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The shift of till' tran sition t!'lll]ll'r'I(IIJ'C with p1'e~sllre for K1:I 2A804 (d1'J dp = ( - 3.3 ± 
± 0.2) degjkb'lr) and fur itt> 11

2
1'0 I (d'J'e/lip = (-l:L2 ± (U) clcgjldJilr) " 'as determinccl 

by didcdrir.(:()n~tant nH'aNUI't'IIIC' lll s undcr h'ydro~tati t' prcsS llrc up to 1.2 khar. The 
CXIJl'rill\cntal data arc anal.,·setl usin g a formula for the ~ hirL of 'l.'c with pn'sSlIre clcriyed 

from l';:obayashi's theory . 

. \w; di('l!'ktri"I'\Il'1I :lrl '"s lln~en lllltcr hydrostatischclll Dnwk bis ZLI 1,2 kbllr 'Hlrclc die 
Drll(.k"(,I'Sl:"i('hlll)~ <IN L'It\\I" lIHlllllI ~~ t('tllpCnLtltl' HIt' Id·\ 2'\~O., (dTr/dp = ( - 3.3 ± 
± o,:!) ~rcl / kbar) 1I1lll hi t' Hhlfzl'O., (r\l'c jdp = (- tl,2 ± 0,:3) grdj],bar) bcstitllmt. Diu 
e:qwrillll'tltl'llcll Dall'll werdC'n attf tier C;l'u ltdl a~l' cincr Formcl hir dip Dnlcl;xersrhie· 
bung (\(or Cltlllandlull:,!"leJttl'eratttr, di ~klll ic'rt die all~ der ThoOl'ic YOll Kohayashi abgeleitcL 

wnrdc. 
1. Introduction 

KH
2
PO.

l 
is the ll10sL typical substa.nce amol1.Q: a group of hydl'ogen-bondecl 

ferrocl cct]'ic:~. If h}Llrugl'll is substituted by delltel'illlll, the transition temper
ature incl.'l'a"rs ,,( I'On )..dy, whid} has stimul atcd the cxpcrimcntal nncl theorctical 
work all 1\:1 [~l'O t it ntl KD2PO,I' Thc influence of hydrostatic prcssul'C' 011 the 
pha~e tran si1 ion oJ these Sl1bstan c('~ was determincd ii'om neutron scnttc l'ing 
by Ull1eba~·ashi. Frazer, Shirnne, and Daniel::; [lJ: from dil'ieetrif'-constnnt 
lllC'a ;;memcnts 011 K)))'O.l by ::)amara. [2J, ami all },H2P04 by llcgcnbarth antI. 
'UlIwer [3]. Hast'd on the tunneling model ['/',5], theoretical ilwcst.igatiolls on 
the influclll'c of prcssurc on the phase trallsition 1u1\"e bee'~Jllade hy Xontiwyic 
[0.1 in 1,hc ll\nlcl'lI lar-fi cld approximation and by BJine and Z:eks L7] in the clustcr 
apPl'oxilllaiiull or ]1JillC and Syc,tina (8). 

These iluthol's cxplninccl the shift of thc tral1sition temperature ,ritll pressure 
in J\:lI~P(\ and KD~P01 t.I11'l"eby elllphus izil1 l-( the grcnt importance of t It l' 
tU11l\elitlg ]1wtinn 01' the hydrogen isotope in 1he 0 - 11· . ·0 uoncl s for tbe 1111(1<-1' 

standing of t Ill' isotope ciIed. 
It is uf inll'rt 'st 10 know hO\l' the other l'OnstitUl'nts of tbe latLiee 1nfJIIl'tllT 

tile phn se 1 i';ltlsitillll a,nd the fen-ocleetic l)('ha.yioul'. For tlli" l'C'H"on we 1l11 'l h 

ut'ed t.he dieiL'dril.; l'on::;tnllt as a f\l\lctioll of temperat nre ul1t1n h~' dI'Ilo-t ll I II' 
]It'l'~S\lI'(, lip to :l bout. L.2 kbar fol' l\: 11 2:\ , 0, allLl H.bH2PO-l within tilt' n' :,! ;IIII "t 

phn;;c trnn"it ion. 
From th e e{[tlation [or ' '1'c ill J\.()ba~·ashi·s th eory for l\Jf~ I'()I · l.' Ill ' kl l" 

"II-vtries [9, 10J we deriYcll II dl):;ed expressioll for the shift ur 'I ',. Iljllt I'" ~ ,, 1' 
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With the a,jd of this formula , the measuring rcsults [tl'e discussed. and numerical 
YlIlllCS for the parameters of the tunnelling modcl are d e tcrmined. 

2. ]~x-p('rillll'ntal 

Prc:-;sure was grnemted ,,"itlt the t.hcnnal-c;ollllwessor J11c1.hocl. H elium gas 
was used as the prcssure-tril1l Sllliss ioll medium. The apparatus is dcscribed ill 
LJ 1]. The prcssure was dctrrmined lJy a Honrdoll-t,ype mano]11rter to an ac
curacy of 6.p = ± 16 bM'. For t.emperature men:-;Ul'CllH'nt ,t pla tinulll resistance 
thermometcr was u scd. The s in £(le crystals \\'e J'l' eeiyed f!'OOl lhe Ph?sies In t:. ti-
1.ntrs of t.he Czeehoslo\-akinn .\ cndow}' 0[' Sc-iences in .L'I'<1 i! lIe and the Polish 
Academy of ~ciences in pozna ll. The ],11 2.\::;04 (;rystaJ:-; hall a surface uf about 
30111m

2 
and a tbickness of about] 111 Ill , anel the Hb1I21'04 crysta\::; \r ere 

80 Jlllll2 and ].7 mm, l'cspcdiYely. Silvrl' and gold elertrodcs J1<1.\"O been 0\' :1-

ponded under high ntCUU!l1. The capacit,y was mcaslll'ccl at a frequency of 
800 IIz, at. an electric fi eld stre ngt h E < ~O Y/em for KHzA.s04, and 1'1 < 
< 8 V/cm for RbHzPO.j , l'espccti,ely. 

3. Ucsnlts 
Fig. 1 and 2 show the allomalies of the dielectric cOl1:-;tan1.s in the phu:-;c 

transition region for [t KlfzL\S04 allCl a Hhn~PO.l crysta l. In hath cascs , by 

Fig. 1. Tempccalure dr pelll\e,we of th e Ili e
lectriC ('Oll~tilut untll'l' diffl'fenl 1l1'C''':,1I 1' l' f,u' a 
KHzAsO" cry:-;l::d in til l' Jlhn ::(~ ·ll'i.ln .... ilioll reulon 
(]03 at = 0.\)'" kl.ar). ('Ul'Y('s 1 ttl ·L 1111';\
sur(:(l with d t>(· rt'al'-i n~ t(:mtll'ra.ll1rl': ('nr\ "S 
l' and [,: ll)C:'burrd wit h illl'l'l!i\:; ill g: trill pc-
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~L_(",LI" I K~Ast4 (7) 
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rig. 3. ]·rcssurc tl t' Pi lldC'IH'p of thc trn.m::; itioJl tC1I1perature Tc l:'ig. 4. ])[C':-;SllfC flepcIHh'll l'p of the transition 
for a J, 11 ,.\ ,.0, cr)'<la l (10' nt = 0.!)81 klta .. ) t"mpcrnlure Tc for a JtbH,PO, cr~'io lal 

J'J'C~S lll'e the phase transition is shWed to lower temperatures with no essential 
ella ngc in t 11(' ::;ha pc of the p( '1') anomuly . The maximum yalues of the dielectric 
constant illl': l'('ase somewhat. under pressure inJlnellce. Fig. 3 and J show the 
transition tempeJ'alures as fllnctions of pre, ·:,all'e. 'Yit-hin t,ho illeasllred pl'es:mre 
range a ]i]H'Hl' dependence was fOllllll. In the case of t,wo KH2:\sO, cr~·stals 
(Te =--=- !)G.~ "K and \l3 .G ~E., Icspeet.i\'clyi the shifts of 'l'e wi th pressure, clTe/dJ) = 
= (-3,4 ± 0.2) dc[[ !kbar and ( - 3.2 ± 0,2) dc'g/kbar, were ohselTed. In the 
case of th(' H1JH~P04 erp,tai ('l'e = UG OK) 'H' obtained dT) dp = (-8.2 ± 
± 0.:3) cle~/ khal' . These sh iHs a11(l that for KII~POI [3] arc listed in TahIr 1, 
a nd plotter! in Fig . .) against the t ntllsition telll pera lure at a tmo:=;pherie pressure. 
The measmed point:- lie a lm ot>t in a str:aight lin('. This lllay be accidental, and it 
should be tested experimentally with the other isomorphous fClToclectrie sub
stances, c.g. nbll~..--\sO .l ('1\ = llO CK). 

TaLle 1 

Ex I't'rillll'ntn I data of KTf~AsOI' KU~POI' and HbH2PO~ and dl'ri'-l'd 
data ahout the tunneling t'nt'l'g~· Q anti the inll'radion j)arnlilete l' J 
(d'. tit!' t exl). Dat:1. of tht' tll'lItc:rated (:I'Y ll tnl~ are tlcsignutcd by the 
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*) ('al'·lIlat(·,\ h.\' lin f'''!' ('xtrnl'olatioll t o the tran~ition tt'llIp('1'atlll'e 
1',..,111 t'x}lNi llll'lIt al data of lIall""iih l [IOJ. 
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4. Discussion 

In the- t hcoret.ie-al expla na,tion of the- pl'C'ssure dq)('nciencC' of T c CHU' approach 
is similar to those of ~oya];ovic [0] allJ .Eline and Zek~ 17], but om d(,l'lYation 
is Lased nn Kobayashi's dynamic llwol'Y In, 10J which at. prescllt scellls lo Le 
the mo;;t snti:;factory tJH'ory for KII ~PO 1- type felTo('leetrics. In t his theory 
the totallJamiltonian is of the form 11 = Hp + HI, + lfrv 11p de-serihing the 
prolon tunneling motioll in the double minimum potentials along the O-H .. ·O 
bonds, H J, the latti ce vibrations, and HpL the coupling between tunneling mo
tion aIlll In.lbee \"ihratiolls. The tUlllleling term is geuernlly expressed as [5] 

(1) 

Xl and Zt Leing components of the pseudo-spin, Q the tunneling energy, and 
JZI' the pammetel's uf the proton-prolon coupling which fa YOllrS the format.ion 
of the ferroelectric state. 

The t ri1l1sition temperature 'Pc is cld'inecl as tbe telll])erat.ure at "'hich the 
fl'eqllellcy of 1.he ferroelectric mode, \I'hich is a coupled protoll tunneling and 
opticullat.tice vibration mode, tend:-; to zero. 'l'e is determined by the cquation 
[9, 10] 

Q 
4 Q - J ta1lh kT = 0, 

c 
(2) 

where J = II' JIl' + J L and 1.: is Boltzmann's constant. The part J L whicb 
results hom the proton- lattice coupling has he en explicitly gi\-en by Kobayashi 
[9] and Cothran lJ 0 I. J!'or J L = 0 equation (2) reduces to the equa.t.ion for 'Pc in 
the molecular-fielel approximation of tbe t llnncling mod el [12]. This approx i. 
mation has been u sed by Xovako\-i6 [0] for hi s in\'('s t igation assuming J to be 
presslll'c-jnclependen t . 

In the «ase of pressmc app lication, the distance 21: bet.ween the t\l-O equili. 
brium sites in t he double minimulll potential is reduced , the \'aJues Q and J 
are yarying, resulting in a variat ion of 'l.'c' Hence " 'c IHwe 

(3) 

From cquat ion (~) we derive 

--= - - - smh --8Te k (Tc . Q )2 
6,] ·1 Q k'l 'c 

(4) 

amI 

(5) 

The ckpcndetH'l' or J 011; i;; known frolll the 11<11)('1':< of Blillc ('t a l. l7, 81 alld 
Kobayas hi l!ll: J '" ~~. thu;; dJ /d: ~ J/~ . Fol' the simp le doul,lc llllllJlllllJll 

)loh'lIt inl eompo;;('d of the potent ial:-; of two Illll'lllOnic oscillators (mll;;s III, 

I 
I 

r 
I 

t , 
I 
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ground state cnergy Ro, distance 24') in case of q2 ?> ], the t.ullllcling encrgy is 
given hy [6, 7 J 

(6) 

Thus, 

dQ ') 2 ) Q 
-d~ - - (w q - 1 7;-' (7 ) 

By substit.uting (4), (5), (6), and (7) in (3) we find 

d1'c '1'c d( [k'1'c J ( . Q )2 ,) (1..:1'0 ' ,1, 2 Q )] 
dp = T clp iYj2' S1l1 It k'1 'c + (2 q- - 1) 2 Q SHill f..:'1'c - 1 . (8) 

We introducc (-1 d~/tl1) = - (\ 8 1 with S1 = a-I da/elp = 8 11 + 8 12 + 8 13, 

and D.. = (a/C ) dC/dn, a being the lattice const.ant, and Sit the cla,;tic compl.iances. 
Finally, after climinating J by means of equat-ion (2) we obtain 

d1'c _ Cf [.) ;) 2 1 (l~'1'c " 2 Q )] Tp- - - IX 01 Tc - + (~q + ) 2 Q smh l,''l'c - 1 . (9) 

Tbe second term in i,he squiln' bl'Heket of equation (9) ele8e]'ibes the effect, of 
proton tunneling on the Rhift of 'l'e with pressuJ'e. It is a positive qU ftrlt it,y and 
m ay be neglected unde!' the condition Q/k'l'c « 1 whi(;h clm be considercd to 
be flllfillcd for the cic'utcl'ated erystals. 

Si1lce ('( is a po:)itiyc quantity (d.:-/tla > 0) , the transition temperature '1'c' 
according to cquation (9), is a lwHYs shifted towards 10\\'er t cm peratures with 
pressure . .L\t. gin'Jl '1',. the shift, ille]'(';tses wit.h increasing Q. In Fig . 5, the 
prC'ssnre shirt --d'1'J dp is rCl'l'('sl'nted a::> a fUl1et,ion 0(' '1'c according to equation 
(D). with C( S] =-= g . .J. >( 10- 3 kiJar- 1 . T hi ::; va lue has been chosen so that for 
KD)'04 (Q /I.-'L'c --{ J) equa tion (9) g iV"Cs clTc/dp = -3.9 deg/kbar ('[ 'e = 
= 208 OK) which \I'lls measured by Sa lll a ra l~l. The ynlne of ,\ 8 1 found fo!' 
KJ)~PO' I ea n a lso he t-ak-en ill guod approx il1 Htt. iDn for KH2l!O,I' Then eq nation 
(9) can be II sed to determine Q from th e llleasurcd ,-aIne of d 'l'c /clp. 1'be 
necessa.ry reIat ion lw(,ween q alld Q is gl\'e] 1 by equation (0). If 01' J\JI~P04 we 
usc 1; = O.H) .\ II :~J amI outaill n i l.- = 79 OK or Q = l.On X la -II t'l'g. Thi::; 

l"i):L :1. Pr£':::-. lIre ~hin - tl '/'e 'd/) a~ n func
tioll of t il(' 'lhaH~ -tr ;l ll ..: iti " lI t (' lIlp('W1Urf' 
'J'e nt'I'l)nlin ~ ttl (D) 1',,1 1' \ iiri ll ll -t ,aim's fl f 
!J. TI ll' t' II1'\'" , \\'(' f! ' [IIII ' t! I" t llt' ll1 ra ~ urcd 
\"al ll l' I:!I fill' 1\ H : pu, ( I 'r. l il t' ll·xt). ]t', l l' 
tilt' I Ji lra rud. '1' \ !i1uc il ,J; 7 .~J oJ\. al ... o 
('\In'l':: witli : 0,1, • . \ :lJu! ~ O,:!j A in 
dn ... l! ed lill t" IIrc gi\'(' 11 ill addHitl1i to liI ~ 
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va lue is ~ll1n 11('1' hy ft factol' of a bout 3 to 4: than t hosc ntlucx gin' n b.v Blinc ('t al. 
[7, 8J and Xonlkoyic LGJ. 1t is. bowcnl', alm(l~t, thc "alll(' [J =- 1.0 >. 1O- JI c l'g 
whieh ha,; rC('Pllt Iy bccn dPl('1'111 il1cd hy Cochran [J OJ 1'1'0111 Ea man-sca it cl'i llg 
data of KalllinO\y and J),tll1cn I L.t]. 

Sincc thc YaltH'S of 81 [01' l\.Tl~_\ sO.I' I\:H~I'l\. Hnd ]{hll~I'01 diffcl' only slightly 
(cf. Tab](' 1) , we used for 1\'IJ~.\XO'l Hnd RhU)'O.!, too , thc '-aille c' SJ = !J.-/. >~ 
X 10-3 khar- J tIP t(,l'minecl for KD2 PO,!. Tn I hi" way, w(' [ollIld DIJ.: = 4 :~ OK 

for KH~"\sOJ' and DI!.: = 1 U cl\. for RhH}'O." In this ext imate w(' assullled 
thc samc "allle for ~ as for Kll~P().I' uC'C'au;;e 110 cxpcl'iJllcltlnl dnta. for:: arc 
antilable for K./I2 ' \SO~ anel RbJl2PO!. llowc\'('r, this a~xlllllption is Ilot so im
pOl'tant because there i::; only a "'Cft k dl'pcntlellcc' of the estimatcd ,-a llics of 
£2 on C. This is sho\\,11 in Fi~. 5 wherc fol' the parall1<.'t('1' "alllc nIl.: = 7.) cK 
also Cllr\es with C = 0.15 and O,:?5 . \ are giV(,ll us clashC'l1 lint's. 
If in~t('acl of tho clielectl'ie data for the "hift· of 'J'c with prcssure of KU2PO~ 

and K])2POj the neutron diffraction data of Umebaya,.;hi cl al. [1], d Tc/dp = 
= - 4-.5 deg/khar and d'l't., Dlclp = -2.0 "( J 0- 3 deg/klJul', are 1I1'('(l, t!Jc same 
mdhod resulrs in (.\ S1 = G.] , 10- 3 ];:bal'-1 and Dlk' == 9:3 cK. Th(' D-nlhl{~ 

docs no! dirfcr essentially from that ohtaincd from diclcdrie data. For ]'e<1 :';0118 
of comparison. data from di('lec!rie-constnIlL rnCaSUl'elll (,llts hayc only been 
takcn in Fig. 5. 

From (G), wit.h q2 r-v mJl2~2, the rat.io of the tunncling cnergi('s follo\\"s: 

Dn/Q = 2-1/ 1 ((n/C) exp {- q~ [j if (::D/~)2 - ].I}, the qWUltitics oftlle clcut.cratccl 
crystal haying the index D .. :hslIlJ1ing ;Dg = 1.0 to ] .1, for all thn'c sub
stances DDID < 0.2 and Dn/"'1'",D < 0.1 result. This justifies our 1ll'~Jc.ct of 
ihe influence of tt1l1l1cling: on the shift of 'l'c ror the d(,llteratcd cl'y,.;tnls as as
sumcd abo,'e. For these C'l'ystnls, thcrcfore, the lincar relatioll d1'e,])/dp = 
= -O.O~ T e,}) kbar- 1 is expectcd to hold. 

Contrar\' to Olll' dC'l(,l'lllination of the value of (.\ fl'Oll1 eXpC'l'illl('ntal data 
Ko\'akoyi6 rG], and Blillc and ZekS 171 determincd _, by a -priori a:;;;l1ll1ptions 
"'h ie-h , howc"cr , resulted in ,-cry lUrf(,l'ent. value'x ('or CI. ::'\oyuk(wi6 puts 
d(/d(( = CIa, i.e. (1: = 1. Bline and Zeks aSSlime that Il'itlt COIl1IH'C,;,;ioll the 
O-H .. ·O hands (t.wo ]Jet' latticc cOII:-;{ant) fire sllOl'lI'IICll only and 1 hat within 
thesc bonds the distane-c :2 ~ hctwccl1 the potent inl minima is reduced only, 
j.(,. cl':- = daH Ot' ,\ = 9.6. 'fhi::; value is appl'Oxill1atl'l,\' the xa11l(, we used 
(£\ = 7 .S to 8.:~) .. \c·(;()l'C/in ~ to thc :;cllli-t'Illpil'ical Illodl'l 1'01' thc O- IJ· .. O honds 
of Lippillcott. and Schrnedl'l' [151 one migllt. expect d':- jlla = 0.29 or ., = J 1. 
A dirl't"t l'xpel'il1lclltal ucll'l'Jllillation of ,\ (hy ncutron-tiilTractioll l1le(1S11I'l'1l1(,llt.,; 
Ilncil'I' prps';lIrc) would bc or int('t'c,;j iJcl'all>.e the a-jlriori choicc of .\ is affcctc(l 
wilh a l'on::;iciernblc lIIH'l'I'laillty. 

TlaYillg detl'l'mined SJfkl'", Df.J is di!,('ct l~' OiJLlill('d rroIll (:?). For 1he 
dellll'rall'd ('f',\'stab, (~) ;;illlplil'i('s to I n = -+ 1.-'1'.., f). In Tablc 1, yalllt's of 
4 DI.! Hntl .l])j.J aI'(' abo li,;ll'd. Oln·iousl,\'. the f('I'I'm'lt'd ric intl'rnctioll in the 
dCllleratl'c/ C'rystalx is stl'Ollg('r: thi,; fact corrcspond,; qualitatin'l.\' 10 the theo
n'hea I I' x p,'eta t ions 

\\' il hill thl' ran !!<' of thl' "pplil'd pl'l'"XlIrN; up to I .~ k hal' , llO dc\'iat ion frolll 
thl' lill ('ar deIH'IHll'IIl'e 1)('11\'('('11 T c and }J \l'a8 (luxt'n·('d. Froll1 the alt,,\,c Illl'n
tioned dl'p(,tl( Il'nC'l! or the yalul't' !J alld J 01\ ::. a('l'(lrtlin~ to (~), Ill' ha l'(' 10 

('x I \(,(·t. howl'n'l'. t ha t d tie te, t Ulllll'l illg, a 1 Ili~h('r pn'';';lIn'~ 1 Ill' Ira usi! iOIl 
It-Jl\fH'rature 'I'e tll'I'I'('a,,('''' lllOl'(' rapidly, ami ft'ITlll'll'ctri('ity disapl'(';Jrs COIll-
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Pic. (}. Qllalit atin.' dl'pl'ntlf'IH'C of thr trnn ... ili llfl t ~mp('raturf' 'l'e 011 tll c 
pr~ . :,!o\ IIt'C}} ac("or llillJ.,! 10 (:!. ). The tll' \ iathlll I rulIl tht.' lint'at (\t' Pf'IHh'IWC 
(d a.c:. llt'd lill f') at llig.1t pn':,~\lrc:; i::i ("atl!icd II~ tlw prvt\11l tunnr lill~ ll\utiOll L~"_ 

L~-------
o Po 

p-

plctdy at a c('rtain pr('ssurc 1111 at whi.ch - d1'c/clp tends to infinity. This is 
qna li(atiH'ly ~ho\\'n in Fig. U. l)('\'iations from th e lineal' depclldCllce I;l't\yccn 
'1\ and JJ for the three ferroe\eetries of Table 1 11my be expceted aoolc :3 kbm: 
accurd ing 10 0111' estimatcd Q- <Inti J-data, and the T)o-yallleS arc to be cxpcctccl 
in t he ran ge from;) to 10 kba r. Experiments for investigating t hcsc llrellictiolls 

are under preparat ion. 
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