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High-temperature fcc phase of Pr:  Negative thermal expansion and intermediate valence state
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A high-temperature angle-dispersive synchrotron radiation diffraction study has revealed the double
hexagonal-close-packed-to-face-centered-c(dhicp-to-fcg transformation in the Pr metal occurring marten-
sitically between 575 and 1035 K. The high-temperature fcc phase shows a negative thermal expansion in the
range 600—800 K, attributed to thé-lectron delocalization. A phenomenological theory is developed, which
explains consistently the observed effect in terms of the mean valence variation of the metal as a function of
temperature; it also predicts the existence of an isostructural phase transition and of a critical end point of a
gas-liquid type in compressed Pr. The analysis of published datR-dnvariation of conductivity of Pr
supports this prediction.
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[. INTRODUCTION in Pr and present some interesting properties of Pr metal in
the high-temperature fcc phase.
Despite the successful extension of the phase diagrams of

lanthanide metals into the high-pressure region, information Il. EXPERIMENTAL METHODS
about low-pressure transformations and high-temperature N . .
phases are in some cases still insufficient and unreliable. SUN In S"F’ h|gbh-temFeraturfetgatzé were obtgmedhattthe EW('jS.S'
prising features of low-pressure transitions between four:. orwegian béam lines ot tné European synchrotron Radia-
layered double hexagonal-close-packe@thcp and three- tion Facility (ESRF, Grgnoble, Frgn):eX—ray—dlﬁracnon
layered face-centered-cukliicc) structures in La, Pr, and Nd patterns were collected in anglg—dlsperswe geometry on an
have been reportegee review papér. In these three metals, image plate detectoiMAR345) with unfocused monochro-

the dhcp structure is known to be stable at ambient pressu atic beam at wavelength=0.7040) A The sample-to-
and temperature. The stability domain of the fcc phase, ho detector d'Staﬁce and the_|mage F"a_t? inclination angles were
ever, is mapped with great uncertainty; conflicting data havep_reuse!y callpratec_i using - a silicon standard._ Two-
been published about the low-pressure redibr<2 GP3 dlmen3|9nal diffraction mages were anquzed_ using the
at elevated temperaturé3>500 K). At ambient pressure ESRF Fit2D software, yielding one-dimensional intensity vs

the dhcp-to-fcc transformation has been observed only iﬁJiffraction angle 2 patterns. Two different heating setups

La (T.. ;=580 K) (Res, 23 while data reported on Prand S0 2580 & SPERE 000 2 0000, oo ion ate i
Nd are contradictory. On one hand, one can find earlier P

publications reported on the dhcp-bdmit not the dhcp-fce A
transformation atT=1070 K in Pr and T=1140 K in
Nd2 On the other hand, in these metals a metastable fcc 900 H
phase was retained at room temperature by quenching
(splat cooling in an arc furnacé.In later studies, the dhcp- 800 [v
to-fcc transformation was observed in the course of com-
bined pressure-temperature variatidfisdowever, the con-
vergence of the hysteretic region between the dhcp and
fcc phases, in La, Pr, and Nd correlated with the gradual e
disappearance of the corresponding jumplike anomaly 500 2 2
in electrical conductivity and this is how tHe-T phase dia- Yy
gram of these metals in the low-pressure region was 400 (]
established:® These effects are characteristic for the cross- DHCP v
over from a first-order to aecond-ordetransformation re- 00, % & ,
gime, but such tricritical behavior is not permitted forea 0 1 2 3 4 5 6
constructivedhcp-fcc transformation. For this reason, the Pressure (GPa)
dhcp-fce transition boundary has not yet been charted in the
low-pressure region, and there is no certitude either as to the g, 1. PartialP-T phase diagram of Pr metal. Shadowed is
existence or the absence of the dhcp-fcc transformation ategion of indifference™. Experimental points taken from Ref. 5
ambient pressurérig. 1). correspond to discontinuities in the electrical conductivity. Dashed
In the present work, we confirm experimentally the exis-arrow shows the dhcp/fcc two-phase region as observed in present
tence, at ambient pressure, of the dhcp-to-fcc transformatiowork.
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nonequilibrium thermal conditions in the presence of tem-

perature gradients; such gradients are known to remove T=1055K
eventual crystal imperfections that act as internal obstacles in

course of the dhcp-fcc phase transition. For this reason we

employed two different devicesa) a Lincam DT-1500 tem-

perature cellhigh-temperature limit is 1600 the features

311

222

—=220
g

of which are a small sample volume heated by a flat heater
and a permanent flow of high purity inert gas across the cell,
(b) a tubular furnace where the heating coil surrounded the
sample(limited to 1100 K.2 The Linkam furnace yielded
stationary thermal conditions with high gradients across the
sample while the tubular furnace provided equilibrium ther-
mal conditions but with a reduced upper temperature ffmit. dhCP”' b l broobomn
It should be pointed out that, in contrast with an equilibrium

heating setup, a nonequilibrium one does not allow us to

T=840K

X " T=660 K
control experimental conditions except an average tempera-
ture. Therefore, to characterize quantitatively the thermal ex-
pansion of Pr, only data collected under equilibrium heating
conditions were used. LA N TR
The samples used consisted of filings of polycrystalline Pr dhCPI H [ P
metal (99.9% purity, Goodfelloy All manipulations were 8
performed in an inert atmosphewr or He of high purity in T=545 K

order to prevent oxidation of the samples. In case of the §§

tubular furnace the filings were loaded in capillaries, fur- 3 L s g

nished with ultrahigh-purity He gas, and pumped out to high T IN58 3
p [N | | | | |

(10°° mbar) vacuum and sealed. With the Lincam DT-1500

cell, the filings were loaded directly in a glove bag and dur- 15 ' 20 ' 25 ' 30
ing all experiments the samples were kept under the perma-
nent flow of a high-purity inert gagAr or He). 2 © (degree)

FIG. 2. Selected high-temperature synchrotron radiation x-ray
lll. RESULTS AND DISCUSSIONS powder diffraction patterns of Pr metal in different phases at ambi-
ent pressurgnonequilibrium conditions Asterisks denote weak
PrH, peaks. The tick marks indicate the positions of calculated

Figure 2 shows selected angle-dispersive x-ray diffractiorBragg reflections.

patterns of Pr metal in the temperature range including the
dhcp-to-fcc transformation at ambient pressure. All peakghased at abouf=1035 K [Figs. 2 and &)]. Thus there
could be indexed with the fcc and dhcp structures. The trangsan be no doubt that the dhcp-to-fcc isobaric transformation
formation is obviously sluggish and develops throughout thén Pr does occur. It is worth noting that the kinetics of this
two-phase region. The first indication of the fcc phase apisobaric transformation is very similar to the pressure-
pears in Pr at about 575 K, under equilibrium as well non-induced martensitic dhcp-fce transformation inPr.
equilibrium conditions &.=5.134 A). The intensity of the
fcc peaks increases with rising temperature, while the inten- B. Thermal expansion
sity of the dhcp peaks decreases continuodbly. 2). The The properties of the cubic phase of Pr are very intrigu-

Debye-Scherrer diffraction patterns show a progressive reing. Figure 4 shows the temperature dependence of the
crystallization of the sample, even at low temperatures: the

initially homogeneous diffraction rings, belonging to the

A. dhcp to fcc transformation

»
dhcp structure, transform into spotty ones. The fcc diffrac- 1/ i
tion patterns appear first as perfectly isotropic broadened Ve e
rings [Fig. 3(@], indicating initially random orientation of g Y
numerous nucleation centers. The fcc diffraction rings re- == . = .~ ol e
main homogeneous over a considerable temperature range = .~ T
but decrease in width with increasing temperature, the effect = o

E_

corresponding to an increase in crystallite size. Further evo-
lution of the fcc rings is similar to that of dhcp; they also turn (b)

spotty [Fig. 3(b)], the result of the preferred growth of se-

lected nuclei. In the equilibrium thermal conditions, a con-

siderable amount of the dhcp phase remains untransformed FIG. 3. Debye-Scherrer diffraction rings of Pr as recorded on an
up to the fce-bee transition poinfl(=1070 K) while under image plate.(a) T=840 K; fcc diffraction rings are indexedb)
nonequilibrium conditions the Pr sample becomes fcc singl@=1055 K.
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FIG. 4. Temperature dependence of the atomic volume of Pr Temperature (K)
metal. Circles—fcc phase in equilibriufopen) and nonequilib- 301 .
rium (solid) conditions; diamonds—dhcp phase in nonequilibrium 3.00 | Equilibrium
conditions. )
og 2.99 B
atomic volume of the dhcp and fcc Pr. Remarkable is the o0
behavior of the latter in the range between 550 K and 800 K. -8 298 1
One notes that the cubic structure has initially a negative § 297+
thermal expansion coefficient. It then changes its sign but -4 b
still keeps an anomalously lovalmost zerp value over a 2.96 [111] ( )
wide temperature region and only starts exhibiting a normal 295 |, . o _Fee
temperature expansion from about 800 K upward. In con- 300 500 700 900
trast, the d_hcp structure shows in the same tempera.tu.re range Temperature (K)
a smooth increase of the thermal expansion coefficignt
fitted by the curve
20F e
ad'P=(1.45x10" %) —(9.141x100HT T e
PN DHCP
+[(1.796x107°) T2~ (9.32x10 ) T°]. W 00¢
v
However, the remaining dhcp phase also exhibits a small o
but visible ( about 1.2% negative volume jump afl ;:: 2.0 (C)
=950 K, and then the volume variation of the collapsed .
dhcp phase is similar to that for the fcc phase but at a lower 401
temperature (650 K T<800 K). This behavior can be seen . . . .
even more spectqculgrly in the variatign of the !nterlayer 200 400 600 800 1000
spacingdj11;c, Which is compared, in Fig. 5, with its hex-
agonal analogdjgosn (both are d spacings between Temperature (K)

hexagonal-close-packed atomic planégain, one canseea 1 o | inoar thermal expansion of Pr metéd) nonequilib-
monotonic increase in the dhcp_lnterlayer d|stancg Inter'rium conditions;(b) isotropic heating. Diamonds correspond to the
rupted, at 950 K, by a downward Jump. In contrast V\,”th thedhcp phase, and circles to the fcc pha®g.Smoothed linear ex-
dhcp structqre, the fcc structurg 'fII’S'.[ shows a negatlve theﬁﬁansion coefficienta’ (dashed lingand a/°® (solid line).
mal expansion and then a stabilization of the lattice param-
eter. Except for some details, the lattice parameters in equspontaneous strain components and the magnetization vector
librium heating conditions show a similar temperaturecomponents arising at the transition into a ferromagnetically
behavior. One can see that the linear thermal expansion c@r antiferromagnetically ordered phase. The spontaneous
efficient along thec axis, af, of dhcp structure increases magnetostrictive effect compresses the crystal lattice, and
smoothly from 1.27%10 ° K~ 1t02.023x 10 ° K~ tinthe  thus can compensate its thermal expanSietowever, this
300-900 K temperature range, while the fcc structure showmechanism is not applicable here since polycrystalline dhcp
a typical Invar-type behavidFigs. 5b,0]. The evident tem- Pr orders antiferromagnetically only below 25 (Ref. 10
perature scaling between nonequilibrium and equilibriumand fcc Pr, stabilized at ambient pressure, orders ferromag-
datasets can be attributed to the particularity of the transfometically below 8.7 K
mation process, namely, a slower kinetics under the equilib- It is known that transverse vibrational modes can lead to a
rium heating conditions. negative thermal expansiorisee, for example, review

In search of an explication for the observed phenomenomapet?); however, this mechanism is operational only in
one can suggest several mechanisms for the lattice contracemplex materials. This is not the case for elemental Pr.
tion or lattice spacing temperature stabilization. The first one, The mechanism most consistent with our experimental
the Invar effect proper, is due to a coupling between theobservation relates to the valence transition reported for sev-
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eral rare-earth metals. These metals are known to exhibit a The nonequilibrium energ{lLandau potentialassociated
valence variation with pressure and temperdfuaecompa-  with the simplest model of an isostructural phase transition
nied by a correspondinigttice contraction The best known has the form

example is the isostructurgifcc) —a(fcc’) phase transition

in Ce metal, which is characterized by a considerable F(n)=aynp+an’+azn’+n? 1
(~20%) atomic volume collapsésee review Ref. 13 Two
microscopic models were proposed to explain this effect

they are both based on the concept of theermediate g change of variableg= A —a3/4 and following elimina-

valence!® The first one considers the intermediate valence[ion of the equilibrium part of the energy transforms Et
state as a temporal one, that is, in the intermediate state the ihe normal form: '

ions fluctuate between the two pure ionic configuratioffs.
The other model considers the system asltoy of constitu- F(A)=2;A+3,A2+ A%, 2
ents of different integral valende-3 and+4 in the Ce case
and treats the intermediate state in the virtual-crystaivhered;=a;—a,as/2+ a§/8, and§2=a2—3a§/8. Minimi-
approximationt>*6 A discussion on the details and advan- zation of the potentiaF (A) with respect to the order param-
tages of each approach is beyond the scope of the presegierA yields an equation of state as follows:
paper. However, since they both allow the existence of inter- .
mediate values for valence, one can use this latter as a aF ~ 3
smoothly variable parameter for a phenomenological model ﬂ—a1+2a2A+4A =0 ©
irrespective of the microscopic nature of such a variation.
The valence variation between the low- and high-valence It is not necessary to investigate here the above model in
limits evidently should yield variation of the lattice constantsdetail since the form of the Landau potenti@) coincides
in the sense that they attain values correspondingtas ~ With one of theelementary catastrophe®amely, the cusp
(0O<A<1), intermediate to those expected for pureand catastrophg and was studied comprehensively in the frame-
(n+1)-valence metal. work of the mathematicatatastrophe theors® The equilib-
rium values of the order parameté&r which we will choose
as the metal valence deviation, are the solutions of the equa-
C. Phenomenological model tion of state(3); and because this is a cubic equation, it has
ither one or three real roots, and only those have a physical

In this section, we consider'the phenomenological'mode eaning. The number of roots is determined by the determi-
of the valence variation effect in Pr and show a ConS'StenC%antD=8"a§+27a§. If D<0 there are threeeal roots:

between phenomena observed in Ce and Pr metals. Experi-
mental evidences for valence variation, i.e., the existence of -
intermediate valence states, were reported for at least three Aj=—2p cos‘f, Ays=2p cosi;
members of the rare-earth metal family: €eu® and Yb 3 ’ 3
(Ref. 19 (see also Ref. 12 and references therdim Ce a
discontinuous variation of the valence was found to cause the p=sgnd,;|a,/6|, cosp=34,/8p° 4
observed isostructurakfcc)-a(fcc’) transformation through . o )
the corresponding atomic volume collapse. In contrast, ifWo (Az3 corresponding to minima of the Landau potential
Eu, the valence varied continuously over a wide pressur@nd one @) corresponding to a maximum; otherwise there
range including the bcc-hep phase boundary, and no remarf§ only one @4). Figures a) and &b) illustrate this by a
able anomalies in the lattice parameter behavior were opfhree-dimensiona(3D) diagram of the equilibrium surface
served. Both types of variations, continuous and discontinut3) and its projection on thé;-3a, plane. It is easy to predict
ous, can be treated within the framework of an unifiedthe valence magnitude behavior for the different paths, i.e.,
phenomenological model of an isostructural phase transitiorPn the different plane sections of the equilibrium surface.
Such a Landau-type theoretical approach is known to dedPne can see that smooth variationsaipanda, almost al-
with a single-component order parameter spanning the to¥ays produce smooth variation ik. The only exceptions
tally symmetrical(identity) irreducible representation of the 0ccur when the system crosses the energy equaitgtruc-
parent phase-space group. A scalsotropid physical quan- tural first-order phase transitipine F(A;)=F(A3), ie.,
tity, such as volume or valence deviation, perfectly fits thisd1= 0. In this point it jumps to the other sheet corresponding
role. to the other energy minimum\(,<— A 3). This brings about a
Since our inferred existence of an intermediate valencéudden change ia. The projection of the folds of the equi-
state in elemental Pr is, to our knowledge, first of its kindlibrium surface onto th&,-3, plane O =0, &,=337%2)
and the variety of experimental datasets is restricted to theare the stability limit(spinoda] lines for the low- and high-
mal expansion, we will limit also the theoretical model to thevalence statefFig. 6(b)]. The variation regime i\ can be
minimal form, choosing the minimal set of the correspondingchanged smoothly from discontinuous to continuous by vary-
phenomenological parameters, and consider their variation iing the @, parameter from negative to positive sign. The
the vicinity of the critical point. This approximation will re- change of regime occurs a,=0, i.e., at the critical point
ceivea posterioriexperimental support. (CP) of the liquid-gas typédFigs. §a) and Gb)].

where 7 is the totally symmetricalnonsymmetry breaking
order parameter, and, are phenomenological parameters.
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FIG. 7. Praseodymium valence variation in the fcc phase, data
from three different experimental runs in isotropic heating condi-
tions are used. Lines show the theoretically predicted valence be-
havior for the path far from the critical poiri, <0 (dashed, at the
critical point,a,=0 (solid), and beyond the critical poin§,>0
(dashed dotted

merical estimation is taken from Ref. 21, aRds obtained
from the experimental values far spacings. Then, in order
to get thecontractive part of the atom size variation, the
diﬁerenceAd=dff1°1]—d?ohoi‘]’ [Fig. 5(b)] can be used. One
can find the values for intermediate valence of Pr taking into
D account thak=A and using an equation identical to that for

'(c) atomic radiusk, v =4A+3(1—-A).

Figure 7 shows the temperature variation of the valence in

FIG. 6. (a) Equilibrium surface corresponding to E€®). (b) the fcc phase of Pr metal obtained as just described. Three

Projection onto th&,-3, plane. Dashed-dotted lines are stability CUrVes represent sections of the equilibrium suri@é¢Fig.
limit lines, solid line—the first-order isostructural phase transition 6(&) and Eqs(4)] in the vicinity of the critical point. One can
line. CP is the critical point(c) Schematic position of the isostruc- see that the experimental point distribution corresponds to
tural phase transition lines on tie T phase diagrams of Pr and Ce. the thermodynamic path passing very close to the critical
point, in the domain of smooth variation of the order param-
In order to map the phase boundaries experimentally measter @&,=0).
sured in theP-T coordinate system onto the 2D space of the  The sign and character of the volume and of the valence
phenomenological parameté&s-a,, a linear transformation variations allows us to suggest the position of the line of the
is called for isostructural phase transition in tReT phase diagram of Pr,
which is compared with that for Ce in Fig(®. One can see
that, different from Ce, the line of the isostructural transfor-
~ mation in Pr should have a negative slope.
85(T,P)=ay(T—To)+ B2(P—Po). (5) As a final remark, we should point out the difference in
This establishes theP(T) < (3,,a,) correspondence, using valence behavior of fcc and dhcp Pr. In the latter, the valence
a minimal number of fitting parameters, B;, To, andP,,. varies; and, therefore, the volume collapses at higher tem-
Both coordinate systems are shown in Figa)@&long with an ~ peratures. Obviously, a phenomenological consideration is
example of the isobaric variation of the order paramdter  not capable to explain such a difference. However, this is a
good challenge for a first-principles calculation as success-
D. Valence variation fully carried out previously in order to describe electroni-

i . . cally driven effects in lanthanide metals. On the phenomeno-
Our experimental data on equilibrium thermal expansionggical level, one can argue only about the different site

[Fig. 5b)] can be recalculated into the valence temperature .
variation by using the alloy model. For this purpose we Cans_ymmetry of metal atoms in fcts.s.m3m) and dhep(s.s.

consider, without loss of generality, the elemental Pr crystap™ and ém2) structures as a possible reason for the electron
as a solid solution ok fraction of tetravalent and (2x)  transition retardation.
fraction of trivalent metal. An average metallic radius of Pr

atom, which determines interatomic distances and lattice pa-

rameters of such a “disordered alloy,” is equal Re=xR**

+(1-x)R®*, whereR3®"=1.83 A corresponds to the triva- The question arises as to the occurrence, in earlier publi-
lent 4f35d%6s? electron configuration andR**=1.658 A  cations, of the phenomenon described in the present paper?
corresponds to the tetravalent?sd'6s? one. The latter nu- Let us analyze the data on Pr conductivity anomalies ob-

A2

ay(T,P)=ay(T—To)+ B1(P—Py),

E. Hypothesis
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tained by the authors of Ref. 5 and interpreted by them aformation induces thincreasein resistivity?® Thus, our phe-
induced by the dhcp-fcc transformation. It has already beenomenological model, based on the valence variation mecha-
mentioned that the convergence of the hysteretic regftan  nism(Sec. lll C, Fig. 6, allows one to understand the nature
1) and the vanishing of the conductivity anomaly are notof the effect and suggests that the line of the isostructural
compatible with the reconstructive character of the dhcp-tophase transition in Pr was already mapped in Ref. 5.

fcc transformatiorf? Thus, our diffraction data reveal a slug-

gish kinetics of the dhcp-to-fcc transformation in Pr and no

increase in the rate of transformation at high temperatures IV. CONCLUSION

and, therefore, throws doubt on the origin of Sl?luhlphke Our x-ray diffraction study at high temperatures showed
anomaly. However, our proposed model clarifies the phe:

nomenon f[hat Pr metal undergoes a phase transition from d_hcp to fcc
The sILJggish character of the dhcp-fec transformationm the temp_eratqre range 575-1035 K. The evolution of. th_e
due to the aradual nucleation of the new phase. does nt:orrespondmg diffraction patterns was found to be very simi-
9 P ' %r to the pressure-induced dhcp-fcec transformation observed

allow on_e_to predic_t a discontinuous character of.the Sa?mp'%t room temperature, indicating a martensitic character of
conductivity behavior, even when the difference in the Ir1d"this transformation. An Invar-like behavior of the lattice pa-

Vition of the conductiviy should correlate with the amount ATIS1erS Was found or the high-temperature cubic phase and
y attributed to an interaction between normal thermal expan-

of the new phase, the variation of which was found EXPeTlsion and contraction induced by valence variation, the latter
mentally to be smooth. One should remember that there i
also no thermodynamic justification for the crossover from
discontinuous to continuous character of the transformation.
The contradiction can be resolved if one assumes an elec-
tronic origin for the conductivity anomaly, i.e., & £lectron
delocalizationwith a corresponding valence variation. In ad-  Experimental assistance from the staff of the Swiss-
dition, the negativesign of AR observed in P(Ref. 5 co-  Norwegian Beam Lines at the ESRF is gratefully acknowl-
incides with that observed at the isostructuyak transition  edged. This work was supported in part by Grants No. 21-
in Ce and perfectly correlates with electron delocalization45703.95 and 21-68141.02 from the Swiss National Science

mechanism, while the succeedimga’ polymorphic trans- Foundation.

Being observed for the first time in metallic Pr.
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