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The thermal behavior of the hyperfine interaction in K,HfF¢ was investigated by means of the
time-differential perturbed-angular-correlation technique between 293 and 750 K. The quadrupole
parameters associated with the monoclinic, orthorhombic, cubic, and trigonal phases have been
determined. An activation energy E,=86+16 kJ/mol could be calculated for the monoclinic-to-
orthorhombic phase transition taking place between 384 and 466 K. An analogy with the hyperfine
interaction of the isomorphous compound K,ZrF could be established.

I. INTRODUCTION

It is known that hafnium and zirconium compounds
present macroscopic isomorphism. The time-differential
perturbed-angular-correlation (TDPAC) technique has
proved that such isomorphism extends to microscopic
scales, since similar quadrupole hyperfine interactions
have been determined for both members of the following
couples of substances: (NH,),ZrFs (Ref. 1) and
(NH4)2HfF6 (Ref 2), szHfF6 (Ref. 3) and szsz(,,
HfF, (Ref. 4) and ZrF, (Ref. 5), NH,Hf,F, (Ref. 6) and
NH,Zr,Fy (Ref. 7), and HfO, and ZrO, (Ref. 8). Howev-
er, according to the TDPAC results obtained for K,HfF,
and K,ZrF¢ in Refs. 9 and 10, respectively, this pair
seems to be an exception.

A Mossbauer experiment carried out by Gerdau et al.
on K,HfF, (Ref. 11) at 4.2 K yielded V,=(23.7£0.75)
10" V/cm? and %7=0.89+0.02. In addition, a TDPAC
measurement performed at room temperature'? exhibited
a spin-rotation curve corresponding also to a very intense
asymmetric electric field gradient (EFG). This spin-
rotation curve proved to be quite different to the one pre-
viously reported by us for the same compound® but very
similar to that determined for the isomorphous K,ZrF.'°

A thorough x-ray investigation on the K,HfF¢ was car-
ried out by Saalfeld et al.'’ between 293 and 783 K. The
compound reveals a spectacular polymorphism presenting
six phases all along the thermal range.

Regarding K,ZrF4, Novoselova et al.'* have reported a
transformation scheme but the crude line diagrams of the
x-ray patterns they show do not allow a comparison with
the corresponding K,HfFs modifications.

Taking advantage of improved time resolution, we have
reinvestigated the thermal evolution of the quadrupole hy-
perfine interaction in K,HfF between 293 and 750 K, in
order to supply additional information about the missing
isomorphism suggested by the literature. EFG’s at hafni-
um sites have been derived via the TDPAC technique.
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II. EXPERIMENTAL

The K,HfFy was prepared by dissolving HfO, in 40%
HF and then an aqueous solution of KF was added in
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stoichiometric proportions. Crystals were obtained by let-
ting the solution evaporate at room temperature. An x-
ray powder diagram of the as-prepared polycrystalline
sample yielded the sequence of reflections corresponding
to the monoclinic phase of the K,HfFg reported in Ref.
13.

After identification, the substance was capsulated in a
quartz tube, sealed in air at atmospheric pressure and neu-
tron irradiated at the RA-3 reactor of the Comisién Na-
cional de Energia Atémica (Argentina) to produce hafni-
um activity. B~ decay of '*'Hf gave rise to the well
known 133-482 keV y-y cascade of '*!Ta with an inter-
mediate level of spin /=3 " and a quadrupole moment
Q =2.53 barn, which acted as a TDPAC probe. A two-
detectors CsF fast-slow coincidence system with a time
resolution of 0.8 ns at Ta energies was used for data ac-
quisition.

Let us denote, by C(8,t), the coincidence counting rate
of y,-y, radiations measured for detectors forming an an-
gle 6, t being the elapsed time between y emissions. Fol-
lowing the theory of the perturbed angular correlations,’
the perturbation factor G,(¢), which contains all the phys-
ical information about the interaction between the EFG
and the nuclear quadrupole moment, comes out deter-
mined by the ratio (assuming A4 << A4,)

Cla,t)—Clm/2,1)
A= o)

(1)

The EFG is described by two parameters: the quadru-
pole interaction frequency wg=(eQV,,)/{4I(2I —1)#}
and the asymmetry parameter n=(V,, —V,,)/V,, being
the reference axes chosen in such a way that the diagonal
components of the EFG satisfy the condition
Val > 1Vl 2 [ Vel

Using a nonlinear least-squares fit program that took
into account the finite-time resolution of the equipment,
the function

3
A,G5()=A4, |+ S osulne  cos(a;t) 2)

i=1

derived from Ref. 15 for a static quadrupole interaction in
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polycrystalline samples, was fitted to the experimental
data. Here, 0,; and w; are related to the quadrupole pa-
rameters and & stands for a possible Lorentzian distribu-
tion of EFG’s due to lattice imperfections. When the
above function did not match the experimental data, a
linear combination of the form A4,Y,f;G'(t) was as-
sumed. The underlying idea was to admit the existence of
different EFG’s acting on the TDPAC probes. Conse-
quently, the f; coefficients represent the relative fractions
of each interaction. Time-dependent interactions were fit-
ted using the Abragam and Pound’s expression

A,G,(1)=A,e ™M, 3)

where A is linked to the correlation time of the dynamical
process.'6

Data acquisition was performed at different tempera-
tures of the sample within the range 293—750 K. The
thermal stability of the heating system was of the order of
+1K.

III. RESULTS

Figure 1 shows a selection of the spin rotation curves
obtained at different temperatures. Six quadrupole hyper-
fine interactions were necessary to describe the whole
thermal evolution of the spin-rotation curves between 293
and 750 K. The thermal dependence of the relative frac-
tions associated to each interaction is plotted in Fig. 2.
Table I lists the quadrupole parameters sets corresponding
to the observed interactions at those temperatures where
their relative fractions were maxima. It is also indicated
as the symbols in Fig. 2 for each f;.

IV. DISCUSSION

We shall discuss our results at the light of the informa-
tion shown in Fig. 2, Table I, and the scheme of crystal-

line structures of K,HfF;

monoclinic -orthorhombic] lcubic + diffuse reﬂectioni‘

273 373 473 573 673
T (k)

drawn from Saalfeld et al.'’

The starting situation indicates that the compound has
crystallized in the proper way and no radiation damage is
present. Indeed, a one-site interaction associated to a very
intense, asymmetric, and nondistributed EFG was enough
to fit the experimental data. The spin-rotation curve at
293 K is in agreement with that reported by Gerdau for
the same compound!'? and is also similar to the one found
for the isomorphous K,ZrF,.' Besides, the EFG can be
directly connected with that determined by Gerdau et al.
at 4.2 K using Mossbauer spectroscopy,'' suggesting that
the monoclinic phase extends below room temperature to
at least 4.2 K. There was no possibility of agreement be-
tween the present results and those reported in (Ref. 9),
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FIG. 1. Spin-rotation curves of K,HfF; at different tempera-
tures. Solid lines are the fitted curves to the data.

where an EFG of quadrupole parameters
=(7.60+0.91) 10" V/cm?,
6=(16+1)% was found.

The one-site interaction mentioned above did not fit the
experimental data from 384 K on, and a competing in-
teraction had to be added. The interchange process be-
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FIG. 2. Relative fractions thermal evolution for the different
interactions observed in K,HfF¢. ¥V denotes the monoclinic
phase, /A the orthorhombic phase, X the cubic phase, O the dif-
fuse reflections,  the trigonal phase, and O the decomposition
process.
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TABLE 1. Typical values of the quadrupole hyperfine parameters corresponding to different crystalline structures in K,HfF¢. The
reported data correspond to temperatures where the relative fraction of each interaction was maximum.

Crystalline Temperature

@9 v,

Symbol structure (K) (Mrad s~ (10" V/cm?) n 5 (%)
A\ Monoclinic 293 193+1 20.2+2.4 0.93+0.01 1+1
A Orthorhombic 466 1611 16.9+2.0 0.86+0.01 2+1
X Cubic 504 151 1.6+0.2 0 (fixed) 1316
O Diffuse reflections 523 53+3 5.6+0.7 0.411£0.10 19+7
O Trigonal 667 23+1 2.440.3 0 (fixed) 6+1

733 A=(0.08+0.01) ns~!

tween both interactions can be clearly seen in Fig. 3,
which also shows the thermal evolution of the quadrupole
parameters involved. It is important to point out first of
all that the quadrupole hyperfine interaction arising with
increasing temperature (A) is very similar to one which it
replaces (V). Secondly, according to Saalfeld et al.,'’ the
monoclinic structure found for the K,HfF4 at room tem-
perature is a slight deviation of the orthorhombic phase of
higher temperature which lasts up to 463 K. Now it is
clear that the change observed in the range 384—466 K
corresponds to the monoclinic to orthorhombic phase
transition. It is interesting to notice that the relative frac-
tions ratio of both interactions obeys a Boltzman distribu-
tion (see Fig. 4) from which an activation energy
E,=(86%16) kJ/mol was calculated. The phase transi-
tion was reported to be displacive and reversible!* and an
interpretation of the activation energy obtained for such
process is desirable.

Between 500 and 600 K, a complete change in the hy-
perfine pattern is observed (see Fig. 1). Two new interac-
tions replace the former ones. One of them, related to a
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FIG. 3. Thermal evolution of the hyperfine quadrupole pa-
rameters corresponding to the monoclinic phase (57) and the
orthorhombic phase (A). The distribution width & of both in-
teractions remains negligible.

weak and symmetric EFG (X) and the other one describ-
ing a more intense, asymmetric, and distributed EFG (O).
The first interaction was associated to the cubic phase.
The second one presented a peculiar thermal evolution;
while the quadrupole interaction frequency decreased as
temperature increased, the asymmetry parameter exhibit-
ed a noticeable change near 523 K. The broadly distribut-
ed frequency determined for this interaction along with
the thermal range over which it was present, suggested
that it could be related to the diffuse reflections always
appearing together with those of the cubic phase. We
were not able to assign a quadrupole hyperfine interaction
to the tetragonal phase.

At 642 and 667 K all the probe nuclei are acted by a
new EFG () which was linked to the trigonal phase. The
last interaction, observed at temperatures above 700 K,
exhibits dynamical characteristics, having been fitted ac-
cording to Abragam and Pound’s model. This situation
had been already found at high temperatures in K,ZrF
being attributed to the decomposition process.' In this
work, at 733 and 750 K, the full anisotropy is achieved
assuming about 5% of the typical interaction of the HfO,,

T I T T T I
3+ -

In(t) E,=86 %16 k%m_

-3} -
| 1 1 1 1 T

21 23 25

3
10 (!
T (K)
FIG. 4. Logarithmic plot of the relative fractions ratio f,/f,
as a function of reciprocal temperature. f| and f, stand for the

relative fractions of '*'Ta probes in the monoclinic and the
orthorhombic phases of K,HfFs, respectively.
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clearly indicating that the K,HfF decomposition has be-
gun. The mismatch between the present results and those
reported in Ref. 9 may be due to the heating treatment
performed in the first investigation in order to heal radia-
tion damage. This could have led the K,HfF, irreversibly
to high-temperature phases.

Regarding the thermal behaviors of the isomorphous
compounds K,ZrF, and K,HfF¢ the following remarks
can be pointed out.

(1) At room temperature both present a very strong and
highly asymmetric EFG. With increasing temperature, in
K,HfF¢ we could observe the monoclinic to orthorhombic
phase transition.

(2) Above 473 K, a complete rearrangement of the
structure, accompanied with an important increase of the
volume, is reported for both compounds.'*!” The effect is
revealed by a new pattern of the hyperfine interaction [see
Fig. 1 and Fig. 1(c) of Ref. 10]. The low frequency
®o~10 Mrad s~! and the asymmetry parameter =0 fit-
ted in K,ZrFg between 485 and 608 K, which was attri-
buted to lattice defects, may instead correspond to the in-
teraction appearing here over the same range and assigned
to the cubic phase.

(3) The interaction connected here to the diffuse lines in
the range 500—600 K is observed in K,ZrF¢ to appear be-
tween 543 and 608 K.

(4) A complete agreement of the hyperfine interaction
in the range 600—700 K can be established, suggesting
that the trigonal structure is the typical phase for both
compounds in this range.

A detailed x-ray investigation on the polymorphism of
K,ZrFg is expected to establish a closer association be-

tween structures and quadrupole hyperfine interactions of
KzZl’F(, and Ksz.Fe,.

V. CONCLUSIONS

The thermal evolution of the hyperfine interaction in
K,HfF, agrees fairly well with the x-ray investigation on
its polymorphism performed by Saalfeld et al. We have
been able to assign quadrupole parameters to the mono-
clinic, orthorhombic, cubic, and trigonal crystalline struc-
tures. It has also been possible to establish the quadrupole
hyperfine interaction of the phase giving rise to the dif-
fuse reflections.

We have determined that the monoclinic to orthorhom-
bic transition begins at 384 K and that both phases coexist
up to 466 K. An activation energy E, =(86+16) kJ/mol
was calculated for this transition. The slight changes in
the cell parameters of both structures yield very similar
quadrupole hyperfine interactions. Dynamical effects
described by the Abragam and Pound’s model were asso-
ciated to the K,HfF¢ decomposition. The TDPAC tech-
nique has allowed to establish a close analogy between the
hyperfine interactions of the isomorphous compounds
KszFﬁ and KzszG.
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