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Time-differential perturbed-angular-correlation measurements on K,HfF, have been
performed as a function of temperature in the range 20—500°C. Three phase transitions
are observed at temperatures around 165, 310, and 440°C. The last two phases exhibit
time-dependent interactions which are interpreted on the basis of a diffusion model. Ac-
tivation energies of 0.68+0.03 and 0.10+0.01 eV are deduced for the diffusion processes

involved.

INTRODUCTION

Time-dependent interactions in several hexa- and
heptafluoride complexes of tetravalent metals were
observed by time-differential perturbed angular
correlations! (TDPAC) as well as by nuclear mag-
netic resonance®® (NMR) experiments. Depending
on the compound investigated, different interpreta-
tions have been given to account for the dynamical
behaviors observed.

Vasquez et al.,*> studying Rb,HfF, and
Cs,HfF4 compounds by TDPAC, have assumed
that the relaxation processes were produced by the
jump diffusion of a vacancy among the cation
sites, but the behavior of the interaction with tem-
perature was not clearly elucidated. In the case of
the dynamical interactions also observed by
TDPAC in (NH,);HfF;, K;HfF,, and Na;HfF,,%—%
the interpretation was based on the F~ anionic mo-
tion around Hf sites.

Dynamical processes revealed by the NMR ex-
periments performed on !°F for potassium hexa- as
well as heptafluoride complexes of Ti and Zr have
been explained assuming the reorientation of the
whole anionic group coordinated to the tetravalent
metal. In effect, Tarasov and Buslaev,’ studying
the molecular motion of ZrF;*~ in K;ZrF;, con-
cluded that their results could be understood in
terms of two structural nonequivalent sites for the

|

ZrF,*~ ions, one of which was associated with a
reorientating group. The authors also noticed that
as temperature decreased, the population ratio of
rotating to static sites changed as a result of the
freezing of the reorientating groups.

Moreover, in a recent paper, Moskvich et al?
have concluded that reorientation as well as diffu-
sion of the TiFs~2 group are responsible for the
time-dependent interactions experimentally ob-
served by NMR on the K,TiF¢ complex.

In this work we investigate the K,HfF¢ com-
pound via the TDPAC technique using the
133 —482 keV -y cascade of '*!Ta produced by
B~ decay of '8'Hf. The temperature dependence
of the quadrupole interaction between the %+,
482-keV, 10.8-ns intermediate state® and its sur-
roundings was measured within the range
20—500°C.

Earlier investigations on K,HfF¢ have shown
that:

(i) At room temperature, the crystalline structure
is orthorhombic with a tetramolecular unit cell.!

(ii) The electric field gradient at 4.2 K is
V,,=(23.7+0.75)x 10! Vecm ™2 and 7 =0.89
+0.02, as determined by Gerdau et al. via
Mossbauer effect.!!

(iii) It is also known that the isomorphous com-
pound K,ZrF4 undergoes several phase transitions
according to the following scheme!'?:

° 298°C 445°C 585°C ..
240°C » 3 2 — Y > § «—-K;ZrF,+liquid .
130°C |
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EXPERIMENTAL

The TDPAC technique measures the radiation-
angular distribution perturbations due to the in-
teraction between a radioactive nucleus and its sur-
roundings. For a given y-y cascade, the angular
distribution of the second emission with respect to
the first one is described by

kmax

W (0,t)= 2 A Gy (t)Py(cosO) , (1)
k=0

where 0 is the angle between the directions of the
emission of the y rays, ¢ is the time elapsed be-
tween Y emissions, A, depend on the spins in-
volved in the cascade and the multipolarities of the
radiations, Gy(t) are the perturbation factors
describing the hyperfine interactions nucleus-
surroundings, and P, (cos6) are the Legendre poly-
nomials. The number of detected coincidences
C(0,t) is related to W (6,t) by means of

C(6,1)=Cyexp(—t/Ty)W(6,1) 2)

where 7y is the lifetime of the intermediate state
of the cascade and 6 is now the angle between
detectors’ axes. In our case, being A4 << A4, the
experimental G,(t) factor can be deduced by calcu-
lating the ratio

C(180°,1)—C(90°,t)
C(180°,1)+2C(90°,¢)

A conventional automated fast-slow coincidence
setup of two 5-cm — 5-cm Nal(T1) detectors was
used, with a time resolution 27=3.2 ns. The sam-
ple temperature, with an uncertainty of +2°C, was
measured with an iron-constantan thermocouple.

Three powder samples were used for data ac-
quisition. They were activated by thermal neutron
irradiation in the RA-3 reactor of Comision Na-
cional de Energia Atdmica (Argentina). From the
very beginning, it was found that the spin rotation
curves at certain temperatures were dependent on
the thermal history. This dependence disappeared
after annealing for 72 h at 530°C. The fact that
all three samples showed the same behavior after
this annealing, yielding the same results, indicated
that radiation damage had been removed in this
way.

A,G;(t) curves obtained from coincidence spec-
tra are shown in Fig. 1 for temperatures ranging
from room temperature to 500°C. Special care
was taken to ensure equal geometry and high
statistics for all measurements. For the fitting
procedures, the following attenuation factor was

=A4,G,(1) . (3)
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FIG. 1. Spin-rotation curves obtained for K,HfF, at
different temperatures.

used:
G,(0=3 fiGi(0) @

where G(t) are the attenuation factors involving
fractions f; of probe nuclei. Finite time resolution
was taken into account by the nonlinear least-
squares-fitting program which was run on a
PDP11/34 computer.

RESULTS

No significant changes were observed in spectra
obtained from 20 to 150°C. Very good fits were
obtained in this range using the normal attenuation
factor for a static quadrupole interaction:

3
Gy (=S sype 2" cos(w, 1) (5)
n=0
plus an additional f, base line. In formula (5),
52, =52,(7) are tabulated geometrical coefficients,
©, =w,(V,,n) are the quadrupole interaction fre-
quencies associated to the transitions among the
(2I +1) nuclear levels of the intermediate state, &
characterizes a Lorentzian distribution around w,,
and V,, and 7 are the components of the electric
field gradient (EFG)."?
It can be seen from Fig. 2 that spin rotation



5974 M. C. CARACOCHE et al. 25

AG(Y)|
}‘} 150°C i
010 ‘1;” H ’] }
ol **"*‘f«'w*‘"mﬂw‘éﬁ*uf**"\1“11%m”‘{l”ﬁhh\'m
-0.104 *f "““

|
1 ‘“165"(: #H! } # l
-0.05 | ’*49“.' J WW‘H HH*MMINMMW‘{WN

f ’
-0.05 W“t'wlﬂiﬂl '”* i l l
o5 bt }W | W

time (ns)

FIG. 2. TDPAC spectra showing the phase transition
around 165°C. :

curves obtained from 150 to 175°C show an evolu-
tion towards a new interaction pattern that
remained up to 500°C.

It was not possible to fit all the spectra from
190 to 500°C, see Fig. 1, using the same analytical
function. Nevertheless, when fitted they had
20—30% of a common component, consisting of a
Lorentzian distribution of frequencies around zero.
This component, denoted hereafter by f,G>(¢) is
expressed by

—ndyt

3
foGI)=f0o 3 sau(n=0)e 6)
n=0
Between 190 and 290°C, the fitting function G,(t)
is comprised also of a fraction f; of nuclei ex-
periencing a quadrupole perturbation described by
Eq. (5).

From 330 to 500°C an additional contribution
f2G3(t) involving a second interaction frequency
had to be included in order to obtain satisfactory
fits. In fact, by this means an improvement of
better than 20% was achieved in the X?’s values.
At the same time, the interaction already existing
in the previous range of 190—290°C evidenced re-
laxation effects. Attempts to assign a similar
dynamical characteristic to the f, populated in-
teraction were unsuccessful. It is important at this
point to remark the impossibility of fitting these
spectra assigning a distributed character to either

of the two frequencies.
According to the above description, the corre-
sponding fitting function was written as

Gy(t)= foG3(t)+fre ™™ [zs;ne“sl“’"'cos(w},t) ]

+f [2 s%ne—szwg'tcos(wf,t)] . (7

The modulating factor e ~** accounts for the

dynamical behavior of the quadrupole interaction
involving the fraction f| of probe nuclei. Ordi-
nary behavior with thermal lattice expansion is ob-
served for each contribution.

DISCUSSION

Our results show that four different phases can
be identified over the range studied. The low-
temperature phase, from room temperature to
150°C, is described by a quadrupole parameters set
which depends very weakly on temperature. For
the room-temperature measurements, the following
values were obtained: |V, | =(7.60+0.91)% 10"’
Vem™2, =0.57+0.02, §=0.16+0.01. Around
165°C a first-order phase transition takes place (see
Fig. 2).

A second phase is observed above 175°C. This
phase, in the temperature range from 190 to
290°C, is mainly described by a static mono-
chromatic quadrupole interaction acting on about
70% of probe nuclei. Typical values for this phase
are |V, | =(5.24+0.63)x 10" Vcm~2 and
11=0.19+0.01 at 210°C. The remaining 30% of
nuclei experienced a distribution of EFG’s around
zero. The corresponding 8, values, Eq. (6), were
found to be of the order of 30 MHz throughout
this temperature range. The large fraction of
probe nuclei feeling this interaction which does not
exist in the previous phase rules out an explanation
already argued by other authors based on the ex-
istence of habitual concentrations of impurities or
lattice defects. Therefore, we had been led to sup-
pose that this important percentage of probe nuclei
is located in disordered surroundings as found by
means of other techniques in similar compounds.

Between 330 and 425°C a new phase character-
ized by three different components is observed.
Approximately 50% of the probe nuclei experience
a fluctuating EFG of about |V, | =4.5x 10"
Vem~?2 and 9=0.15. The relaxation constant A in
Eq. (7), related to the fluctuating field, ranges from
0.0075+0.0025 ns~! at 330°C to 0.0475+0.0100
ns~! at 425°C. A fraction of 25% of probe nuclei
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are affected by an additional clear-cut but weaker
static interaction of high asymmetric character
[e.g., | Vg | =(2.36+0.28)%10"7 Vem~2 and
1=0.64+0.06, for 370°C]. This two-well-
defined-sites picture has already been found to
reproduce the experimental situation in other high-
ly coordinated fluoride compounds.”® The
remaining nuclei feel a distribution around zero
which gets narrower with increasing temperature.
In fact, as temperature rises, the frequency distri-
bution width decreases from 28+ 10 MHz at 300°C
to 843 MHz at 425°C, showing a behavior quite
different from that found over the previous phase.

Above 425°C, the quadrupole interaction
presents the same three EFG’s components picture,
but the relaxation constant exhibits a different
temperature behavior and instead of a distribution
of EFG’s around zero, an unperturbed site is ob-
served. Representative values of the two com-
ponents of the EFG are |V, | =(3.15+0.38)

% 10" Vem ™2, 9=0.28+0.04 (relaxing site) and
| Vy | =(1.5740.19)x 10! Vem ™2, 7=0.81+0.58
(static site), at 480°C.

Figure 3 shows the temperature dependence ob-
served for the relaxation constants A between 330
and 500°C. Relaxation times calculated as A ™!
were found to lie between 20 and 133 ns. A com-
parison with the characteristic time of the interac-
tion allows us to ensure the applicability of the
slow rotational diffusion model proposed by
Marshall and Meares.'* This model relates the re-
laxation constant A to the rotational diffusion coef-
ficient D by means of A=6D. Therefore, as tem-
perature increases an Arrhenius behavior for A is
to be expected. According to this model, two

clearly different activation energies can be deduced:

E,=0.68+0.03 eV for the 330—425°C range and
E,=0.104+0.01 eV for the higher range
450—500°C.

CONCLUSIONS

The four phases reported for K,ZrFg by No-
voselova et al.'? are also observed in the isomor-
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FIG. 3. Temperature dependence of the relaxation
constant A.

phous K,HfF,. Nevertheless, the critical tempera-
tures are quite different from theirs and no irrever-
sible processes have been found.

The dynamical interaction observed in this work
can be described successfully by the model pro-
posed by Marshall and Meares in terms of a slow
rotational diffusion. At the same time, it has been
demonstrated that TDPAC may be used as a use-
ful technique to determine activation energies for
diffusion processes.

ACKNOWLEDGMENTS

The financial support by CONICET and
CICPBA (Argentina) and Kernforschungszentrum
Karlsruhe, GmbH (West Germany) is gratefully
acknowledged. M.C.C. and J.A .M. are members of
Carrera del Investigador Cientifico, CICPBA,
Buenos Aires, Argentina. A.R.L.P., L AM.Z., and
R.C.M. are members of Carrera del Investigador
Cientifico, CONICET, Argentina.

TH. H. Rinneberg, At. Energy Rev. 172, 556 (1979).
2Yu. N. Moskvich and B. 1. Cherkasov, Fiz. Tverd. Tela
(Leningrad) 21, 268 (1979) [Soviet Phys.—Solid State

21, 161 (1979)].

3V. P. Tarasov and Yu. A. Buslaev, J. Struct. Chem.
USSR 10, 816 (1969).

4A. Vasquez, J. D. Rogers, and A. Maciel, Phys. Lett.
A4S, 253 (1973).



5976 M. C. CARACOCHE et al. 25

5A. Vasquez and J. D. Rogers, in Proceedings of the
International Conference on Hyperfine Interactions
Studied in Nuclear Reactions and Decay, Uppsala,
Sweden, 1974, edited by E. Karlsson and R. Wippling
(Upplands Grafiska AB, Uppsala, 1974), p. 54.

6E. Gerdau, J. Birke, H. Winkler, J. Braunsfurth, M.
Forker, and G. Netz, Z. Phys. 263, 5 (1973).

7L. M. Lowe and W. V. Prestwich, Chem. Phys. Lett.
46, 531 (1977).

8P. Boyer, O. de O. Damasceno, J. D. Fabris, J. R. F.
Ferreira, A. L. de Oliveira, and J. de Oliveira, J.
Phys. Chem. Solids 37, 1019 (1976).

9Y. A. Ellis, Nucl. Data Sheets 9, 319 (1973).

10V, H. Bode and G. Teufer, Acta Crystallogr. 9, 929

(1956).

1E. Gerdau, B. Scharnberg, and H. Winkler, in Hyper-
fine Interactions in Excited Nuclei, edited by G.
Goldring and R. Kalish (Gordon and Breach, New
York, 1971), p. 861.

12A, V. Novoselova, I. M. Korenev, and 1. P. Simanov,
Dok. Akad. Nauk. SSSR 139, 892 (1961).

13R. M. Steffen and H. Frauenfelder, in Perturbed An-
gular Correlations, edited by E. Karlsson, E.
Matthias, and K. Siegbahn (North-Holland, Amster-
dam, 1964).

144, G. Marshall and C. F. Meares, J. Chem. Phys. 56,
1226 (1972).



