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The temperature dependence of the electric quadrupole interaction in polycrystalline anti-
ferroelectric PbHf03 has been investigated in the temperature range —253 to +225 C by per-
turbed angular correlations and Mossbauer measurements. Three different phases have been
observed with transition temperatures of 163 and 215 'C in agreement with the results of crys-
tal-structure studies. In the two tetragonal phases below 215'C the compound is known to be
antiferroelectric; in the cubic phase above 215'C it is paraelectric. It has been suggested
by Shirane and Pepinsky that the antiferroelectricity of PbHf03 for temperatures below 163'C
(phase Q is due to the same type of ion displacements which lead to the antiferroelectricity of
PbZr03. The results of our measurements strongly support this suggestion. In both tetrag-
onal phases the observed quadrupole-interaction strength decreases with increasing temper-
ature. For phase I this temperature dependence can be explained qualitatively by the vari-
ation of the lattice parameters with temperature, as shown by a lattice-sum calculation.

I. INTRODUCTION

Some dielectrics exhibit phase changes with al-
most all the characteristics of ferroelectric tran-
sitions, such as a maximum of the dielectric con-
stant, discontinuity of the specific heat, and changes
in the symmetry and dimensions of the unit cell.
They do not show, however, the most prominent
properties of ferroelectric compounds: There ex-
ists neither a macroscopic spontaneous polariza-
tion nor a hysteresis loop. Even before the dis-
covery of such compounds Kittel' gave a. theoreti-
cal treatment of this kind of collective instability.
Starting from an analogy with antiferromagnetics,
he showed that in crystals with lines of sponta-
neously polar ized ions not only parallel polar ization
of neighboring lines (ferroelectricity) but also anti-
parallel polarization (antiferroelectricity) is en-
ergetically possible and under certain circum-
stances favored over the parallel alignment. For
the latter case the bulk spontaneous polarization is
obviously zero.

Among the first to report experimental evidence
for the existence of an antiferroelectric configura-
tion were Sawaguchi, Maniwa, and Hoshino. a A

careful study of a single crystal of lead zirconate
(PbZrOs) revealed the existence of antiparallel
lines of spontaneous polarization in this compound.

Most of the data available about antiferroelectrics
were obtained by x-ray and neutron-diffraction
studies, and measurements of the dielectric con-
stant and the specific heat. These measurements
mainly yield information about the crystal struc-
ture, antiparallel displacement of certain atoms,
phase transitions, and the bulk dielectric proper-
ties.

Another quantity of great interest is the internal

electric field gradient (EFG) in antiferroelectric
compounds. Since the EFG reflects the microscop-
ic charge distribution, its determination and es-
pecially the investigation of its temperature depen-
dence should yield valuable information about the
mechanism which leads to the antiferroelectricity.
So, in recent Mossbauer-effect measurements, '

the EFG in antiferroelectric compounds, such as
PbZrO~, was carefully investigated as a function of
temperature. In all these cases, however, the
compound studied had to be doped considerably with
Mossbauer-sensitive isotopes, such as ' Co and
"~Sn. This doping most probably alters the prop-
erties of the base material and makes interpreta-
tion of the observed internal EFG difficult. It
therefore seemed interesting to study the internal
EFG in lead hafnate (PbHfOs), which is an antifer-
roelectric compound with properties close to those
of PbZr03. PbHf03 can be investigated by angular
correlation and Mossbauer-effect measurements
without the necessity of doping, since Hf is one of
the very few elements that provide isotopes favor-
able for both techniques.

II. PROPERTIES OF LEAD ZIRCONATE AND LEAD
HAF NATE

Since lead zirconcate is one of the best-studied
cases' of antiferroelectricity, and lead hafnate
and lead zirconate behave very similarly, we shall
shortly discuss the dielectric properties of these
compounds. The most characteristic features of
lead zirconate, obtained by the study of a single
crystal, are as follows.

(a,) Lead zirconate belongs to the perovskite
family and has two phases with different lattice
structures. Below 230 'C the unit cell is pseudo-
tetragonal, with c/a( l; above this temperature it
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is cubic.
(b) In the tetragonal phase the dielectric constant

increases with temperature to reach a maximum
at the Curie temperature of Tc =230'C. In the
cubic phase the compound is paraelectric; the di-
electric constant decreases with I/(T —Tc).

(c) On application of external electric fields up
to 30 kV/cm no hysteresis loop is observed. At
higher fields the compound changes from the anti-
ferroelectric to a ferroelectric configuration, giv-
ing rise to hysteresis.

(d) An x-ray analysis of the tetragonal phase
shows, besides the main lines due to the perovskite
structure, some extra, so-called superlattice
lines. A careful examination of these lines com-
bined with additional neutron-diffraction studies
proves the antiferroelectricity of PbZrO3. The
analysis shows that with respect to the ideal per-
ovskite structure Pb atoms suffer antiparallel shifts
along the original cubic [110]direction; the oxy-
gen atoms as well suffer antiparallel shifts within
the (001) plane and in addition unbalanced antipar-
allel shifts along the g direction. The numerical
values of these shifts are listed in Ref. 8. These
antiparallel displacements destroy the simple
periodicity of the lattice structure, as can be seen
from Fig. 6 of Ref. 8. Periodicity is only regained
by combining several unit cells to an orthorhombic
supercell, The suyerlattice created in this way
gives rise to additional lines in the x-ray spectrum.

In many aspects PbHfO3 Bnd PbZr03 behave very
similarly. PbHfOS has been studied as a ceramic
by Shirane and Peyinsky. Its essential properties
compare to those of lead zirconcate in the follom-
ing ways.

(a) Lead hafnate, as well, is a member of the
perovskite family. There exist, however, three
phases with different crystal structures. Phase I
(up to 163 'C) is tetragonal, with c/a& 1; phase II
(163-215 'C) is again tetragonal, with c/a larger
than in phase I, but still c/a & 1; phase Ill (above
215 'C) is.cubic.

(b) The dielectric constant shows anomalies at
the transition temperatures.

(c) There exists no hysteresis loop, even on ap-
plication of external electric fields up to 60 kV/cm.

(d) The x-ray spectrum of the compound shows
meak superlattice lines in both tetragonal phases.
The exact structure of the superlattice could not be
deduced from these lines. For this purpose the
study of a single crystal is necessary. In both
phases the superlattice lines are different. For
phase I, Shirane and Pepinsky suggest a super-
structure equivalent to that of PbZr03. No neutron-
diffraction studies have been performed for PbHfO~
up to now.

These experimental results are evidence for the
antiferroelectricity of both tetragonal phases of

PbHf03. In the cubic phase the compound is para-
electric.

W(8, f) = 1+AUG~~(t)P2(cos8)+A4G44(t)P4(cos8).
(2)

In the following we shall restrict the discussion to
static quadrupole interactions for the spin I= —,',
which is the case of interest in this paper.

The EFG tensor mhich interacts mith the nuclear
quadrupole moment can be characterized by its
maximal component V„and the asymmetry param-
etez g:

~=(V„- I )/i„, (3)

where the principal axes are chosen in such a way
that

The EFG splits a level with I= 2 into three states,
whose energies depend on the asymmetry param-
eter. To the three possible transitions between
these states correspond frequencies ~„cu, , and

cps which depend on g, but always fulfill the condi-
tion

Consequently the asymmetry parameter g can be
written as a function of the ratio ~z/&u, . In Ref.
11 the relation between these two quantities is giv-
en for spin 5=—', . ~, is related to the quadrupole
frequency ~@ for q = 0 by

for I integer

for I ha1.f-integer,

where vz is defined as

III. ANGULAR CORRELATION MEASUREMENTS

A. General Theory

Perturbed angular correlation measurements
provide a powerful tool for the investigation of in-
ternal fields, their dispersion and time depen-
dence. The possibility of using nuclei as a mi. cro-
seopic field-sensitive probe is due to the fact that
the angular correlation of two successive y rays
can be perturbed by the hyperfine interaction be-
tween the nuclear moments of the intermediate
state of the cascade and electromagnetic fields
acting on the nucleus.

The theory of perturbed angular correlations is
mell developed. ' The unperturbed angular distri-
bution has. f.he form

W(8) = I +A2Pz(cos8)+A4P4(cos8) . (1)

Perturbations have the effect that the coefficients
of the I egendre polynomials become time depen-
dent. The time dependence can be expressed by
including the perturbation factors G»(f):
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eV Q' 41(21 -I)

The perturbation factor G»(t), which describes
the modulation of the angular correlation by the hy-
perfine interaction as a function of time can be
evaluated in terms of the frequencies ar„. For
static interactions, oriented randomly in space, it
takes the form

G»(t) = 0gp+Z 0» cos&„t .
n= f

(5)

B. Source Preparation

The 133-482-keV y-y cascade of the 45-day iso-
tope ' 'Hf, which decays to ' 'Ta, is one of the
most favorable cases for time-differential angular
correlation measurements. The lifetime of the
482-keV state is Tf/2 10.95 nsec, its spin I= —,',
and the A2 coefficient of the cascade A2= —0. 25, so
that the experimental situation is relatively easy to
handle.

The radioactivity is obtained by the reaction
'PPHf(n, y)'P'Hf. For the preparation of PbHfOp we
followed more or less the method applied by
Shirane and Pepinsky. Radioactive Hf02 and re-
agent-grade PbO were mixed well in equimolar
proportions, pressed to a pellet, and sintered. We

encountered, however, difficulties using the sin-
tering temperature of 1200 'C as applied by the
authors of Ref. 9. The specimen prepared at this
temperature contained considerable amounts of

For a given spin I, the amplitudes a~„are functions
only of the asymmetry parameter g. Their calcu-
lations are described in detail in Ref. 12. For I
= —,

' they are listed in Ref. 11. So the perturbation
factor G»(t) contains only two linear independent
quantities, co and g. Consequently a measure-
ment of G»(t) yields information about the strength
of the interaction (eo) and its symmetry (7i).

Owing to lattice imperfections and impurity cen-
ters, it is frequently observed that the EFG is not
exactly the same at all lattice sites, so that the
frequencies cd„are not sharply defined, but dis-
tributed with some relative width about a mean val-
ue. Such frequency distributions, of course, will
influence the perturbation factor. Supposing a nor-
mal shape with relative width 5 for this frequency
distribution, the perturbation factor has to be writ-
ten as"

3
-6 u2t /2G»(t) = o,p+& 0,„e- "n cos(u„t .

n=f

For a Lorentzian distribution withwidth A one ob-
tains

G»(t) = 0'gp+5 0'» 8 ~ c s(do„t .

Hf02, which had not undergone a reaction, as was
shown by the existence of Hf02 lines in the x-ray
spectrum of the probe. This is very probably due
to the high volatility of PbO.

By preparation of various compounds at different
temperatures it turned out that by decreasing the
sintering temperature and increasing the sintering
time this difficulty can be avoided. So the speci-
men sintered at 850 'C for 36 h and was free of
Hf02 contribution.

C. Equipment

The time-differential measurements were per-
formed with a four-detector angular correlation
apparatus which is described in detail in Ref. 13.
This apyaratus is designed in such a way that it
yields simultaneously four independent time-dif-
ferential measurements of the same angular cor-
relation. The time resolution obtained for the en-
ergies of the relevant cascade varied between 2. 2
and 2. 5 nsec full width at half-maximum (FWHM)
for the four different combinations.

The source temperature was varied in the range
—196 to +22 'C by means of commercial cryostat.
For source temperatures above +22'C a heating
system was designed which yielded a stability of
approximately 1 C for the source temperature.

D. Perturbed Angular Correlation Measurements, Data
Treatment, and Results

The measurements were performed at 15 differ-
ent source temperatures from —196 to +225 C.
From the time spectra of the coincidences observed
at the three angles 90', 135', and 180' the coef-
ficients ApGpp(t) were determined in the convention-
al way for each of the four detector combinations.
Figures 1-3 show as examples the time spectra ob-
tained with one combination at —42, 203. 5, and

218 'C.
We derived the interaction frequencies in first

approximation by a Fourier analysis of the
observed spin-rotation curves. For an accurate
determination of these frequencies and the other
parameters describing the perturbation the least-
squares-fit technique is more suitable for the type
of spectra investigated here. '

For temperatures below 163 'C the measured
perturbation factors exhibit clearly a periodic but
slightly damped structure (see Fig. I). Here the
frequencies contributing to the perturbation are
easily obtained by a fit of Eg. (6) or (7) to the ex-
perimental data. It cannot, however, be decided
from the fits whether the observed damping of the
amplitudes is caused by a normal-shaped or Lor-
entzian-shaped frequency distribution. Only the
existence of a distinct second lattice site can be ex-
cluded for temperatures below 163 'C.

The solid lines in Figs. 1 and 2 are the result
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FIG. 1. Perturbed angular cor-
relation of ~8~Ta in PbHf03 at —42'C.
Calibration: 328 psec/channel.
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of a least-squares fit assuming a normal-shaped
frequency distribution. The finite time resolution
of the equipment has been taken into account by
numerical convolution with the time-response
curve. Each of the four combinations was treated
separately in this way. The final values of the pa-
rameters given in Table I are obtained by averag-
ing the results of the four combinations.

Table I contains the values co&, g, and 6 as de-
rived from the fits. From +, and the asymmetry
parameter g the quadrupole frequency co ha.s been
determined and is included in Table I, as well as
the EFG V„which has been evaluated from the

quadrupole frequency co+ using for the quadrupole
moment of the 482-keV state of ' 'Ta the value"

q(482 keV) = (2. 53+ 0. 10)x10-~ cm

For temperatures between 163 and 215 'C the ob-
served time spectra no longer exhibit a periodic
structure. An extremely strong damping of the
oscillation amplitudes occurs in this temperature
range, as illustrated by Fig. 2. Analysis of this
kind of time spectra is very difficult because of the
complete loss of any oscillatory character. We
have tried several approaches for the evaluation of
these time spectra. First, a sum of cosine terms
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FIG. 2. Perturbed angular cor-
relation of ~Ta in PbHf03 at
203. 5 'C. Calibration: 337 psec/
channel.
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like Eq. (6) or (7) was fitted to the experimental
points. From these fits we obtained values for cu&,

g, and the frequency distribution 5. No distinction
was possible between a normal-shaped and I.orentz-
ian-shaped distribution. In a further attempt we

allowed for a second distinct lattice site. This
procedure yielded fits comparable to those of the
first approach. The frequency obtained in this way
for the first lattice site did not change; the fre-
quency distribution, however, decreased by ap-
proximately 50%. ' The frequencies obtained for the
second lattice site were in the order of 20% of those
of the first lattice site. The statistical accuracy
of the measurements does not permit a decision as
to which of the two approaches is the better one.

It can be excluded that the observed damping in

this phase is due to a relaxation mechanism. In
case of relaxation the perturbed angular correlation
would decrease continuously towards zero, where-
as the observed time spectra maintain the hard-
core value at large delay times.

The values of td, , g, and 5 given in Table I were
obtained from the fits on the assumption of a single
lattice site.

In the cubic phase above 215 'C no quadrupole in-
teraction should be present. A small remaining in-
teraction, however, is observed above the Curie
point. We attribute this interaction to imperfec-
tions of the lattice structure (see Fig. 3).

It shouM be mentioned that in the presence of a
field dispersion the determination of the asym-
metry of the crystal structure is problematic. It

TABLE I. Experimental results for PbHf03.

r (c)
-196.0
—100.0
—42. 0
+22. 0
+65.0

+120.5
+152.0
+169.0
+175.0
+188.5
+203.5
+208. 0
+211.0
+218.0
+225. 0

~& (Mc/sec)

539.7+ 6.2
519.3+ 4. 3
498. 9 + 4.9
435.4 + 3.4
411.1 + 3, 0
361.3 + 3.3
306.0 + 3.8
238.6+ 6.2
198.1+ 4. 2
181.7+ 4. 8
172.6 + 3.6
139.7+ 2. 5
137.8+ 2. 5
21.1+ 6.6
17.5 + 6.1

0.87+ 0.02
0.87+ 0.02
0.87+ 0.02
0.80+ 0.02
0.78 + 0.02
0.76+ 0.02
0.68+ 0.02
0.68 + 0.09
0.68 + 0.09
0.60+ 0.10
0.61 + 0.09
0.48 + 0.09
0.52+ 0.09

co~ (Mc/sec)

54. 97 + 1.65
52.90 + 1.30
50. 82 + 1.27
46.80 + 0.45
45.02+ 1.20
40.17+ 1.12
36.32 + 1.15
28. 03 + 2. 23
23.28 + l. 82
22. 72 + 1.81
21.42 + 1.67
19.10 + 1.47
18.18 + 1.40
3.52+ 1.10
2. 92 + 1.02

I V I
(10zz V/cmz)

5.79 + 0.17
5.57 + 0.14
5.35 +0.13
4.93 + 0.10
4.74 + 0.13
4.23+ 0.12
3.83 + 0.12
2.95 + 0.24
2.45+ 0.19
2.39+ 0.19
2.26 + 0.18
2.01+ 0.15
1.92 +0.15
0.3V + 0.12
0.30+ 0.12

7.4 a 0.6
7.0+ 0.6
7.5 + 0.5
7.0+ 0.6
6.3 + 0.7
V. V+ 0.7
7.2 + 0.7

26.3 + 2.8
42. 3 + 4.0
42. 8 + 4.0
44. 8+ 4.9
41.8 + 3,9
41.4 + 4.3
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is of course possible to calculate an asymmetry
parameter from the experimentally determined
frequencies ~~ and ~~. But for the case of a large
field distribution this value does not necessarily
permit a concclusi. on about the asymmetry of the
perfect crystal.

In a perfect crystal the interaction frequencies
are the same for all unit cells. If lattice imper-
fections are present, the interaction frequencies
will vary from microcrystal to microcrystal, giv-
ing rise to frequency distributions. The variation
of the frequencies might be such that the ratio &o~/

&, is the same in all unit cells. In this case the
asymmetry parameter would coincide with that of
the perfect crystal. In general, however, also the
ratio ~z/~, and consequently the asymmetry para'~
eter will vary for different microcrystals. The re-
sults will be a distribution of the asymmetry pa-
rameter, and the mean value of this distribution
will in general not coincide with the asymmetry pa-
rameter of the perfect crystal. This can be seen
best for the case where the asymmetry parameter
of the perfect crystal is zero. Since q isconfined
to the range 0-1, the distribution of g will have a
mean value different from zero, and this value will
be the larger the larger the field dispersion. For
a perfect crystal with g = 1, lattice imperfections
will accordingly produce a distribution of the asym-
metry parameter, the mean value of which is less
than 1, and the smaller it is, the larger the field
dispersion. For these reasons it is difficult to de-
duce from a measured ratio vz/cu, the asymmetry
parameter of a crystal. structure which is subject
to strong lattice imperfections.

In phase II of PbHf03 the frequency distribution
is extremely large, so that here the difficulties
just discussed arise. To allow for the uncertainty
of the asymmetry parameter caused by the field
dispersion we therefore increased the statistical
errors of the asymmetry parameter in phase II by
a factor of 2. This, of course, leads to relatively
large errors for the quadrupole frequency and the
EFG.

In Fig. 4 the quadrupole frequency w@ is dis-
played as a function of temperature.

rameters, a lattice-sum calculation was performed
for a point-charge tetragonal lattice with the lattice
parameters q and g from Ref. 9 at various temper-
atures. The calculation was extended over ten unit
cells in each direction.

To compare these calculated values of the EFG
with those obtained by the experiment the Sternhei-
mer correction 1 —y„has to be taken into account.
We took 1 —y„=62. 2 for Tas' from the tabulation
of Feiock and Johnson. ~~ The values of (l —y„) ~

V„calculated in this way are smaller than the ex-
perimental values by approximately a factor of 2.
This, of course, is due to the fact that the point-
charge model is only a very rough approximation
of the real situation, since it does not take into ac-
count the dipole moments induced in the ligands nor
deviations of the ideal tetragonal structure due to
the antiferroelectricity of the compound, nor the
covalent character of the bonds. From chemical
shift measurements'~ it is known that the bonds in
PbHfO3 are not of a pure ionic character. A con-
siderable covalent contribution is present which
is not temperature dependent.

It should, however, be possible to compare the
qualitative temperature dependenceof the calculated
and the measured EFG. For this purpose the ratio
V„(T)/V„(65 'C) was calculated which describes

& Mc [Mc/sec]

T=163't: T=215oC

—40

-30

E. Discussion of Perturbed Angular Correlation Results

The quadrupole frequency &@ as displayed in Fig.
4 exhibits clearly discontinuities at the two transi-
tion temperatures 163 and 215 'C. In both tetrag-
onal phases the frequency ~+ decreases with in-
creasing temperature. For phase I this might be
expected from the temperature dependence of the
lattice parameters g and a, for phase II one would
expect accordingly a more or less constant inter-
action frequency. '

To obtain more detailed information on how the
EFG at the nuclear site depends on the lattice pa-

—20

I I I I I

-200 -100 0 +100 +200 T [ C J

FIG. 4. Interaction frequency u as a function of
temperature.
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the relative change for both the calculated and the
experimental values. The result is plotted in
Fig. 5. The large errors of the experimental val-
ues of the EFG in phase II are due to the uncertain-
ty of the asymmetry parameter. It can be seen that
in phase I the relative temperature dependence of the
calculated and measured EFG agree fairly well, so
that, in fact, the observed change of the EFG can
be attributed mainly to the change of the lattice pa-
rameters.

For phase II the calculation yields a nearly con-
stant EFG, in contradiction to the experimental ob-
servation. The measured relative EFG is larger
than the calculated value and decreases more
strongly with temperature than the model calcula-
tion predicts. This decrease of the EFG with tem-
perature in phase II might be due to a decrease of
the antiferroelectric distortion of the tetragonal
lattice as temperature approaches the Curie point.

From the x-ray analysis of ceramic PbHfO~
Shirane and Pepinsky suggest that the antiferro-
electricity in phase I of PbHfO~ is of the same type
as encountered in PbZr03. This suggestion is
based on the similarity of the superstructure lines
observed in PbHfO~ and PbZr03. Our experimental
results are in agreement with this proposal. The
environment of the Zr site in the multiple unit cell
of PbZrO~ is axially nonsymmetric. We have cal-
culated the EFG tensor of this site from a point-
charge model, using the valuesof the ion displace-
ments at room temperature as given in Ref. 8.
From the components of the EFG tensor the asym-
metry parameter can be deduced. The calculation
yields an asymmetry parameter of 0. 85 for the
Zr site in PbZr03 at room temperature.

The experimentally determined asymmetry pa-

rameter of PbBfOji (see Table I) at room tempera-
ture is in very good agreement with the i"esult of
the calculation, thus strongly supporting the con-
clusion of Shirane and Pepinsky that t& ~tiferro-
electricity in phase I of PbHfOS is dae te the same
type of ion displacement as found ia PbZW~. k is
interesting to note that the meara'e4 a,spume'~
parameter (see Table I) decreases eith isereasing
temperature, indicating a decrease of t& ~i-
ferroelectric distortion of the unit Cell.

In both tetragonal phases the spin-r94@ieh pat-
terns are damped. In phase I the disayiag is rela-
tively weak; in phase I it is so prortomeeC that
any oscillation is lost. The observed rapid change
of the damying between phases I and 0 ia qpaite a
remarkable fact. Usually a damping of Spia-rota-
tion patterns observed in solid env'iroaimeets iI at-
tributed to a frequency distribution caused by lat-
tice imperfections. Our data indicate that aSex the
transition from phase I to phase' II the ar6ount. of
lattice imperfections is drastically increased.
this connection it should be mentioned thai after
lowering the temperature from phase 0 to phase I
the spin-rotation curVes observed in this phase be-
fore were reproduced.

An explanation of this experimental result has not
yet been found. It seems possible that the strong
damping in phase II is connected with the existence
of a temperature-dependent transverse-optical lat-
tice mode in PbHfO&. It was shoivn 8xpsx'iQlentally
for Sr Ti+,"BaTiO„M and PbZrO, ~ and dis-
cussed theoretically by Cocher'ana' that el' to the
Curie point of ferro- and antiferroeleetrie com-
pounds the transverse optical mode is Strongly
temperature dependent, the frequencies being
rayidly reduced near the Curie point. This leads

i(VZZ(T)ZVZZ (65 C)

T=1634C T =2154 C

—1.0

—0.5

FIG. 5. Comparison of the zhea-
sured and the calculated values of
the electric field gradient for
PbHf03. The solid line represents
the EFG calculated from the known

lattice parameters by a lattice-sum
calculation.

I

0
I

50
I

100
I

150 200 T t4C)
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to a softening of the lattice and might increase the
tendency for the creation of lattice imperfections.

Our data, however, are not yet sufficient to de-
cide whether our experimental observation can be
explained on this basis. Further experiments are
necessary which are presently being prepared. In
particular, we plan a measurement of the Moss-
bauer fraction in PbHf03 as a function of tempera-
ture near the Curie point which should yield valu-
able information about the temperature dependence
of the optical mode in this compound and thus pos-
sibly contribute to an understanding of the mechan-
ism which leads to the observed strong damping in
phase II.

IV. MOSSBAUER MEASUREMENTS

In the angular correlation measurements de-
scribed in Sec. III we determined the EFG acting
on the nucleus of the impurity Ta at the Hf site in
PbHf03. The EFG experienced by the nuclei of the
Hf ions in this compound might differ appreciably
from that acting on the Ta nuclei. It was discussed
earlier that there is a considerable contribution to
the EFG due to the covalent character of the bonds
in PbHf03. This contribution will depend on the
charge state of the central ion. The charge of the
Hf ions in PbHf03 is 4+, that of the Ta ions most
probably 5+, and consequently a difference of the
EFGs experienced by the nuclei of the two ions is
to be expected. For compounds like HfO~ and

(NH4)zHfrs this difference has been found to be on
the order of 10%%uo.

"

We found it interesting to study this difference as
well for the case of PbHf03. For this purpose the
EFG acting on the Hf nuclei in PbHf03 was deter-
mined by a Mossbauer experiment, using the 93-
keV transition of '7 Hf as the source and inactive
PbHf03 as an absorber. The Hf activity was ob-
tained by irradiation of a Ta foil with 40-MeV
deuterons: ' 'Ta (d, 5n) ~ Hf. The 93-keV Moss-
bauer transition of this source showed essentially
no line broadening. The preparation of the absorb-
er material has been described above.

The electric hyperfine interaction was observed
at the temperatures of Liquid hydrogen and liquid
nitrogen. Figure 6 shows the Mossbauer spectrum
taken at liquid-hydrogen temperature. The solid
line is the result of a least-squares fit which has
been performed following standard techniques.

From the hyperfine splitting, as derived from
the fit, the EFG acting on the Hf nuclei in PbHf03
can be determined. Using for the quadrupole mo-
ment of the 93-keV level of "Hf the value

Q(93 keV) = —1.95x 10 cm

the calculation yields

V„=—(6. 10+1.21)x10" V/cm at T= —253'C

= —(5. 19+1.30)x10' V/cm at T= —196'C.
The asymmetry parameter of the interaction could
not be determined, since the fit was not sensitive
enough to this quantity. The negative sign of ihe
EFG deduced from the Mossbauer spectra agrees
with the result of the calculated Lattice sum dis-

Ii Counts x106
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6.750— FIG. 6. Mossbauer absorption
spectrum of PbHf03 at liquid-hydro-
gen temperature.
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cussed above.
In the temperature range covered by the experi-

ment the EFG increases slightly with decreasing
temperature, in agreement with the behavior ob-
served at higher temperatures by the angular cor-
relation measurements. At —196 C the EFG act-
ing on the Hf nuclei. in PbHfOS is approximately 10%
smaller than that acting on the Ta nuclei (see Ta-
ble I). This difference is of the same size as
found in Hf02 and (NH4)2HfF~.
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The Compton profile of single-crystal vanadium has been measured with Mo E6 x rays. The
observed profile shows that the V band electrons are more spatially extended than the density
calculated from Hartree-Fock V 3d functions. The measured anisotropy in the profile is sig-
nificantly less than that calculated for free-atom 3d functions with an orbital population of 80% t2 .

I. INTRODUCTION

The feasibility of using -20 keV x rays for ac-
curate single-crystal C ompton investigations of
3d elements has recently been demonstrated for
Fe by Phillips and Weiss. ' We report here mea-
surementsin Vusing MoKn (17.4keV) x rays. The
situation for V is experimentally somewhat more
favorable than for Fe, because in V the ratio of
elastic/Compton scattering is smaller and the
2s2p Compton threshold energies are lower.

We have measured the anisotropy in the Compton
profile near 7 (0) for the [110]zone, and the full

profile for three crystal orientations. Our results
are substantially in agreement with Compton mea-
surements for polycrystalline V at 60 keV made
using a Ge-Li detector and recently published by
Paakari, Manninen, Inkinen, and Liukkonen. ~ The
anisotropy we observe at Z(0) is smaller than pre-
dicted by earlier x-ray-diffraction measurements'
of paired reflections in V, and corresponds to a
nearly spherical 3d momentum (charge) density.


