ e of com plex.

KHS crysta l wa s studi ed in tem perature range 100{ 450 K. Observati on of
EPR spectra at higher tem peratures is hardl y possible because of the l ine wi dth
bro adening.

Fi gure 6 presents Â ( ) f or tra nsiti on ( = 1 2, = 3 2 )

( = 1 2, = 3 2 ), whi ch is well described by m odi Ùed equati on [8]:

Â = Â 0 1 + e 2 cth 2

2
e (4)
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where h is the Planck constant, k i s the Bol tzm ann constant, £ i s the orbi ta l
spl itti ng in the tetra gonal crysta l Ùeld, E a i s the acti vati on energy and ¡ i s the
frequency of latti ce m ode.

Equa ti on (4) has been intro duced by Al tshul er and W ali jev [9] for successful
EPR l ine wi dth descripti on in sol id electro lyte. The basic idea of Eq. (4) is tha t for
the ti me longer tha n correl ati on ti m e of \ spin{ latti ce intera cti on" param agneti c
cl uster of MX 6 typ e can be characteri zed by set of norm al coordi nate Q i . Thi s
m odel cal led as \ ioni c l iqui d" is also used to l ine wi dth descripti on in superionic
conducto rs [10].

The R am an spectra have been m easured in KHS by D am ak et al . [11]. They
have found tha t nine sharp l ines in the frequency region of 173{ 39 cm À 1 respond
to the latti ce modes. They are shared in vi brati on and tra nslati on m ovements of
SO 2 À

4
and K + ions. The fact tha t Cu 2 + l ine wi dths in KHS are well described by

Eq. (4) wi th the values of latti ce m ode frequenci es 127 cm À 1 and 36 cm À 1 al low
us to concl ude tha t far below tra nsiti on to sup erionic phase Cu 2 + compl exes in
KHS behave as \ ionic l iqui d cage".

The g com ponent of spectroscopic -tensor of Cu2 + compl exes have the
averaged values at about 400 K, i .e. K below superionic phase tra nsi ti on
(Fi g. 7a). The di recti on cosines of and K2 vacanci es whi ch compensate an excess
charge of Cu 2 + ions are para l lel. At low tem perature (b elow 400 K) tw o disti nct
values of Cu 2 + (I) and Cu2 + (I I) com plexes mean tha t there are two nonequi valent
K2 (v acancy) positi ons in the crysta l latti ce. At about 400 K there is onl y one
(a veraged) K2 positi on. Thi s statem ent col laborates wi th R b8 7 NMR data [12]
in isom orpho us R b H SO crysta l of Me H SO famil y, where about 50 K
below only one Rb + ion was observed instead of three at RT . Thi s avera ging
pro cess is not val id for tw o other and com ponents whi ch describe a di ˜erent
deform ati on of Cu(I) and Cu(I I) coordi nati on pl anes.

The hyp erÙne intera cti on constant l inearl y decreases wi th tem perature
increasing for both typ es of compl exes (Fi g. 7b). The temperature dependence
of for powder KHS: Cu 2 + showed tha t , and are
equal to { 0.043, 0.033 and { 0.060 Gs K 1 , respectivel y. Cu2 + in KHS bonds four
SO H SO di mers. The dyna mics of Cu 2 + com plexes is predom inantly deter-
m ined by the therm al ly induced SO 4 vi bra ti on and proto n movement as wel l . Two
typ es of proto n m ovements i .e. \ intra bond" and \ interb ond" are disti ngui shed in
fast proto n conducto r [12, 13].

Addi ti onal ly, we ha ve observed SHFS resonance lines at temperatures below
250 K (Fi g. 8) and SHFS constant does not change below thi s tem perature
wi thi n experim enta l error. Superhyp erÙne structure in EPR spectra of Cu 2 + ion
is due to electron spin ( ) intera cti on wi th four equivalent proto ns on
Cu{ O{ S H path. The tem perature speeds both intra and interb ond moti ons.
The \ v anishi ng out" of the superhyp erÙne structure versus tem perature m ay be
evoked by indi vi dual l ine broadening or by dyna mic l ine wi dth e˜ects. In the case
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Fig. 7. Temp erature dep endence of g z (a) and A z (b) for tw o typ es of Cu 2+ complexes.

Fig. 8. Evolution of the superhyp erÙne structure versus temp erature: (a) full spectra,

(b) one SHF comp onent indicated on the left part by arrow s.

of l ine wi dth bro adening the spectrum consisti ng of Ùve (SHF) com ponents should
have alm ost the sam e intensi ty in the tem perature range where the Bol tzm ann law
is Ûat enough. By com pari son of spectra at 119 and 186 K we can see only about
10% l ine wi dth broadening. Such bro adening shoul d lead to the l ine am pl i tude
change of about 20% ( I ¤ A (Â ) ; here is the am pl itude, Â i s the
l ine wi dth). In real i ty the l ine intensi t y lowering is of order of hundreds %. It is
the evidence tha t am ount of nucl ear (hydro gen) spins do not parti cipate in stati c
spectra. Instea d they give an \ averaged" bro ad l ine in the centre of SHF spectrum .
Simi larl y as i t was observed by Evo ra and Jaccari no [10] such SHFS \ vanishi ng
out" appears for 1 ñ = 4 1 0 7 Hz (i n our case), where is the proto n
jum p ti m e and is the SHF consta nt. Onl y the last model leads to reasonable
data of computer simulati on.
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6. Co n clusion s

W e have determ ined unam biguously the site positi ons of Cu 2 + compl exes in
KHS latti ce. Our data show tha t even far below 471 K the KHS latti ce is \ soft" .
Two non-equivalent K2 site positi ons at RT are avera ged to one at about 400 K
(g z equivalency). Because four SO2 À

4 À H . . . SO2 À

4 are bonded by Cu 2 + ion we can
conclude on the basis on lack of g x and tensors avera ging tha t the dim er-l ik e
structure is preserved up to phase tra nsi ti on tem perature. The inÛuence of the
latti ce dyna m ics on the l ine wi dth is well described by Eq. (4) usual ly appl ied to
sol id electro lyte. It is our statem ent tha t in KHS \ vani shing out" of superhyp erÙne
pro to n structure in Cu 2 + spectra appears at temperature when proto n hoppi ng
intra bond rate 4 10 Hz.
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