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ABSTRACT

The cooperative effect of the ammonias in

X(NUalzsNH (X2N1i,Zn,Cd) was investigated by FPR, In Ni[NO3)28NH

3
the line width of the single EPR absorption line undergoss a
sudden broadening at Tc=243K. This effect, probhahly, 1is a result
of a cooperative freezing of the degrees of freedom of rotation

of the ammonias, giving the appearance of a érystal field on the
Ni++ions._ The crystal field does not split the single line,
probably because strong exchange effects assemble the lines. Ths
crystal field parameter D==0.425t:m.1 was evaluated by applying the
Anderson and Weiss theory for the exchange narrowing of the line-
width. Small quantities of the Ni‘* ions in Zn and Cd salts do
not exhibit strong exchange effects. So the single EPR absorption
line above Tc goes to a split line below Tec. For Ni:Zn[N03)26NH3.

Tc = 231K and D=0.606 cm-l. For Ni:Cd[NﬂS)ZBNHq. Tc=198K and

D=0.3 cm-l. Hysteresis in Tc was also observed for all salts.
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INTRODUCTION

In this paper we report EPR measurements of Ni“ in

X(N03)26NH3 (X=Ni,Zn and Cd) crystals and attempt to explain the

phase transition observed in these salts. In a previous report(I)
we have discussed several known properties of these salts and

reported the infra-red spectra1 of Ni(NDa)ZSNH3 above and below

the phase transition (Tc=243 K). The analysis of vibrational
data suggests that the origin of this transition is due to the
collective freezing of the degrees of rotation of the ammonias.

In the halogen nickel hexammines, N1Y26NH (vy=c£, Br

3
and I}, which are isomorphous to the present salts, a single EPR

line undergoes a sudden broadening below the critical temperature.
For these halogen salts Tc depends on the lattice parameter. Bates

»

and Stevens4 have proposed a model where a crystal field appears

at Tc, due to a freezing of the rotational degrees of freedom of
the ‘ammonias. The effect of this freezing is to remove the zero
averaging of the crystal field. This tHeory was strongly
reinforced by observation of the splitting of the single EPR lines
below Tc for Ni*+ions diluted in some non-magnetic, isomorphous,
host salts. This model also predicts that Tc is afunction of the

lattice parameter.

In this paper we report that X(Nﬂ.a)ZBNH3 (X=Ni,Zn,Cd)

behaves similarly to the halogen nickel hexammine complexes. We

also calculate the crystal field parameter 0O, hased on line-width

measurements for concentrated Ni[NOB)zﬁNH3 and for Ni*’ ions

diluted in X(NDB)ZSNH (X=Zn,Cd}). Finally the Bates and Stevens
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model is applied for the salts X[N03)28NH (X=N1,Zn,Cd,).

3

SAMPLE PREPARATION

1. Ni(NOa)ZSNH Reacting NiCDB(Baker Analysed Reagent)

3:

with HND3 (Reagent PA) and adding concentrated NH4OH (Berzag PA)

in excess to the solution, heat is liberated. During cooling to

room temperature, powdered crystals are formed. Octahedral crystals
of 2mm are easily obtained if‘the powdered crystals are recristallized
slowly at 20°C maintained by a controlled temperature bath. The
crystals were dryed in a desiccator over silica gel in an atmosphere
of ammonia. Ammonia analysis by a distillation process ( micro
Kjeldahl apparaturs) indicated the presence of six ammonia molecules
in the samples, within 99% of precision..

2. Zn(NDZ),BNH, with v 5% Ni**dilution. Five grams

3
of 'Zn(N03)26H20[ Baker Analysed Reagent] in a Pyrex glass tube were
kept in a continuous gas flow of ammonia at 70°C,maintained by a
water bath during 24 hours. In this process most of the water
molecules were substitued by ammonia molecules. Then ammonia was
}iquified in the same tube, using the same gas, by cooling with
nitrogem gas obtained fraoam the evaporation of liquid nitrogen
contained in a long dewar. The tube was partially introduced in the
dewar and the desired temperature was achieved by regulating the
height of the tube relative to the liquid nitrogen surface. The salt
was dissolved in the liquid ammonia giving a transparent solution.
Evaporation of ammonia above 30°C carried away the remaining water

molecules.




Repeating the process of liquefaction and evaporation twice ensured
that the samples was free of undesirable water traces. In the final

liquefaction, about 0.2 grams of Ni(NOalzﬁNH3 were added and a

faint blue color was observed. The temperature was kept at -30°C to
assure slow evaporation and many octahedral crystals were obtained,
the largest about 0.5mm in size. These crystals were transfered
carefully to an EPR sample tube at room temperature and one atmosphere
of ammonia gas. Ammonia analysis and Zn analysis by ignition at

BOO®C gave 5.95 ammonia molecules per Zn atom. The crystals of

Zn(NDSJZBNH3 are very unstable in air and are highly deliquescent.

This is the reason for the special care, as mentioned above in the
crystal preparation. It was not possible to obtain good samples
simply by cooling a solution [-10°C or OOC] of the salt in water

with excess ammonia.

3. Cd(ND,),BNH, with & 5% Ni**doping. This salt

was prepared in the same way as the preceding Zn(NDBJ?SNHa.The

initial salt was Cd(N03)24H20 {Carlo Erba Reagent). If the

water elimination process described before is applied, 1liguid
ammonia dissolves the salt, giving a transparent solution as for
the 7Zn salt. The crystals of Cd obtained were larger than the
Zn crystals, the largest being about 2mm. These crystals were

more stable than the Zn crystals. Analysis similar to the one

made for the 7Zn salts gives 6.31 ammonia molecules per Cd atom.




APPARATUS

The EPR  spectra of the Ni[N03126NH crystals and of

3
the diluted samples were recorded by a Varian 4502-12 X-band
spectrometer. Temperature control was performed with a Varian
V-4557 variahle temperatures accessory. Calibration with a
thermocouple showed an accuracy of *2K between 100K and room

temperature.

EPR SPECTRA OF Ni(NDalzﬁNH3

The EPR spectra of the concentrated single crystals of
Ni[NOa)ZSNH3 show a single absorption line 2, with behavior quite
3,
similar to the one observed for the halogen nickel hexammines. 6

Above the transition temperature an isotropic single line, centered

at g=2,18, is observed. Its maximum slope line-width (AHms)

goes from 600G to 500G as the temperature decreases from room
temperature to Tc. At 243K this line undergoes a sudden broadening
to about 2000G. Figure 1 shows the variation of line-width

(AHmS] as a function of temperature.

Insert Figure 1

We verified hysteresis in the transttion temperature
of about AT = 5K, the effect having heen nhserved prev{ously7
by a dilatometric technique. The 1ine was fit to the Lorentzian

curve within an accuracy of 1%. The ¢ value was the same both

above and below Tc.




INTERPRETATION FOR THE Ni[NOa)ZSNH3 LINE-WIDTH

l. The Dipole-Dipole Contribution

To explain the behavior of the line width we assume
that the broadening is caused by the onset of an axially distorted
field created by the transition of the ammonias. Above the
transition, the NH3 groups are rotating and so the neighborhood
of the Ni*+ ion is a perfectly octahedrical environment. Only
two Am=1 transitions occur at the samse field. Below Tc the
freezing of the degrees of freedom of rofation produces a field
distortion at the Ni++ positions. This introduces the term Dsi
to the spin Hamiltonian and so some splitting to the EPR 1line
should be observed. However, in concentrated crystals of

Ni(N03]26NH this splitting was not observed. In this case we

3
are induced to adopt the assumption that effect of the exchange
interaction is to assemble the lines giving a single 1line. This
line is Lorentzian shaped, as predicted by the Anderson and weissa
theory of exchange narrowing of lines. This first condition on
the line shape was fullfilled by the experimentally observed line

within 1%, as pointed out above ( AH = V3 / 2 AH_ )

The line width AH® narrowed by exchange interaction

was evaluated for a s.c. lattice by Anderson and Weiss using

Van Vleck's theory,g giving




with ng « 5.1(gfn)% S(5+1)

] 1/72

.
Hy T [2.83 s(sS+1)

where n 1is the density of spins and J 1is the exchange parame-
ter. The above formulas can be applied to other cubic structures
by rewriting He as

/2

H = (2/6)3

1/2
e ]

J
s [ 2.38 stsen)

where z 1s the number of nearest neighhors.

For Ni(NOa)?SNHB. z = 12, and by substituting g=2.18,

B = 0.9273 x 10 20 erg/G, n=3.3 x 1021 spins/cm3 and S = 1 we have

H? = 150 @
p

The parameter J is evaluated from the expression for the Weiss

temperature, A

KO = 2 3 2 S(S5+1)
3

where K 1is the Boltzmann constant. J 1is calculated using 6 =
3.3 K ohtained from mapnetic susceptibility measurements 10 and
He is evaluated using this values. The results are

J = 1.163 x 10" Y arp

H = 10.400 G
e

Then

AHO = 2,06 0




This AH® value is negligible when compared with the experimental

[ 3 n

AH" = 430 6 (AH"

=v3 7/ 2 a1d" ; aH" = so0 G).
ms ms

2. The Crystal Field Contribution

The predicted value of AH® = 2 G above Tec is much

lower than the experimental value AHn = 430. This large discrepancy
between the dipolar and the experimental broadening suggests that

we have many unknown sources of line broadening. That is

AH AH™ + AH

where AHu

is from unknown sources of broadening and 1is supposed
to be independent from the exchange interaction. If a crystal

field contribution is included we have

0,2 D,2 u
AH = H H H AH
[(p)+(p1]/e+

or

That is, for the purpose of the line-width analysis below Tec , we
have to subtract 430 G to obtain that part of the width due to

the phase transition effect.

Below Tc we have to introduce the crystal field. We

can write the crystal field Hamiltonian by




whaere ;1 is the direction of the distortion in the unit cell.

The second moment 1is given by

2 p T [Hn .+ [Ap » 8511 s* )
* T_{s ., s}

+
where S = Sx + 1 Sy and D is the cubic crystal field parameter.

Assuming the distortion in the direction (111) we abtain

2
(wD)2 = —%2 2—5 or (HD]2=
p . p

2

winN

D
‘7!
Then we have

D

AHD = (2/3)(D/g)2 H

By using the experimentally ocbserved AH reduced by 430 K to

account for the unkown sources of broadening, we have

D = 0.425 em !

EPR SPECTRA OF Ni: Zn(NﬂS_l_ZBNH3

Zn(NOa)ZSNH3 is expected to be nuite similar to

Ni(NOa]ZENH3 because the NiN and the Zn" are expected to

have almost the same radius. Howaever we do not have measurements

of the lattice parameter of the Zn salt. Above Tc the MNi diluted

in the Zn salt éhows an isotropic single 1line with AH= 430 G, 1like



the one observed in the concentrated salt, although we have now
crystals mixed with powder. Tc 1s 231 K which is 12K below

the transition temperature for the Ni salt. Hysteresis in Tc

was about 5K, as for the Ni salt. Below Tec the single line splits
into several lines. The characteristic features of the lines

below Tc are shown in figure 2.

Insert Figure 2

For the spectra”ihterpretation we use the Wasserman
and Blombergen method.11 As the number of line is greater than
expected for the powdered samples, we adopt as primary assigment

the strong absorption line at 5250G. The Hamiltonian is assumed

to be

-

H = g B H.S.» DS2

¥ 4

The intense assymstrical line at 5250G was assigned as le and
s0o we must have hv < D. If this assigment is assumed, there are

two other lines with small intensity and assigned to H"l and
H'IZ transitions. Experimentally these lines were observed at

30006 and 80506 and have small intensities. An indication that
this assigment is correct is the 6000G separation between the

two lines, as expected for H"l - H!!? and hv < D, The values

of g and D were obtained from

hv = D - gBH||1




hy = gBHl'z - D

)2] 1/2_

hv = [ (07217 » (gBH, , D/2

At 225K we have

g = 2.17

D = 0.606 cm

in good agreemenf with values'givan for undiluted Ni(NDa)ZSNHB.
The number of lines present in the ohserved spectra

is greater than the set of three lines mentioned above. The extra
lines are probably due to magnetic impurities, such as Co, Fe and
otheré. But to assure our assigment we also discuss the temperature
behavior of the spectra. When the temperature was lowered we
observed that a number of lines moved slowly to higher magnetic

N fields, suggesting that D increases as the temperature decreases.

For hv < D, i1if D increases, the values of the fields of the lines

assigned to Hlll, H||2 and ﬂlZ myst increase, as was observed

(see figure 2).
If the assign hv > D, the line at 52506 must be assigned

as H|l2. In this assigment we would expect lines at

H.[ 5 40006

Hll 15006

H!'Z = 750G




and D = 0.2 cm-1 . Linas were not found in the expected positions

and intensities, which confirms the above adopted assigment.

EPR SPECTRA OF Ni: Cd(NnBlZSNH3~

The EPR spectra of Ni: Cd(N03126NH3 is different

from that observed for Ni:Zn(N03)28 NHB' The values of Tc are

also different, with Te=231 K for Ni:Zn salt and Tc=198 K for
Ni:Cd. The single line at  g=2.17 breaks down at Tc and several
lines appear and the behavior of the spectra of these salts 1is
different, as can be seen by comparing figures 2 and 3. A very

weak line at 60006 and a broad line near H = 0 indicates

Insert Figure 3

that D = hv By assigning the 6000G line to H|'2' we have

D = 0.3 t:m-1

The hysteresis is about 10K, twice larger than the

one observed for Ni(NOBIZBNH and Ni:Zn(NHS)ZBNH The values

3 3’
of D in the Ni;Zn salt is greater than in the Ni:Cd salt. This

observation can not yet be explained from the present available

experimental data.

DISCUSSION

The ohservation that the line width AH" is the same

in both undiluted and doped salts of Ni(NﬂB)ZGNHq above Tc



indicates that AH"

is the natural line width arising from unknown
sources of broadening. The dipolar contribution to the line width
was shown to be negligible. The value used in the esvaluation of

the dipolar contribution He = 10400C 1is in good agreement with

the experimentally observed exchange field of about 13000!3.12

The sudden broadening of the line in the undiluted salt
and the splitting of the single isotropic line in the doped salts
at Tc were interpreted as due to the appearance of an observable
crystal field. This supporté the hypothesis of the conllective
freezing of degrees of freedom of the ammonias in the sksleton
I++

X[SNH3]6

The values of D were assigned as

1

= + -

D (0.425 + 0.003) cm Ni(NUS]ZBNH3

D = (0.606 * 0.003) cm-l Ni: Zn(N03]28NH3
~ -1 .

D= 0.3 cm Ni: Cd[Nn3)28NH3

The mean value of D for the diluted salts, D = 0.450m—1,

is in good agreement with the value obtained from line width data.

The values of Tc were observed to he

Te = 243K N1(ND,),BNH,
Te = 231K N1 :7n(NL)BNH,
Te = 198K N1:CdINN ) BNH

that is, Tc{Ni) > Tec(Zn) > Tel(Cd). .
The present observed hehavior for the line width is
very similar to the one observed for the halogen hexammine salts.

The Bates and Stevens model, developed for the halide salts, fails

when applied to nitrate salts. The lattice parameter of




Ni(ND3]28NH3 is a = IO.QBR , which 1s between the lattice parameters

o] o]
of NiBr?SNH3(8=10.46A] and NiI?SNH3 (a=11.01A). So we mipght expect

that the transition temperature of Ni(NﬂS)?SNH3 will bhe hetween

the Tc's of these salts, i.e., between 45K and 24K. But for
Ni[N03]26NH3 we have Tc=243K larger than the expected. This high

value of Tc was discussed previously1 and attrihuted to the

contribution of an extra potential on the hydrogens of the NH3 by

the nitrate radicals. Including the effect of the nitrate radical
in the Bates and Stevens model it is possible to predict that Tc

increases as the lattice parameter decreases in the X(NOB)ZSNH3

salts.

The lattice parameters of Zn and Cd salts are unknown.
The lattice parameter of the Zn salt is expected to be sligthly
greater than the lattice parameter of the Ni salt, because Zn
has a larger atomic radius than Ni. Tn the same way we expect

the parameter of the Cd salt to be the largest one, that is

a(Ni) < a({Zn) < alCd)

i

This correlation between the lattice parameter gives

Te(Ni) > Tc(Zn) > Tel(Cd)

by using the Bates and Stevens modified medel. This 1is now in
agreement with the experimentally observed correrlation. Tt may

he assumed that this procedure is correct since we are comparing

crystals assumed to be of the same structure.




ACKNOWLEDGMENT :

We would like to thank Ors. C.J.A.Puadros and L.G.Fer-
reira for their interest in this work and for their valuable
suggestions. Alsc, we would like to thank Dr.S.R.Salinas for

valuable discussions.




10..

11.

12.

RFFERENCES

Isotani, S.; Sano, W. & Nchi, J.A., "Phase Transition in Metal
Hexammine Complexes. T - Infrared Spectra of Ni(Nna)ZBNHB”.
accepted for publication in the Journal of Chemical Physics of
Solids (1974).

Hennies, C.F.,Ph.D.Thesis, Faculdade de Filosofia, Ciéncias e
Letras da liniversidade de Sao Paulo (1969).

Palma-Vittorelli, M.R.;Palma,M.V.;Drewes,G.W.J. & Koarts, W.,
Physica 26: 922 (1960]).

Bates, A.R.& Stevens, K.W.H., J.Phys.C (Solid St.Phys.) 2:
1573 (1969).

Bates, A.R.,J.Phys.C (Solid St.Phys.) 3: 1825(1970).

Trapp, C. & Shyr,C.I., J.Chem.Phys. 54: 186 (1971)
Thomas,D.G.; Staveley, L.A.K. & Cullis, A.F,, J.Chem,Soc.1727
(1952)

Anderson,P.¥. & Weiss, P.R.,Rev.Mod.Phys., 25: 268 (1953).

Van Vleck,J.H., Phys.Rev. 74: 1168 (1848)

Becerra, C.C.; Sano,W.: Marques, A.; Frossatti,G.;Paduan F?,
A.; 0Dliveira Jr., N.F. & Nuadros,C.J.A.,Phys.Lett.40A: 203(1872).
Wasserman, F.;Snyder,L.C. & Yager.wa.,J.Chem.Phys. 51.1763(1984)
Paduan F9,A., Ph.D.Thesis,Faculdade de Filosofia, Ciéncias e
Letras de Rio Claro (1973)."Magnetic Phase Diagram of

Ni(NOS)ZSMH by Magnetic Susceptibility Measurements®

3




FIGURE CAPTIONS

Figure 1. The EPR maximum slope line-width, AHms’ versus

temperature of the Ni(N03)26NH3.
Figure 2. The EPR spectra of the Ni:Zn(ND,) 6NH,.

Figure 3. The EPR spectra of the Ni:Cd(NﬂB)ZSNHa.
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