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The effect of ZA™ ion impurities on the phase transition temperature of single crystals of calcium cadmium
acetate hexahydraté€€CDAH) has been studied using the electron-paramagnetic-resonance technique. The
lowering of the phase transition temperature as a function of increasfigizpurity ion concentration in the
crystals has been observed to be quite different from that found in our earlier studie$ oa@iMrf* ion
doped crystals. Though the observed lowering of phase transition temperature with atomic fautithe
Zn?" impurity ion can be explained fairly well in terms of mean-field theory and a soft mode arising out of the
harmonic vibration of the Ca-G ,)Zn,-Ca chain along the axis of the crystal, contrary to expectation,
values of constantsuch as the ratio of the square of the soft-mode frequency before transition, the mean-field
constant, and the phase transition temperature, etc. of the pure kaystguite different from that obtained by
fitting the phase transition temperatures in thé Cion only impurity doped crystals. The temperature varia-
tion of the spin-Hamiltonian parameters of the?Cuon probe in the Z#A"-doped crystal of CCDAH is
somewhat different from that in the €u ion only doped crystal. Deviation from mean-field theory is then
considered in the Z1 impurity driven modification of phase transition of the crystal and good agreement
between the observed and computed values of phase transition temperature as a function of titerdic
fraction has been obtained using the same values of the said constants as obtainéd fon®ualy impurity
doped crystals.
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[. INTRODUCTION weight, wherex is the atomic fraction of Cir.°> The phase
transition temperature of pure CCDA(He.,x=0), T.,, was
The crystal structure of cadmium calcium acetate hexahydeduced from this study to be 145°K.
drate, CaCd(CKCOO),-6H,0 (CCDAH), is isomorphous To shed some light on the modification of phase transition
with that of copper calcium acetate hexahydratetemperature of CCDAH by impurities, Oguama, Shields, and
CaCu(CHCOO),-6H,0 (CCUAH).! Both have tetragonal De® carried out detailed EPR studies of phase transition in
symmetry belonging to the space groug/m. In the CCDAH doped with MA* ions of various atomic concen-
CCDAH lattice the C&" ion is surrounded by eight oxygen trations,x. They found that—dT./dx for Mn?* is much
atoms in a slightly distorted dodecahedral configuration charhigher than that for Cif . They also noticed that the value of
acterized byD,4 symmetry. The C& ion, on the other hand, T., obtained by using a M ion probe[abbreviated as
is coordinated with six oxygen ions occupyingGy, site  T.,(Mn?")], 128.4 K, is significantly different from the
symmetry (approximatelyD, symmetry. The latter crystal phase-transition temperatufe,(Ct?"), 145 K obtained by
(i.e., CCUAH), which has been studied by a good number ofusing a Ca@"* ion probe® The changes i from 143 to 122
workers, does not exhibit any structural phase transitiork as a function of C&" ion concentration in CCDAH is
within the temperature range 350—1.2' By comparing the explained in terms of mean-field theory together with a vi-
structures of CCUAH and CCDAH containing a €uion,  brational mode of the Ca-Gd,A,-Ca chain along the axis
Mabbs and Smdilconcluded that the Gl ion substitutes of the crystal, whereA stands for the impurity atom. Our
fora Cd" ion in CCDAH. Zhotf calculated the crystal-field findings also support the fact that €ureplaces the Cd
energy splittings and Zeemanfactors of a C&* ion under ion in CCDAH 2> Contrary to the observation of Chand and
both D,y (CUP") andC,,, (C&") symmetries in CCDAH. Upreti’ and Jain, Saraswat, and Upfetiat Mr?* replaces
Calculated and observed values agreegy (CU?*) sym-  the C&" ion in this crystal, our observatibmof the effect of
metry (i.e., when a C&' ion replaces a GU ion in Mn?* ion concentration on phase transition of CCDAH crys-
CCDAH). Several electron-paramagnetic-resonaE®R  tals can only be explained by assuming that the?Mion
studie§~" also confirm that the CGu ion substitutes for replaces a Cd ion, not a CA" ion in the crystal. However,
Cd™. a value ofK/wqs? of 3.22x10 % K~! was required. Here
Replacement of copper by the larger cadmium ion inK is the mean-field constant ana; is the soft-mode fre-
CCUAH introduces phase transition in this crystdllsing  quency of the pure lattice immediately before the phase tran-
the EPR of C&@" as a probe, the phase transition temperatursition occurs. This is far smaller than the value of 55.4
T. of CaCd _,Cu,(CH;C00),-6H,0 is found to vary from x10 4 K~ ! found using a Ct" ion probe in CCDAH.
144 to 124 K as the atomic concentration of copper varieg\lso, the value forT,, of 128.4 K obtained using a M
from 0.07% &=0.005) to 1.32% X=0.1022) of the sample ion probe was found to be quite different from that of 145 K
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TABLE I. Experimental and theoretically computed values of the phase-transition temperatures ¢f {ZatX{CH;COO0),-6H,0 as a
function ofx assuming mean-field theory of phase transition. For the theoretically computed vy = 16 109 K andT.,= 140 K (see
text) were used.

Atomic fractiorf of zn?*  Atomic fractiorf of Cu?* Effective atomic fraction of Zf" Teoby (K) 1 Teea (K) £1.3

0.0205 0.0002 0.0207 103 103
0.0182 0.0002 0.0184 107 107.1
0.0140 0.0002 0.0142 119 115
0.0034 0.0008 0.0042 129 132.7
0.0018 0.0007 0.0025 134 135.5

@As determined by Galbraith Laboratories Inc., TN. Accuracy-&0001.

obtained using a Cu ion probe. A reason for this interest- was observed andl; was noted as the temperature at which
ing result was suggested in our earlier p&pewhich Mr?* & substantial decrease in the intensity was first observed. This
and Cd" was found to possibly be coupling differently with Was followed by the onset of the line splitting. At a tempera-
the soft modes of the crystal. This suggestion seems to biélre appreciably belowl, the spectral features resemble
corroborated by the earlier findings of Chand and Ugreti. that of the Cu only doped CCDAH, as reported in Ref. 5.
From their EPR studies of CCDAH using a Rinion probe  Percentage weights of the Zn ions in the crystalgthat
they found a second-order phase transition at 128 K, whewere investigatedwere analyzed by Galbraith Laboratories,
the large amplitude hindered motion of the £Hecomes Inc., Knoxville, TN. The percentage weight of the Tuion
frozen. in one sample was determined by the same laboratory. The
To obtain more experimental data on the modification ofpercentage weights of the €u probes in other samples
the structural phase transition of CCDAH by impurities, towere determined from the comparison of intensities of Cu
understand the coupling mechanism of the impurities withEPR hyperfine transitions at 200 K. The corresponding
the two soft modes of the crystal, and thus to gain a deepextomic fractions are given in Table I.
understanding of the role of impurity dynamics in phase tran-
sition of crystalline solids in general, we grew CCDAH crys- . RESULTS
tals with different Z&" ion concentrations and identified the ) "
temperature of the phase change in these crystals by using a Th€¢ €xperimental phase transition temperatdie of
trace amount of a Gii ion as a probe. This study provides C2Cd-xZN(CH;COO),-6H,0 single crystals as a function
experimental data on the role of the%Znion in CCDAH. An ~ Of X is shown in Table I. The values of in Ifble | were
analysis of the data shows a deviation from the mean-fiel§@/culated from the percentage weigi of Zn=", using the
theory in phase transition of CCDAH and suggests a possiollowing relations:
bility of coupling of the Z#* ion with the two soft modes in

X=4.964n/(65.37+0.47w). (1)
the crystal.
The effective atomic fractiox’ can be calculated from the
Il. EXPERIMENTAL DETAILS fOIIOWing relation:
Single crystals of CCDAH were grown at room tempera- X' =x+yMc, /Mgy,

ture by slow evaporation of aqueous solutions containing ] .
equal molar amounts of cadmium acetate and calcium ac¥here M represents the atomic mass apds the atomic
etate by weight. Known amounts of zinc acetate were addeffaction of C&* in the sample. Table | above, together with
to give crystals with different concentrations ofZnions. ~ Tables I and Il of Ref. 8 show that dT./dx is significantly
The ratios of the ZA" ion to C&* ions in the five solutions higher for Mrf ™ than it is for Zrf* and Cd™ ions and that
were 1:10, 1:20, 1:50, 1:100, and 1:400. A very small but—dTc/dx for Zn®* ions is much higher than that for €u
fixed amount of copper acetate was added to each solutiofns in CCDAH Ca-Cd_,Cu.-Ca along thec axis in the
so that the C&" ion could be used as a probe to study theCCDAH crystal. _

phase transition of the crystal by EPRhe resolution of the ~ Substituting the impurity ion for cadmium changes the
CU/** hyperfine lines at orientations near thexis made the soft-modegf_requené;()' of the crystal and this brings about
CU?* ion an excellent probe to detect phase transition in thé changg® in T. Assuming that the soft-mode frequency
crystal investigated. The crystals grew with the elongated Obeys mean-field theofy™*it was shown in Ref. 8 that

habit along thec axis. Axesa’ andb’, perpendicular to the

c axis, and the well-defined faces described by Eachus, Her- KATc/wos®=X(a=b)/(1+bX), )
ring, and Phal were used to record the EPR spectra usingyhere

the methods described in Ref. 8. As the sample is cooled at a

uniform rate of 1°C per 15 min, the intensity of the Cu a=(M;—Mc¢g)/ (McatMeg),

hyperfine lines increased substantially except in the neigh-

borhood ofT,, where a reduction in the EPR signal intensity b=(M;—Mcg)/Mcq,
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and TABLE II. Theoretically computed values of the phase transi-
tion temperature of CaGd,Zn,(CH;COO),-6H,0 as a function
AT =T~ Te. (3 of x, considering the possibility of deviation from mean-field theory

. . . and using the same values of;%/K=1802.7 K as obtained for
Usmg Eq.(l)., the b_est f',t values ?;-g f_or t_he different ef- CU?* only doped CCDAHREef. 11) andr =0.783. For the values in
fective atomic fraction’ of the Zrir™ ion in CCDAH are parentheses,=0.735.

obtained forT.,=140 K andwqs2/K=16 109 K. These are

shown in Table I. Effective atomic  Teopy  Tegeay 1 K° Te(ca
fraction of zrt* +1K  forr=0.783 +1 K"
IV. DISCUSSION

0.0207 103 102.8 102.8.783
Our studies on the modification of phase transition with  0.0184 107 107.5 107.6.783
impurities in CCDAH reveal that the rate of change of tran- 0.0142 119 116.3 118.(0.790
sition temperaturel; with the impurity atomic fractionx 0.0042 129 136.7 129.8.740
depends on the nature of the impurity. We see from Table |  .0025 134 139.9 134.®.730

and Tables | and Il of Ref. 11 that for each of the three

different types of impurities, the variation @f, in CCDAH T, is calculated by allowing to vary. The corresponding values of

crystals withx can be explained fairly well in terms of mean- r are given in parentheses.

field theory and a soft vibrational mode of the linear chain"The error in the fitted values ofis around=0.005.

Ca-Cd ,A,-Ca along thec axis of the crystal. However,

this theory, which is also successful in explaining the ab-and the observed values®f is quite good for higher atomic

sence of phase transition in CaCu(§300),-6H,0, re- fractionsx’, the agreement is not so good for lower atomic

quires different values of ., andwg 2 /K for the three types fractions. However, if we allow a small variation ofwith

of impurities (see Table | and Ref.)8 The ionic radii of —concentration, excellent agreement between the observed

CW* and zrt* are nearly the same, viz., 0.74 and 0.72 A. If values ofT. and those of calculated, can be obtainegsee

mean-field theory governs the phase transition in both case$able I)). The critical exponent has been found to depend

then these two ions are not expected to modify the phasé€n impurity concentratiof® The success of this model over

transition temperature in CCDAH in a widely different way that of the previous onésee Table )l lies in its ability to

as observed in our present investigation. In other words, thexplain the observed variation df; with x for the same

values ofwgz2/K should have been found to be nearly the values ofwgz2/K as obtained for Cif -doped crystals.

same for the two ions. To shed some more light on the above deviation from
To see if the observed changesTipwith Zn?* impurity ~ mean-field theory of phase transition in “Zndoped

ion concentration in CCDAH could be explained with the CCDAH, it would be interesting to determine the critical

same values off ., and wgs2/K as obtained for CCDAH exponentr by a separate method for each impurity concen-

crystals doped with the Cii impurity ion, we considered tration. One such method could be the determination of the

the possibility of a deviation from mean-field theory for the hormalized intensityly (In=1/1pppy) at temperature inter-

phase transition of Zr -doped CCDAH. In such a case the Vals of=0.1°C in the neighborhood df. and fittingl y with

square of the frequency of the soft mode that freezes out 48— T/T¢)"%

phase transition may be given by In order to be able to throw some light on the link be-
tween the modification of phase transition and the change in
w?=K(T-T,)", (4) local symmetry around the paramagnetic ion we also re-

. - . . corded the spin-Hamiltonian parametets @, ,A;,A,) of
wherer/2 is the critical exponent with<1. Such deviations "~ 2+ ion probe in a manner described eafliém the

can be found near the critical point terminating a ﬁrSt'Ordertemperature range 300—15 K. The temperature variations of
phaselz boundary, where a second-order transition may,e spin-Hamiltonian parameters and that of the normalized
oceur. intensity |y of one of its hyperfine transitionsM,=3) for

Now, considering the soft optic mode of vibration of the . .
Ca-Cd _,Zn,-Ca chain along the axis and following the g?ges o]f(;)rlel(é;nc doped crystals£0.0034) are shown in

arguments behin(_j Eq$3)_—_(8) of Ref. 8, it can .be shpwn The spin-Hamiltonian parametefg and A tensor$ re-
that the changes in transition temperature with impurity CON< 4in tetragonal in the entire temperature range 300—15 K.

centration in CCDAH are given by Though the evidence of phase transition in the neighborhood
_ 1 _ U _ of T.=129 K(see Table | fox=0.0034 is discernible in the
AT=(woe/K)™[{1+x(a=0)/(1+bx)} ™ =1], (5 plots of g, and | as a function ofT [Figs. 1a)-1(d)] the

wherea andb are given by Eq(3). It is to be noted that Eq. changes in the spin-Hamiltonian parametégs, g, , and
(2) is a special case of E¢5) whenr=1. A,) are very small. Though the sharp change inghevs T

The values ofT, computed for ZA*-doped CCDAH us-  plot[Fig. 1(b)] around 129 K indicates the presence of phase
ing Eqg. (5) and the same values d%,, and wys2/K as ob-  transition, it may be noted that the change is within experi-
tained for those of Cif -doped CCDAH(Ref. 8 are given mental error(= 0.002. Using Cd" EPR, the phase transi-
in Table II, forr =0.783+0.005. From Table Il it is seen that tion is best identified by observing the change in normalized
though the agreement between the computed valuek; of intensityly . As the crystal is cooled from room temperature,
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FIG. 1. (@ The temperature variation aj, for the C#* ion probe in CaCgd.,Zn,(CH;COO),-6H,0 with x=0.0034.(b) The
temperature variation af; for the C#* ion probe in CaCg_,Zn,(CH;COO),- 6H,0 with x=0.0034.(c) The temperature variation &,
for the C#* ion probe in CaCg_,Zn,(CH;COO),- 6H,0 with x=0.0034.(d) The temperature variation of normalized intengigyfor the
CW" ion hyperfine line tn;= %) probe in CaCd_,Zn,(CH;COQ),- 6H,0 with x=0.0034.

In continues to increase until the neighborhood TQf is
reached Fig. 1(d)]. A significant decrease ihy is then ob-
served afl .. | continues to increase as the crystal is cooled
belowT.. The increase iy with lowering temperature is a
usual feature in any EPR spectra of &Cuon and it is due
to the increase in the population of the ground states as thehere\ is the spin-orbit coupling constant 829 cm %) for
higher states are depopulated. The decreasgim CCDAH  the 2D CW?" ion, A, andA, are the energy separati¢due
with lowering temperature in the neighborhoodTof arises  to the crystal-field splitting of the states’B, and 2E from
mainly from splitting the unit cells that contain ions, which the ground?B, state, andy, and «, are the spin-orbit re-
are inequivalent below . duction factors. The above observation suggests that the
The values ofy, of the C#* ion in Zr?*-doped CCDAH  variation of /A with temperature is not similar for the crys-
above the phase transition agree fairly well with that for thetal CCDAH doped separately with €t and Zrf* ions.
CUW* only doped crystat:* Whereas theg, value for the Whereas in the CU ion doped CCDAHg,, A, g, , and
CW" crystal increased slightly belowl., it decreases A, are found to be unaffected by €u concentrationsg,
slightly in the case of the Zn -doped crystal with lowering andA, in the case of the Zi -doped CCDAH are found to
temperature. Thougf®Cu A, increases slightly with lower- depend slightly on the Zi concentration. This may indi-
ing temperature in the Zn-doped crystals, the values are cate the possibility that in the predominantly 2Zrdoped
almost the same as that for crystals predominantly dopedrystal, the site symmetry around the metal ion and the anti-
with Ci?* ions. Theg, andA, values are found to be unaf- bonding orbitals(predominantly the metal orbital@re not
fected by the ZA' ion concentrationgwithin the range of exactly the same as those in the?Cuon, doped CCDAH
concentrations used in this investigatio€onsidering the crystals.
second-order perturbation and neglecting higher-order terms, Then it is possible that the A ion might have some
the g, and g, for the C#" ion in a dodecahedral,q)  coupling with the large amplitude hindered motion of the
symmetry are given by CHs group in CCDAH. Chand and Uprétconcluded from

9i=2—8\ey /Ay,

g,=2—-2\a, /A,
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the temperature variation of the linewidths of the Mrthat V. CONCLUSION

the large amplitude hindered moti¢seen at room tempera—_ In the study of the phase transition of single crystals of
ture) of the Ql-g bepomes frozen at 128 K. Bgsed-qn the'rCacq,XZnX(CH3COO)4-6H20 as a function ofx, using
result the said motion of the Gtyroup could be identified as 2+ as an EPR probe, it appears that there is a deviation
the second soft mode of the CCDAH crystal. Their conclu-from mean-field-type behavior in the Zh-doped CCDAH.
sion thus buttresses the suggestion made in our PapeThis could be due to coupling of the Ziion to more than
(which was written without knowledge of Ref) that cd#" one soft mode of the crystal viz., the linear vibration along
and Mrf™ may couple differently with the soft modes of the the chain axis and one of the vibrational modes of they CH
crystal. It is then quite reasonable to conjecture thaf™Mn group. Though the room-temperature valuegpfg, , A,
couples also to this second soft mogearticular attention andA, for the C#* EPR probe in the Zr -doped crystal
should be paid to the fact that in the Riftdoped crystal the are almost same as those of theCwnly doped crystal, the
phase transition temperature starts decreasing from 128 K 4&mperature variations differ.

the Mr?™ ion concentration is increasédather than from
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