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Abstract. Measurements of elastic constants and thermal expansion on a single-crystal specimen
identify the low-temperature phase transition of PrPb3 at 0.37 K as a Jahn-Teller type structural
transition. Additional neutron-scattering experiments on the same sample confirm the nonmagnetic
character of the transition. Large precursor effects in the thermal expansion indicate that structural
deformations probably develop at temperatures well above the cooperative transition temperature, a

phenomenon which may be a rather general feature of structural phase transitions.

I. Introduction

In a previous investigation of the low-temperature properties of polycrystalline
PrPb3, Bücher and collaborators found a temperature independent magnetic

susceptibility below 5 K and a pronounced specific-heat anomaly below 1 K [1].
From this behaviour they identified the crystal-field ground state of the Pr3+
(J 4) ions as a nonmagnetic T3 doublet state. They did not, however, discuss the
origin of the specific heat peak at 0.35 K. Subsequent inelastic neutron-scattering
experiments could identify two crystal-field transitions out of the ground state,
namely r3-r4(19.4K) and r3-r5(28.9K) [2].

With a nonmagnetic but Jahn-Teller active T3 ground state, it is likely that
the specific-heat anomaly is due to a cooperative structural transition. In this
paper we give new experimental evidence supporting this conjecture. We present
results from measurements of elastic constants, thermal expansion and neutron
scattering on a single-crystalline sample of PrPb3. We give a quantitative description

of the temperature dependence of various thermodynamic functions, of
magnetic excitations and of the mechanism driving the structural phase transition.

In the next section we briefly describe the growth of PrPb3 single crystals and
the various techniques which were used in the low-temperature measurements.
We then show and interpret our various experimental results and finally we
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discuss some general aspects of structural phase transitions, driven by quadrupolar
or Jahn-Teller type interactions.

II. Sample and experiments

Single crystals of PrPb3 were grown from a tantalum crucible using the Czo-
chralski technique. The material has a congruent melting point of 1120°C but has
a high lead evaporation loss (v.p. > 10 mbar) at this temperature. The evaporation
loss is kept to a minimum by growth under an argon atmosphere at a pressure of
20 bar. The tantalum crucible is enclosed in a quartz tube which is built into the
growth chamber of an Arthur D. Little crystal-growth machine. The quartz tube
prevents the lead vapor from contaminating the growth chamber and being
deposited on the water cooled R.F. coil. Using a growth speed of 10mm/hr,
crystals of 15 mm diameter and 30 mm length have been grown.

Since the phase transition and hence the most interesting temperature range
lies below 1 K, dilution refrigerator systems were used in all our experiments. For
elastic constant measurements the ultrasonic sample holder was inserted into a

refrigerator system with direct outside access to the mixing chamber [3]. The
thermal expansion was measured with a specially designed capacitance dilatome-
ter providing good thermal contact to the specimen. The neutron-scattering
experiments were performed at the TAS-7 cold source triple-axis spectrometer at
Ris0 in the temperature range from 0.09 to 4.2 K. The Bragg profiles showed that
the sample consisted of several grains with an overall mosaic width of 0.9°,
FWHM.

For further characterization the elastic constants were also measured up to
230 K.

III. Results and discussion

(a) Elastic constants

In Fig. 1 we show the experimentally determined elastic constants C44,

Cn~c12 and cL 2(c11-t-c12 + 2c44) in the temperature region from 0.1 to 200K.
All three modes exhibit strong anomalous temperature dependences for T<
100K. The Cxx~Cx2 mode shows an overall softening of 15%. This is due to
crystal field effects as observed before for many intermetallic rare-earth
compounds [4].

First we discuss the temperature dependence of the symmetry elastic
constants C44 and (cn-c12)/2 in the region above the phase transition temperature
T>Ta= 0.37 K. In contrast to previous experiments we find, that in the case of
PrPb3 not only strong magnetoelastic coupling between strains and the
quadrupole moments (/ 2) of the Pr3+ ions but also higher order (1 4) moments
have to be taken into account. Hence the magnetoelastic coupling reads [5]

-1 {e2(g?)0|V3 + gfOi) + 63(gfOS +gf)Ol
+ exy(g?)Oxy + gf)Ö2)} (1)
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Figure 1

Temperature dependence of symmetry elastic constants J(clx-c12), c^ and cL j(c11 + c12 + 2c44) of a

single crystal of PrPb3 between 0.1 and 220 K.

where

1 1
62 — ~Tr \exx ~ eyy), e3 —G=(zezz ^xx ' evy/

0 _ta_are the orthorhombic and tetragonal symmetry strains, 02 Jx-Jy, 02
3J2 — J(J+1), Oxy =JxJy +JyJx are the quadrupolar operators and as examples for
I 4 operators we give

Ol l[(lJ2z-J(J+l)-5)(Jl + Jl) + (Jl + J2-)(lJl-J(J+l)-Sy\

Ö24 j [(1J2Z - J(J +1) - 5)(J2+ - J2) + (J2+ -Jl)(Ul - J(J +1) - 5)]

For the elastic constants one obtains in the usual manner [4]:

_„0_ _2xr XsTc=c"T-gïN
1-KrXsT

(2)
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with c? denoting the background elastic constants, xsr the strain susceptibility
d(0T)/deT and KT a coupling constant describing quadrupolar interactions.

In Fig. 2 we present a fit of such a calculation to the experiment for the C44

and Cxx~Cx2 mode. For the c44-mode we get a good fit with only quadrupolar
magnetoelastic interaction. The calculation reproduces the experimentally
observed minimum for T ~ 6 K and the subsequent flattening at low temperatures
very nicely. On the other hand a pure quadrupolar coupling does not explain the
temperature dependence of the Cxx~cX2 mode (dotted line). It gives a continuous
softening of the elastic mode due to the T3 ground state, whereas experimentally a
shallow minimum is observed for T~8K and a strong minimum close to the
transition temperature Ta. Inclusion of / 4 terms with a coupling ratio S

g3°/g32) 1/135 reproduces the salient features of the experimental behaviour
although the fit is not perfect. However, there seem to be no other strain
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Figure 2
Temperature dependence of the elastic constants 2(cu~ci2) an£l c44 between 0.1 and 40 K. The lines
are fits based on the CEF energy-level scheme given in Table 1.

£44: solid line considers / 2 terms only.
(cu-c12): broken line considers 1 2 terms only,
solid line includes terms with I 2 and I 4 (for explanations see text).



692 M. Niksch et al. H. P. A.

dependent interactions which could produce such an effect in the cubic,
paramagnetic region.

We also mention that with the analogous I 4 interaction for the c^-mode
we can explain the temperature dependence of C44(T) for PrSb, a long standing
problem. In this case one found experimentally [6] a minimum in c^at T 25 K
whereas a (I 2)-calculation gave a minimum at 60 K. Inclusion of 0\ operators
gave a satisfactory fit [6] with 8 gs4)/g52) 1/45. One obtains generally 8~ 10~2

if one assumes that gr4)/gr2> roughly follows an a3/a5 dependence (where a is the
lattice constant).

A full fit to equation (2) gives the coupling constants g3, g5 and K listed in
Table 1. From these coupling constants we can already deduce that the phase
transition at Ta should be of cooperative Jahn-Teller type. This will be discussed
in more detail below.

We now focus our attention to the vicinity of the phase transition. In Fig. 3

we show the temperature dependence of the elastic modes in the low-temperature
region T<4K. For the (c11-c12)/2 mode one finds a pronounced minimum at
0.45 K, the softening amounting to 2% from 4 K for the sound velocity. The slope
of the subsequent sharp rise decreases at 0.37 K. The c^-mode is rather flat
below 4 K and rises for T<0.5 K by about 0.1%. The cL-mode exhibits a rather
shallow minimum at T — 0.5K. All these data indicate that a phase transition
occurs for T<0.5K. The elastic-constant data alone would point to a phase
transition at T 0.45 K instead of the 0.37 K as indicated by thermal-expansion
and specific-heat experiments discussed below. Further comments on this
behaviour will be given in Section 111(e).

(b) Thermal expansion

Figure 4 shows the temperature dependence of the linear-thermal-expansion
coefficient a along the [110]-direction of the PrPb3 single crystal below 1.3 K. It
may be seen that a pronounced anomaly peaking at 0.37 K and thus determining
the transition temperature Ta rests on another, much broader anomaly with a
maximum at roughly 0.5 K and extending up to temperatures far above Ta.
Additional measurements at higher temperatures indicate that the anomalous
negative slope of a(T) is observed up to 4 K [7]. The temperature dependence of

Table 1

Physical parameters used in the calculations and/or deduced from our experiments.

Crystal-field splittings: r3-r4(18.7 K)-r5(28.8 K)
Structural transition temperature Ta 0.37 K
Density p 11.0 gcirT3

Elastic constants (T 200 K) c44 2.77, C" °i2 1.19
(in 10nergcnT3) 2

cB=|(cn + 2c12) 5.09
Debye temperature eg (T 0 K) 135 K
Magnetoelastic coupling constants g^2) 26.4K, g^ 0.2K

g«> 65.6K, g») 0
K~0

2c
Elastic anisotropy factor A — 2.32 (T 200 K)

Cll_C12
2.40 (T=1K)
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Figure 3 t
Temperature dependence of the elastic modes _.(cn-Ci2), c^ and cL, in the vicinity of the phase
transition.

a as shown in Fig. 4 is very similar to that of the specific heat as reported in Ref.
1. We also note that this specific heat maximum occurs only 0.02 K below our
thermal expansion coefficient maximum. Thermal expansion measurements on
polycrystalline samples gave a similar broad anomaly without, however, the sharp
peak at 0.37 K.

(c) Neutron scattering

The [200] and [011] Bragg peaks were carefully monitored in the temperature

range from 4.2 to 0.09 K, especially around 0.4 K where the bulk measurements

show evidence for a structural transition. No change was detected, which
means that the macroscopic strains associated with the phase transition must be
quite small with an upper limit of 0.1° for a possible change in the unit-cell angles.

With inelastic-neutron-scattering experiments we were able to determine the
dispersion of the two crystal-field excitations (r3-r4, r3-rs) along the main
symmetry directions. Examples of the constant-q inelastic scans are shown in Fig.
5, where one notices that both the energies and the relative intensity of the two
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Linear-thermal-expansion coefficient along [110] of PrPb3 between 0.15 and 1.3 K.
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Inelastic neutron scattering spectra for two different values of the reduced momentum transfer
q (0, 0, 0) and q (0.25, 0.25, 0.25).
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transitions vary with the wavevector q. The energy width remains constant at a
value of 0.5 meV, much larger than the instrumental resolution of 0.2 meV. The
lowest energy was found at q (1/4, 1/4, 1/4) where htox 1.28 meV and hto2
2.40 meV. This indicates a trend toward antiferromagnetic ordering with this
wavevector but the exchange field is too small to overcome the crystal-field
splitting. Hence PrPb3 remains paramagnetic at least down to 0.09 K. In accordance

with this, the inelastic spectra do not show any observable temperature
dependence in the range 0.09<T<4.2K.

The spectra were analyzed with a simple RPA-model which takes into
account only the J2-transitions from the ground state to the two excited triplet
states. The transition matrix elements are known to be M\ |<r3| Jz |r4)|2 9.333
and M\ |<r3| Jz |r5>|2 4. At temperatures below 4.2 K we can neglect the
population of the excited states, and arrive at the following 2x2 dynamical matrix

M i "1}
\—toc to?)

(3)

where

to\ Ai(Ai - U(q)M2x) to\ A2(A2 -U(q)Mf)

to2 -2J(q)VA1A2M|M1

The eigenvalues correspond to the excitation energies d\, and l~l\ and the
eigenvectors determine the intensities. This formalism leads to an excellent
description of the observed spectra and the following iterative procedure was
adapted in order to derive the best values for J(q). First, both energies and
intensities were fitted using the literature values for the crystal-field splittings Aj
and A2 resulting in values for Clx(q), £l2(q) and J(q) for each scan. Then these
/(q)-results were used in simultaneous fits to all scans leading to new values for Ai
and A2 and the procedure was repeated with a rapid convergence. The final results
for the splittings are

A!(r3-r4) 1.61 ±0.05meV

and

A2(T3 -r5) 2.48 ± 0.05 meV

The results for £lx(q), H2(q), the normalized intensity ratio: (Ix/I2) " (M%/M2), and
J(q) are shown in Fig. 6. The full curves are smooth lines through the best fit
values and the dotted lines are the crystal-field-only results, i.e. J(q) 0. One
notices that the intensity variations are relatively more pronounced than the shifts
in energy and it turned out in the analysis that the final values of J(q) depend
more sensitively on the observed intensities than on the observed energies with
the actual experimental error. The shape of J(q) corresponds to a dominating,
negative next-nearest-neighbour exchange constant. However, this simple model
would predict ./"(1/4,1/4,1/4) 0, whereas a positive value is observed. Calculations

of dispersion curves using only nearest-neighbour excitations [2] are therefore

not adequate to describe our experimental results.
In summary, the inelastic-neutron-scattering spectra confirm the crystal-field

level scheme for PrPb3 and it rules out the possibility of magnetic ordering at
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Figure 6
The variation with reduced momentum transfer along the main symmetry direction for the crystal-field
excitation energies, the corresponding intensity ratios (r3-r5)/(r3 —r4), and the exchange energy J(q)
as determined by fits to the neutron-scattering spectra.

0.37 K. All the data are excellently reproduced by a simple RPA-model which
assumes an isotropic exchange coupling acting on both the T3 —T4 and T3 —T5
transitions. The dominating exchange coupling is antiferromagnetic to the next
nearest neighbour across the cube-face diagonal.

(d) Phase transition aspects

All the experimental evidence given in previous sections (elastic constants,
thermal expansion, neutron scattering evidence) allow us to describe the phase
transition to be of cooperative Jahn-Teller type [9] involving a tetragonal
e3-strain. From the coupling constants deduced from the experiment we notice
that the pure strain coupling amounts to more than 80% of the total coupling
constant (see Table 1). We therefore only consider the magneto-elastic coupling
and take gjj?* g 30 K in order to make some estimates.

Since the first excited crystal-field state (r4) lies 19 K above the ground state
r3 level, we can neglect all the excited levels for the equilibrium aspects of the
phase transition for T<0.5 K. From the free energy density

26r kTN In fa e-^'A (4)
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we obtain an order-parameter equation for the spontaneous strain

N tW
cn-c12 Y. e~ßE>

(5)

where % are the two r3-levels, E(Tl) 8ge3, E(rf) -8ge3-12g2e|.
With these values we obtain a phase transition at Ta 0.37 K and an

equilibrium strain at T 0 of e3 0.16% or a volume conserving linear strain
8c/a =0.13%. These estimates explain the failure of observing any structural
changes with neutron-scattering techniques. With a mosaic spread of 0.9° it is
impossible to observe splittings of 0.1°. Furthermore the calculated E(T3)-splitting
at T 0 K amounts to AE 16g • e3 0.76 K again below the resolution of
inelastic neutron techniques.

Within this simple model calculation one obtains a complete softening of the
cn~Ci2 elastic constant when approaching Ta from higher temperatures and a
mean-field type anomaly for the specific heat and thermal expansion below Ta.
Clearly our experimental results are in disagreement with these predictions. The
elastic constant cXx~Cx2 only softens by about 15% and both the specific heat and
the thermal expansion reveal anomalous contributions far above Ta.

At this point we should like to mention that similar features have been
observed in thermal expansion data of other materials exhibiting structural phase
transitions as e.g. UPd3 [10] or V3Si [11], and this seems to be a general feature
of materials exhibiting martensitic transformations [12]. It is known that for
materials with an elastic anisotropy parameter A 2c44/(cu-c12)>l, a gradual
growth of unstable dislocations is favoured [12]. For PrPb3, A is about 2.4 (see
Table 1). We therefore argue, that in our case, structural deformations develop
already well above the cooperative transition temperature, giving rise to specific
heat and thermal expansion contributions as observed. R In 2, the entropy
associated with the splitting of the T3 ground state is only reached in PrPb3 when
the specific heat reported in Ref. 1 is integrated to temperatures above 1 K. We
therefore suggest that all these precursor effects in thermal expansion, specific
heat and elastic constants are strongly influenced by gradual local structural
changes.

(e) Structural transitions in intermetallic compounds containing f-electrons

While there are many examples of magnetic phase transitions in intermetallic
rare-earth and actinide compounds, pure structural phase transitions are rare. In
fact we only know of five: TmCd [13], TmZn [13], PrCu2 [14,15], PrPb3 and
UPd3 [10]. if one describes the phase transitions with a structural molecular field
Hamiltonian of the form

% -grerOr-Kr(Or)0T (6)

one can distinguish between the two limiting cases [16] where grN/cT«Kr and
grN/cr»Kr. The former case is usually denoted as quadrupolar transition, the
latter as cooperative Jahn-Teller transition. Whereas TmCd and TmZn belong to
the quadrupolar case, PrPb3 is, according to our analysis, a typical representative
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of a cooperative-strain type Jahn-Teller phase transition, PrCu2 is an
intermediate case with a dominating magnetoelastic interaction.

It is interesting to note that within the family of intermetallic rare-earth
compounds, only compounds with Tm3+ and Pr3+ ions exhibit such electronic
structural transitions. The reason for this lies in the rather large orbital moment L
for these ions (Tm3+ (J 6, L 5), Pr3+ (J 4, L 5)). On the other hand there
are many cases where structural and magnetic transitions coincide. These cases
can be treated with models as the one given above, including a magnetic exchange
term. Especially the case of Tb-pnictides has been treated in detail [17].
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