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We report neutron diffraction data on single crystal Pvihich reveal a cooperative Jahn-Teller distortion at
Tp=120+2 K. Below this temperature an internal distortion of the oxygen sublattice causes the unit cell of the
crystallographic structure to become doubled along one crystal axis. We discuss several possible models for
this structure. The antiferromagnetic structure belg 13.5 K is found to consist of two components, one of
which shares the same doubled unit cell as the distorted crystallographic structure. We also present measure-
ments of the magnetic susceptibility, the specific heat capacity, and the electrical conductivity,off ReO
susceptibility data show an anomaly at a temperature cloSg .td-rom the specific heat capacity data we
deduce that the ground state is doubly degenerate, consistent with a distortion of the cubic local symmetry. We
discuss possible mechanisms for this. The conductivity shows an activated behavior with an activation energy
E,=0.262+0.003 eV.
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I. INTRODUCTION magnetic structure of PrOin the temperature range

In recent years there has been a resurgence of interest #1300 K. These reveal the existence of an internal distortion
phenomena associated with orbital degrees of freetdlsmeh ~ ©Of the fluorite structure belowp =120 K and a related dis-
as orbital ordering, orbital wave&orbitons”),2 and unusual tortion of the antiferromagnetic structure beldy=13.5 K.
spin-orbital liquid ground state’s Much of the work has We also report measurements of the magnetic susceptibility,
been stimulated by studies of the perovskite-based transitiorihe specific heat capacity, and the electrical conductivity of
metal oxides, e.g., the colossal magnetoresistance mangaitO,, which allow us to determine the effective paramag-
ites, whose properties can be strongly influenced by the exaetic moment of the Pr ion, the degeneracy of theléctron
tent to which orbital degrees of freedom are quenched bground state, and the activation energy of the charge carriers.
Jahn-Teller distortions of the lattice or coupled to other elec-

tronic degrees of freedpm. _ Il. SAMPLE PREPARATION
Jahn-Teller and orbital phenomena also occur in com-
pounds containing localizedf &and 5 electrons. Among the Measurements were made on single crystal and polycrys-

simplest of these, the fluorite-structure actinide dioxides UOtalline samples of Pr© The single crystals used for the neu-
and NpQ have been investigated for many yeafsand are  tron diffraction and conductivity measurements were taken
now understood to exhibit complex ordered phases at lovirom a batch prepared several years ago by a hydrothermal
temperatures involving coupled electric and magnetic multiprocedure® The sample used for neutron diffraction was the
poles as well agin the case of UQ a lattice distortion. largest of the batch, with a mass#sflL mg, while the sample

Unusual magnetic effects have also been found in theised for the conductivity measurements was somewhat
fluorite-structure lanthanide dioxide PxCSome years ago, smaller. Both were irregularly shaped. Polycrystalline
PrO, was found to have an anomalously small ordered mosamples were used for the x-ray diffraction, magnetic sus-
ment in the antiferromagnetic phas®ery recently, we dis- ceptibility, and specific heat capacity measurements. These
covered a broad continuum in the magnetic excitation specaere prepared by oxidation of commercially obtained
trum of PrQ probed by neutron inelastic scattering, which PrzO;,. The starting powder was first baked in air at 1000 °C
we ascribed to Jahn-Teller fluctuations involving the orbit-for ~11 h and then annealed in flowing oxygen at 280 °C
ally degenerate f4ground state and dynamic distortions of for 30 days. The powder was reground approximately once a
the lattice® In a separate neutron diffraction experinfene  week during the annealing. Synchrotron x-ray diffraction
found evidence that the antiferromagnetic structure containshowed that the final product containeel% of residual
a component with twice the periodicity of the accepted type-IPsOy;.
magnetic structuré.

In this paper we follow up our previous wdrkwith fur-
ther experimental results on the electronic and magnetic be-
haviour of PrQ. Our main results come from neutron and  We investigated the crystallographic and magnetic struc-
x-ray diffraction measurements of the crystallographic andure of PrQ by performing a neutron diffraction study on a

Ill. STRUCTURAL INVESTIGATION
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FIG. 2. Temperature dependence of the lattice parameter in

PrO,.

the scan as a function of temperature. A sharp rise in inten-

single crystal sample. The experiment was carried out on thgity can be seen below 120 K. We found that the rise was
D10 four-circle diffractometer at the Institut Laue-Langevin. greatest for the strongest reflections and more pronounced at
We used an Eulerian cradle for crystal orientation and a pothe larger wavelength;, suggesting a sudden reduction in
sition sensitive detector. The latter was kept in the scatteringxtinction. A possible explanation for this observation is a
plane at all times. The diffractometer configuration was aseduction in grain size caused by the strain associated with a
follows: a vertically curved pyrolytic graphit€002 or Cu  structural distortion.
(200 monochromator, no collimators, a circular aperture of The temperature dependence of the lattice parameter, es-
diameter 6 mm before the sample, and a rectangular apertutiénated from the variation of the Bragg angle with tempera-
of dimensions 20 mmx 25 mm before the detector. We used ture for the(400) reflection, also shows a sharp change at
incident neutron wavelengths of 2.3575(;) and ~120K (see Fig. 2, closed circlgsAlthough the absolute
1.2579 A (\,) from the pyrolytic graphite and Cu mono- yalue of the Ia}ttlce parameter obtameq by this method is
chromators, respectively, with a pyrolytic graphite filter for IN2ccurate, as it relies on the crystal being perfectly aligned,
the former to reduce the half-wavelength contribution. Thel'€ data nevertheless give a good qualitative indication of the
larger wavelength provided greater flux, while the smaller"®Y the lattice parameter changes with temperature. It is

i ) ! seen to decrease linearly from 300 K tel120 K, below
provided greater coverage of reciprocal space. .which it becomes approximately constant, dipping slightly at

The single crystal sample was mounted on a thin alumi-_1 g "The gpen circles in Fig. 2 show data taken from a

num pin and a”gf?ed such t_hat th10] direction lay anng. high-resolution x-ray powder diffraction study on Brfer-
the axis of the pin. The pin was attached to the Eulerian,meq at the Swiss-Norwegian Beamline BM1B at the Eu-
cradle inside a helium flow cryostat. ropean Synchrotron Radiation FacilifESRP. There are
fewer points in this plot, but the absolute value of the lattice
parameter is much more accurate because it has been ob-
tained by Rietveld refinement of the diffraction pattern. The
The quality of the crystal was checked by performingtemperature variation found by x-ray diffraction is consistent
crystal rotation scangéw scang of the strongest structural with that found by neutron diffraction.
Bragg reflections at room temperature. The peak widths were To probe the magnetic structure, as many magnetic Bragg
found to be within the experimental resolution. reflections as possible were measureddbgcan at the ac-
To examine the crystallographic structure of Rr@s cessible positions in reciprocal space satisfying the selection
many structural Bragg reflections as possible were measuredles for the antiferromagnet{@&FM) type-1 magnetic struc-
by w scan at the accessible positions in reciprocal space satare (h, k, and| a mixture of even and oddThis set of
isfying the selection rules for the fluorite structgte k, and  reflections was measured at temperatures of 2 K and 20 K
| all even or all odgl This set of reflections was measured at(below and abovdy) using only the larger wavelengthy,
A1 at temperatures of 2 K, 20 K, 90 K, 150 K, and 300 K. since this provided higher flux.
At some temperatures the full set was measured at both neu- In addition to the above measurements we also performed
tron wavelengthg\; and\,). w scans at a number of positions in reciprocal space with
The intensities of the strongest reflectiofesg., (220), half-integer Miller indices. The object of these measurements
(400] were found to change rapidly with temperature. Thewas to search for peaks seen previously in a powder diffrac-
temperature dependence of these reflections was measungsh experimen. The scans were performed at temperatures
more carefully by performing» scans at 2 K intervals be- of 2K, 20K, and 150 K.
tween 2K and 130K and then at 5K intervals between At T=2 K, we found reflections at positions satisfying the
130 K and 300 K. Figure 1 shows the integrated intensity ofelection ruleh=n+1/2, k=o0dd,|=even, whera, k, and|

FIG. 1. Temperature dependence of tg20) reflection.

A. Measurements
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FIG. 3. o scans of typical half-integer reflectiorgletector 8
counts are normalized to a fixed incident beam monitor count of § 200 7
o

1 X 1P, corresponding to a counting time 6f100 9. Those reflec-
tions with =0 are absent abov&y. Those withl#0 are still ol o o
present abovédy. All are absent aT =150 K. ———r 77—

are integers, andl, k, and|l can be commuted. AT=20 K
(aboveTy), we found reflections at exactly the same posi-
tions, except that those witlr0 were no longer present. The
strongest half-integer reflection we observed waks% of
the intensity of the strongest fluorite reflection. At
=150 K, all the half-integer reflections had disappeared. Fig-
ure 3 showsw scans of thé%lo) and(%14) reflections. These
are typical of the two observed sets of half-integer reflec-
tions: those with =0 and those with # 0.
We measured the temperature dependence oi@m@) [ ]
reflection by counting at the peak center at a series of tem- ol
0 5 10 15 20
peratures between 2 K and 20 K. The temperature depen-
dence of the strongé%14) reflection was measured by per- Temperature (K)
forming w scans at a series of temperatures between 2K and g, 4. Temperature dependence of the0) and(100) intensi-
150 K. ties (detector counts are normalized to a fixed incident beam moni-
Figure 4 compares the temperature dependence of thgr count of 4x 10f, corresponding to a counting time of8 min in
(2 10) reflection with that of the magnetic reflectioh00). To  the upper graph ane6.5 min in the lower graph Order parameter
W|th|n experimental uncertainty, both reflections disappear aturves of the formlo(Ty—-T)%* have been fitted to the data to
the antiferromagnetic ordering temperatilige We were able  determineTy. Note that the temperature dependence of (G0)
to determin€eTy for both reflections by fitting the data using reflection was actually measured during an earlier experiment per-

* # (12,1, 0)

150 |

100 ]
Ty=13510.2K
B=0.2840.06

Peak count (monitor = 4 x 10%)

order parameter curves of the form formed on the same instrument with the same crystal, but with a
different sample environment, so the intensities in the two plots
| o< (Ty—T)?2, (1) should not be compared directly.

wherel is the peak count ang is the critical exponent. For - seen previously, the structural reflections had not been no-
the(}OO) reflection we foundly=13.41+0.04 K, while for  tjced, due to the nearby presence of other peaks of similar
the (310 reflection we foundTy=13.5+0.2 K. Since these intensity, which were probably due to scattering from the
are |n excellent agreement, it is likely that both reflectlonssamp|e environment. The x-ray powder diffraction study

are magnetic in origin and belong to the same magnetignentioned above also confirms the presence of half-integer
phase. The existence of half-integer magnetic Bragg refleGtryctural reflections.

tions indicates that the magnetic unit cell is doubled along
one crystal axis.

Figure 5 shows the temperature dependence ofilhé)
reflection. It is found to disappear a=120+2 K, which is To identify the nature of the crystallographic structure be-
the same as the temperature below which we observed law Tp=120K and the magnetic structure beloW
sharp rise in the intensities of the large structural reflections=13.5 K, we performed a detailed analysis of the intensities
This strongly suggests that tﬁ%ﬂ.m) reflection is structural in  of the observed integer and half-integer structural and mag-
origin. The existence of half-integer structural reflections in-netic reflections at low temperatures.
dicates that the crystallographic unit cell is also doubled After background subtraction, eaghscan was integrated
along one crystal axis. using the extended trapezoidal rtiéa simple method of

A reexamination of previous data taken with a powdernumerical integratioy) corrected for the Lorentz factor, nor-
sample on the POLARIS diffractometer at the ISIS facllity malized to the monitor count and the intensity of (341)
has now also revealed half-integer structural reflections. Alreflection, and multiplied by a wavelength-dependent scale
though two of the magnetic half-integer reflections had beeffiactor to enable direct comparison between the intensities of

B. Structure analysis
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TrrTTrTTTTTEm T averaged over all of its isotopes, is the position of thgth

80y + + + + + . atom within the unit celle™i(@T is the Debye-Waller factor
I $ + (12,1, 4) J (we set this equal to 1, since the measurements were made at
ok + + i low temperatures and () denotes an average over all
++ symmetry-equivalent structural domains. The scaled, inte-

grated intensities of the structural reflections are equal to
|FN(Q)|2. The structure factors of the magnetic reflections

Integrated Intensity (counts degrees)
(]

Tp=12012K ;
B =0.2410.06 are given by
il ‘ Fu@P=3((6,,- Q.FHQFEQ).  ®
aB
oF o ee— where the summation indicesand 8 run over the Cartesian
0 20 40 60 8 100 120 140 coordinatesx, y, andz, &, is the Kronecker delta, the as-
Temperature (K) terisk denotes the complex conjugagg, is thea component

thed) i . of the unit scattering vector, aid denotes an average over
FIG. 5. Temperature dependencezof bed intensity. An order o sy mmetry-equivalent magnetic domains. In the dipole ap-
parameter curve of the forin (Tp—T)?# has been fitted to the data proximationFg (Q) is given by

to determineTp.

the observed structural reflections and their calculated struc- Fu(Q) = f(Q)E '““JQeIQ nei@n, ()
ture factors. Thg311) reflection was used for normalization )

because it was one of the weakest reflections accessible where the summation indgxruns over all the magnetic at-
both wavelengths, so it was little affected by extinction. Inoms in the magnetic unit cel" is the @ component of a
addition, its structure factor contained no contribution fromunit vector in the direction of the magnetic moment of jtre
the oxygen ions, so it was unaffected by the distortion. Fimagnetic atomr; is the position of thejth magnetic atom
nally, the corrected and scaled intensities were averaged ovalithin the magnetic unit cellf(Q) is the magnetic form
symmetry-equivalent reflections to guard against the posskactor of the Pt ion, ande™i@7 is the Debye-Waller fac-
bility that a chance uneven distribution in symmetry-tor (set equal to L The scaled, integrated intensities of the
equivalent structural or magnetic domain populations mightnagnetic reflections are proportional to
affect the measured intensity of any given reflecti@t  (yrq/2)%(w/ ug)?Fu(Q)|?, where  (yro/2)2=72.4mb
though this was unlikely since the majority of the symmetry-(=7.24 fn?) and ug is the Bohr magneton.

equivalent reflections were equal in intensity to within ex-  For reference, we note the structure factors of the fluorite

perimental uncertainy structure here:
We then considered distortions of the fluorite crystallo-
graphic structure and the type-l antiferromagnetic structure 336 f?, h,kI all odd,
which would give rise to structure factors in agreement with IFn(Q))?=1791fn?, h+k+1=2n, (5)

the relative intensities and selection rules of the observed
reflections. Such structures were identified by trial and error.
However, in the case of the crystallographic structure weThese were computed using the fluorite unit cell, which con-
were guided by the results of the x-ray diffraction study,tains four Pr ions and eight O ions. For the half-integer re-
which revealed no splitting of the reflections caused by thelections (both structural and magnefieve used a unit cell
fluorite structure. This indicated that the Pr lattice remainedhat was doubled along one axis, thus containing eight Pr
undisturbed, and any distortion must therefore be due to aibns and sixteen O ions. In order to allow direct comparison
internal rearrangement of the oxygen atoms. with the structure factors of the fluorite structure we divided
Once a suitable distorted crystallographic structure washe structure factor&y(Q) and F,(Q) of the half-integer
found, we refined the overall magnitude of the oxygen disreflections, calculated in the doubled cell, by 2.
placements by a least squares method to achieve the best
possible agreement between the structure factors and peak 1. Distorted crystallographic structure

intensities. For the magnetic structure we used the ratio of ope of the simplest structures that possesses structure fac-

the peak intensity to the magnetic structure factor for eachors in agreement with the intensities of the half-integer
reflection to obtain a value for the ordered momgntf the  stryctural reflections is shown in Fig(@. The Pr lattice is

4194 fnf, h+k+1=4n.

Pr ion. _ _undisturbed, but the oxygen ions are each displaced by an
The structure factors of the structural reflections are giveymountd in a direction perpendicular to that along which the
by unit cell is doubled(in Fig. 6 the doubling is along the
2_ 0 WD) | 2 direction and the displacements are along yhdirection).
Fn(Q) $<b‘e e > ’ 2) The oxygen cubes in the two halves of the doubled unit cell

are sheared in opposite senses, so we will refer to this struc-
where the summation indegixruns over all the atoms in the ture as the “sheared” structure. The space groumisb (a

unit cell, b; is the nuclear scattering length of thin atom  variant oflbam, space group 72with the origin shifted by}1
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TABLE I. Comparison betwee}%FN(Q)|2 for the sheared struc-

y S A ture and the intensities of the observed half-integer structural reflec-
4 ol " 4 tions atT=20 K. TheFy(Q) have been divided by 2, as described
‘ ‘ in Sec. lll B, to allow direct comparison between the two columns.
@ -]
‘ ‘f‘
y =) ¢ Reflection 1LFN(Q)? (fm?) Intensity (fm?)
i 83 03 (210 0.0 0.10.1
y NN 2 Ve (210 0.0 0.3:0.1
N e (510 0.0 0.5+0.2
L - v (212 5.1 5.5%0.3
(212) 5.1 5.0+0.3
~ ~ ~ (212) 5.1 4.8+0.5
S p\—y 7
b (212) 5.1 4.8+0.6
( ) e e s s (214 19.9 16.6+0.9
@) @) a (214) 19.9 20.5+1.2
o . o , (216) 42.7 423423
- - (330 0.0 0.4%0.2
O O O (£32) 5.1 5.2+0.6
Y 2
< > (332 5.1 7.10.6
a (232) 5.1 7.1+1.0
(332 5.1 6.3+1.1
FIG. 6. Sheared structurga) The large pale spheres are (%34) 19.9 17.7+1.5
praseodymiuml ions and the small dark spheres are oxygen ions. The (334) 19.9 220415
oxygen cubes in the two halves of the doubled unit cell are sheared (239) 427 45.643.0
in opposite senses, but both have a shearing vector that is perpen- 2 ’ B
dicular to the direction along which the cell is doubled. The dis- (252 5.1 6.9+1.2
placements of the oxygen ions have been exaggerated for c{hyity. (252) 5.1 8.7+1.6
chle Qiagram showing the. dist_orted structure in p!an view. The (%52) 5.1 4.9+1.8
white circles are praseodymium ions and the black circles are oxy- (%72) 51 124422

gen ions.

of the unit cell length along the orthorhomkzdlirection(the  square faces, two rectangluar faces, and two parallelogram
x direction in Fig. 6. _ . face9, while at the other they form a polyhedron with four

A simple least squares refinement of the oxygen displaceparallelogram faces and four triangular faces.
mentd, based on comparison of the domain-averaged struc- Ajthough the distorted structure described above is con-
ture factors® and the observed intensities of the half-integersistent with the intensities of the observed reflections, it is
reflections, yieldedd=0.072654) A. The structure factors not the only such structure. For example, a superposition of
and observed intensities =20 K are listed in Table I, and two structures identical to the sheared structure, but with
a plan view of the structure with displacements to scale ixygen displacements of 0.0511 A in mutually perpendicular
shown in Fig. @b). A full crystal structure refinement using directions, gives similar agreement between the calculated
the Cambridge Crystallography Subroutine Libr&aGCSL)  structure factors and observed intensities. The overall dis-
yieldedd=0.066417) A. placement of each oxygen ion in that case/&x 0.0511

An identical shearing of the oxygen cube was originally=0.0722 A.
proposed for an internal distortion observed in 4}®al- The “chiral” structure shown in Fig. 8 is also consistent
though in that compound there was no evidence for a douwith the intensities of the observed reflections, and has the
bling of the unit cell. In UQ the oxygen ions are displaced .
by 0.014 A from their fluorite structure sites, so the oxygen @
displacements in PrQare five times as large, and this is
reflected in the high value of the transition temperature. It is
now accepted that the oxygen configuration in Jf@ms a
triple-q structure'® However, there is currently no reason to
assume that the same is true in RrO

It is interesting to note that there are two distinct Pr sites
in the sheared structure, each of which occurs with equal FIG. 7. The two different Pr sites that occur in the sheared
frequency. The two sites have different surrounding oxygerstructure shown in Fig. 6. The white circles are praseodymium ions
configurations, which are shown in Fig. 7. At one site theand the black circles are oxygen ioii9. Parallelohedron(i) Poly-
oxygens form a parallelohedro polyhedron with two hedron with four parallelogram faces and four triangular faces.

Sapre (i)

Parallelogram
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( a) - single -q double-q
‘ T i - ha S
o e < :
[ - J «— e = ~— «o e }30—
z ‘ ‘J 1P‘ b g | ~y

. - ®
@w_d = v FIG. 9. Type-l primary component of the magnetic structure.
— - — Neutron diffraction measurements under ambient conditions cannot
distinguish between the mulg- structures shown, because each
O A O gives rise to identical magnetic structure factors when averaged

(b) + _ over symmetry-equivalent magnetic domains. However, since the
° ° L) crystallographic unit cell is doubled along one crystal axis, the
singleq structure seems the most likely candidate.

®

O O a
- + The primary component of the magnetic structure is the
* U o e AFM type-l structure, shown in Fig. 9. This gives rise to the
~ ~ integer magnetic reflections. Under ambient conditions it is

yL ~ ~ ~ not possible to distinguish between the three mylstruc-
«—  » tures shown in the figure, but in view of the fact that the
X structural distortion doubles the unit cell along one crystal
a axis only, the singlet structure seems the most likely candi-
date.

FIG. 8. Chiral distorted structuréa) The large pale spheres are

praseodymium ions and the small dark spheres are oxygen ions. The t of th tic struct ded d
displacements of the oxygen ions have been exaggerated for clarity. ry component of the magnetic structure was deduced using

(b) Scale diagram showing the chiral structure in plan view. The 'technique similar to that for the structural distortion. In our
white circles are praseodymium ions and the black circles are oxysearch for possible configurations we found it impossible to
gen ions. The+ and — symbols indicate positive and negative conceive of a magnetic structure that would give rise to re-
displacements along thedirection. flections atl=0 alone. Symmetry requires that if a structure
gives rise to reflections &t0 it will also give rise to reflec-

additional advantages of having a lower Jahn-Teller ertérgy tions at all positions witt=even. This means that many of
9 9 ay he magnetic half-integer reflections coincide with the struc-

and a single Pr site. A chiral model is adopted for the 0Xyge’iural ones. However, since little change was observed in the

displacement vector, but the structure factors and the MadN tensities of the structural half-integer reflections bebyv
tude of the oxygen displacement are almost identical to tha 9
see Fig. 3, it can be assumed that the magnetic intensities at

of the sheared structurj@ simple least squares refinement o . .
yieldedd=0.072654) A, whereas a full crystal structure re- these positions are much smaller than the structural intensi-
finement using CCSL yielded=0.066316) A]. The space t|es_. We ha}ve Fherefore made no attempt to ana_lyze the mag-
. . L netic contribution at these positions. Our analysis of the sec-
group |sI4(1)/acd (space group 142with Pr at positions ondary component of the magnetic structure is based solely
8a (0, ; @ 3) and O at positions ¥6(3+d, 0, 3), where the o the half-integer reflections observed ao0.
origin is chosen to be at the center of |nverS|on, anigl the The number of possible magnetic structures consistent
unique axis. with the observed half-integer intensities is quite large. Two
of the simplest possible structures are shown in Fig. 10. Both
possess identical magnetic structure factors, shown in Table
The presence of half-integer magnetic reflections alongH. Figure 1(Qia) corresponds to the chiral model for the struc-
side stronger integer magnetic reflections indicates that thtural distortion shown in Fig. 8, whereas Fig.(fp corre-
magnetic structure consists of two components: a primargponds to the model shown in Fig. 6. The moments of the Pr
component with the same unit cell as the fluorite structurgons in both magnetic structures point along directions per-
and a secondary component with a unit cell that is doubleghendicular to the direction along which the unit cell is
along one crystal axis. This picture fits well with the modeldoubled. Similar structures in which some or all of the mo-
of the distorted crystallographic structure, in which the Prments point along the doubling direction give poorer agree-
lattice remains unchanged, but the oxygen sublattice undernent with the relative intensities of the observed reflections.
goes an internal distortion which gives rise to a componentt should be mentioned that tl{élo reflection had a high
of the structure with a doubled unit cell. and rather sloping background, due to its proximity in recip-
The easiest way to analyze the magnetic structure is toocal space to an aluminum powder line, so its intensity is
consider the two components separately, so that the overabmewhat unreliable.
structure can be visualized by performing a vector addition The magnetic moment of the Pr ion can be calculated for
of the two components of the magnetic moment for each Peach of the two components of the magnetic structure as
ion in the doubled unit cell. follows:

The configuration of the magnetic moments in the second-

2. Doubled magnetic structure
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\ § ‘\ f FIG. 11. Magnetic susceptibility of PgGpowder. Molar suscep-
a tibility is plotted in the main graph and inverse molar susceptibility

is shown in the inset.

FIG. 10. Possibilities for the secondary component of the mag-'rr;tsejzlr:y a\l/rz];ljut:se :)Tﬁ?;'gror;gf;i)t r\l\tjecrlsaz;\/rgﬂiecetg)r’:(.)-l;gzuce
netic structure(a) All moments point along thg axis. This struc- 9 9

ture is associated with the chiral model for the structural distortionthe uncertainty. For the primaAFM type-I) component of

shown in Fig. 8.(b) Half the moments point along theaxis and the magnetic structure we obtaingg=(0.65+0.03ug. This

half along thez axis. This structure is associated with the modeliS N good agreement with a previous value of

shown in Fig. 6. The magnetic structure factors of both structure$0-68+0.07ug (Ref. 9 obtained by neutron diffraction from

are identical after domain averaging. the same single crystal sample. Previous powder diffraction
experiments have yielded values(6f6+ 0.1 ug (Ref. 7) and
(0.572+0.012ug (Ref. 9), but it is likely that these are in

5 5, (6)  error, since in both cases the Rietveld refinement assumed

(/2% In(Q")[Fu(Q)| the crystallographic structure to be fluorite at low tempera-

tures, and therefore took no account of the structural distor-

where . is the magnetic moment of the Pr ion in one com-tion. For the secondal(yioubled component of the magnetic
ponent of the magnetic structurig,(Q) is the integrated in-  Structure we obtainegi,=(0.35+0.04ug [we disregarded
tensity of a magnetic reflection with reciprocal lattice vectorthe unreliable(310) reflection when averaging the values of
Q, |[Fu(Q)J? is the magnetic structure factor of this reflec- M2 obtained from the half-integer reﬂec_tiQnihe uncertain-
tion, I(Q") is the integrated intensity of a nuclear reflection tiés on our values of; and u, are dominated by the uncer-
with reciprocal lattice vecto®’, and|Fy(Q’)[2is the nuclear ~ t&inty on the magnetic form factor of Pr

structure factor of this reflection.

For each of the magnetic reflections we calculated the IV. BULK PROPERTIES
magnetic moment of the Pr ion from the observed magnetic We now present measurements of some of the bulk prop-

_ erties of Pr@: magnetic susceptibility, specific heat capacity,
TABLE Il For the doubled component of the magnetic structureand electrical conductivity. These provide support for the
the magnetic structure factofs Fy(Q)|? (dimensionlessare com-  findings of the neutron diffraction experiments described

pared with the magnetic intensities measure@i=2 K. TheFy(Q)  above and reveal clues as to the origin of the structural dis-
have been divided by 2, as described in Sec. Ill B to maintainigtion.

consistency and with the structural calculations. The ratio of mag-
netic intensity to magnetic structure factor is constant, and can be
used to determine the magnetic moment of the Pr ion as described

o \/ Im(Q)IFn(Q)?
MB

A. Magnetic susceptibility

below. We measured the magnetic susceptibility of Pu@ing a
commercial superconducting quantum interference device
Reflection |5 Fu(Q)[? Intensity (fm?) magnetometer, with a powder sample of mass 270 mg. The

measurements were made using the reciprocating sample op-

1

(glo) L5 1.420.1 tion, with an applied field oH=1T. Data were taken while
(310 19 1.7£0.1 cooling in steps fromlr=350 K to T=2 K, with a delay to
(210) 1.8 0.9+0.3 allow temperature equilibriation at each step. A plot of the
(%30) 0.9 1.1+0.2 molar susceptibilityper mole Py is shown in Fig. 11. The
(330 1.0 11402 inset shows the inverse molar susceptibility. Three features

are evident. First, there is a peakTat 14 K, due to antifer-
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10 — T T T T T T lifting of the degeneracy of the crystal field ground state by
20 the structural distortion(it is generally accepted that the
260 - ground state is &'g quartet in the fluorite phagé®

2001 Although an anomaly af=122 K had not been noticed in
150

100

50

08| ®

4 previous measurements, the curvature of the susceptibility
trace below this temperature had been noticed previously by
Kern® When attempting a crystal field analysis he found
C] 00 50 that his data could not be fitted well with a crystal field of
Temperature (K) cubic symmetry. He proposed that the oxygen ions surround-
ing the Prion did not in fact form a cube, but that the two at
opposite ends of the body diagonal were displaced outward
along the(111) direction, causing a splitting of the; crystal
P S T S T TR SR T field level into two doublets. Using this modified structure he
o 1+ 2 3 4 5 6 7 & 9 10 obtained a good fit to his data over the whole temperature
Temperature (K) range 0—300 K. He calculated the splitting of hglevel to

. i be 28.8 meV.
FIG. 12. ac magnetic susceptibility of ey, powder. The real The significance of this result was later dismisSeuk-
and imaginary parts of the molar susceptibility are plotted in the

. . cause the sample used did not exhibit a clear antiferromag-
mé-“n-graph’ ar!d the [nverse of the ree-ll part-Of th.e molar SUSCept'ﬁetic transition. Although a discontinuity was observed at
bility is shown in the inset. The signal in the imaginary part below 14K the suscé tibility continued to rise at lower tempera-
T=2.5K indicates dissipation accompanying the transition. ’ P y . P )
tures. The sample had been prepared from a starting material
. . . . . of PrgOq1 by annealing at a temperature of 360 °C under
romagnetic °fde.“”9- Second, there is a c_hange_ in gradient 8tatm of oxygen pressure. These conditions lie close to the
T=122+2 K which is seen most clearly in the inverse susy,, qer on a temperature-pressure diagram, of the regions in
ceptibility. Following our structural investigation we can \yhich the PrQ and PEO,, phases are stable, so it is likely
identify this with the internal distortion &afp. This anomaly that the sample was not single-phase Pridowever, x-ray
had ot bgen f?o“ced In previous measgremé?ﬂt%due 00 giffraction showed that it had a lattice parameter of
the intrinsic noise present. Third, there is an uptum in the; 393, 07 A, which agrees well with the accepted value
susceptibility belowT ~6 K which is due to the presence of ¢, pr5 of 5.393+0.001 A, and is much less than the value
a small amount of BO,, in the sample. We demonstrate this ¢ p, . of 5.468 A17 This suggests that the sample was
in Fig. 12, which shows a plot of the magnetic _susceptlbllltymosﬂy PrQ, but contained enough of the &%, phase to
of Prfiollfmeasured by ac susceptometry (\leth a pr(])Wde_r artially obscure the antiferromagnetic transition. By adding
sample of mass 327 mg. Between 1.5K and 2.5K there i5.,n5tions of our susceptibility data for ¥, and PrQ,
evidence for a magnetic transition with glassy characteristics,, comparing the results with the data obtained by Kern, we
At 2K Fhe molar susceptibilityper mole Py of Preo%l IS astimate that his sample containe®0% PO, ..
—100 times .tha.lt qf Pr§) so the upturn l?)elow 6K in the Since we believe that Kern's sample was predominantly
Pr0, susceptibility is <_:onS|stent with the 1/96911|mpur|ty_ PrO,, and we have now obtained direct evidence for an in-
known to be present in the sample. There is no feature in thgy 15| distortion of the oxygen sublattice beldi=120 K,
PrO,; susceptibility affp. we believe that his original crystal field analysis, in particu-

We used our mgasurement of .the predisceptibility tp lar the 28.8 meV splitting of th&g crystal field ground state,
calculate the effective paramagnetic moment of the Pr ion 3k still of some relevance belop,.

various temperatures, assuming that the susceptibility obeys

06|

1/ ([mol Prlemu’)

04|

02}

 (emu [mol P™)

00

the Curie-Weiss law for an antiferromagnet abdyg B. Specific heat capacity
mol — w2eNa We measured the specific heat capacity of Pb® the
X = 30kg(T+6) (7) relaxation methotf using a laboratory-built calorimeter. The

sample was a disk-shaped pressed pellet of, pdvder of

where Y™ is the molar magnetic susceptibility) is the  diameter 10 mm, thickness 1 mm, and mass 83 mg, which
Weiss constant\, is Avogadro’s numbelkg is Boltzmann's  was mounted on the sapphire sample platform of the calo-
constant, andue is the effective paramagnetic moment of rimeter using a small amount of Apiezon greagegh-
the Prion.x™!is in cgs unit§emu(mol Pn~], as dictated thermal-conductivity greage
by convention, whereas the quantities on the right hand side The measurements were made over a temperature range
of Eq. (7) are in Sl units. The conversion factor from Sl to of 2.4 K to 23 K. We measured the heat capacity of the sap-
cgs units is incorporated into the right hand side. phire platform first and then the heat capacity of the sample

Over the temperature range=250-350 K we obtained and platform combined. We obtained the heat capacity of the
Mefi=2.32ug. This is close to the value of 2.54 expected sample alone by subtracting the former from the latter. Fi-
for a free Pt ion. Below T the gradient of the inverse nally, we obtained the specific heat capacity of the sample by
susceptibility first decreases then increases, caugpjgto  dividing by the sample mass.
decrease. This indicates a reduction in the number of mag- Figure 13 shows a plot of the specific heat capacity of
netic degrees of freedom, which is probably caused by #rO, versus temperature. The experimental uncertainty is es-
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FIG. 13. Specific heat capacity of Py@nd CeQ. The white FIG. 14. Current through a single crystal of PgCat a constant

circles are the PrQdata and the black circles are the Gedata.  voltage of 3 V. The conductivity is proportional to The inset
The CeQ data provide a good estimate of the phonon contributionshows Inl against 17.
to the PrQ specific heat.
— — 1 -1

timated to be~5%. A lambda anomaly due to the antiferro- ASmagnerc= Aot ~ Afarice™ 31.2 KTk (1Y)
magnetic ordering is observed at13.5 K. This is superim- From Boltzmann’s law,
posed on the contribution to the specific heat from vibrations _
of the crystal lattice. ASmagnetic= ks I 9, (12

The specific heat capacity of a pressed pellet of £eOwheren is the number of magnetic ions per unit mafs
powder (commercially obtainedwas also measured. This PrO,, n=3.48x10?*kg™%) and g is the degeneracy of the
sample had mass 81 mg and was of similar shape to the Pr@round state abovéy (below Ty the degeneracy is lifted
sample. Since Cefs nonmagnetic, but has the same crystalThe entropy changes predicted for a quacgt4) and a
structure, a similar lattice parameter and similar formuladoublet (g=2) ground state are 66.7 JKkg™* and
mass to Prq it provides a good estimate of the contribution 33.3 JK'* kg™, respectively. The measured chari@#) sug-
of the crystal lattice to the PeGspecific heat. The Ceflata  gests that the ground state is a doublet. This finding supports
is plotted with the Pr@data in Fig. 13. a distortion of the crystal structure, which would lift the de-

To determine the degeneracy of the crystal field groundyeneracy of thd’g quartet belowTp. An extension of the
state in PrQ, we used our measurement of the specific heaspecific heat capacity measurement up to room temperature,
capacity to calculate the change in magnetic entropy on pas$ look for an anomaly near 120 K, would be eminently
ing through the magnetic transition. The specific entropy isvorthwhile.
related to the specific heat capacity by the formula

T C. Electrical conductivity
S(T) = f

c
-T-dT* (®) We measured the electrical conductivity of Br@s a
function of temperature using a simple probe designed for
wherec is the specific heat anslis the change in specific use with a helium cryostat. Two thin gold wires were at-
entropy betweerm=0 and a finite temperaturé. The total tached to opposite sides of the single crystal sample using
specific entropy of Pr@(magnetic entropy+ lattice contri-  silver conducting paintattempts to attach four wires to the
bution) was obtained from the specific heat data by dividingtiny crystal were unsuccessful, due to the difficulty in
by T and then integrating by the extended trapezoidal ¥ule. achieving good electrical contact while keeping the contacts

0

This gave separatg The crystal was glued to the copper base of the
23 c(PrOy) probe with GE varnish to ensure good thermal contact.
A otaI:f dT=32.9JK'kg™. (9) Four-terminal measurements were made of the resistance
0 T of the sample+ gold wires (this was justified, since the

. . . : resistance of the crystal was much greater than the resistance
To obtain the change in magnetic entropy it was necessary t8f the gold wires over a temperature range from 5.8 K to
subtract off the lattice contribution. This was estimated usin :

) 88 K. The temperature was increased in steps, allowing the
the CeQ data
Q ' sample to equilibrate at each new setpoint. Figure 14 shows
23 H
_ c(CeQ) 1 a plot of current against temperature at a voltage of 3 V.
AS’Iattice‘f T dT=1.7JK" kg™ (10) Below T~ 180K the current became too small to measure
0 reliably. We were unable to determine the absolute value of

By subtracting Eq(10) from Eq.(9) we obtained the change the electrical conductivity because the shape of the crystal
in magnetic entropy: was irregular and its dimensions were not known exactly.
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The inset to Fig. 14 shows that the conductivity has ardoublet, consistent with the lowering of the local symmetry
activated behavior, at least over the temperature range 186f the Pr site. This raises the question of what mechanism
—-288 K. To determine the activation energy we fitted ourdrives the structural distortion. The most obvious answer is

data using the Arrhenius form: that the electronic energy is reduced by a collective Jahn-
Teller distortion at the expense of a small penalty in elastic
| = |oeXp<— 5) (13)  energy. Another possibility is that the distortion is a conse-

ks quence of a quadrupolar ordering of the Protbitals. Intu-

itively this would seem an unlikely mechanism, since the
oupling between electric quadrupoles would be expected to
e too weak to cause an orbital ordering at a temperature as
high as 120 K. Nevertheless, there is evidence for a degree of
Er 4f—0 2p hybridization in Pr@,%%2*and such a covalency
effect could provide a mechanism for aligning thie gtbit-
Is.
The splitting of the ground state could also partly explain
the observation of an ordered magnetic moment smaller than
o that associated with thies quartet ground state of cubic sym-

S Lo : .- metry. On the other hand, we have previously reported a
are(i) ionic conductivity,(ii) intrinsic electronic conductivity broaé continuum of magnetic scatterFi)ng in th)(/e escitation

due to hopping between Pr sites, diid) extrinsic electronic : ; .

conductivity due to impurities. Compounds with the fluorite spectrum of Er@ Wh'(.:h we.belleve arnses from a strong

structure often exhibit ionic conduction when vacanciesmagnetoelas’“c_COUDIW@ThIS coupling would tend tQ

caused by Schottky or Frenkel defects allow the oxygen ion uench magnetic degrees of freed_om and reduce the Size of

to hop from site to site. However, at room temperature th e ordered moment by thg dynamic Jghn—TeIIer me_chanlsm.
rom the experimental evidence available so far it seems

number of thermally induced defects is very small, so ionic, . :
conductivity in PrQ is unlikely to be important in this tem- !lkely that t.)Oth the statlp gnd dynamic Jahn-TeIIer effectg are
jmportant in PrQ, but it is not clear which of the two is

perature range. It has been suggested that ionic conductivi inant at low 1 ‘
in PrQ, materials is significant only above-900 K 32122 ominant at low lemperatures.
In work that we will report elsewher®, we have found

Therefore, it is most likely that the conductivity in Py@ o AN :

electronic. Given the small activation energy found here, théxhat the application of a magnetic f'elq in the dISFOI’ted phase

mechanism warrants further investigation. at T<T.D produces striking hystert_e5|s' effects in bpth the
magnetic structure and the magnetization. The totality of re-

V. DISCUSSION AND CONCLUSIONS sults that have emerged in recent years suggests that a strong

interplay between electronic and lattice degrees of freedom

"xists in Pr@Q and influences its properties, perhaps in unex-

pected ways.

wherel is the current andg, is the activation energy. We
extractedg, from several runs, each measured at a differen
constant voltaggbetween -5V and +5) and took the
mean of these values to obtaif3=0.262+0.003 eV for the
temperature range 180-288 K. This is much smaller than th
band gap of ~2.5eV predicted by band structure
calculations'® and is also smaller than the activation energies®
of other PrQ materials, which have been reported in the
range 0.4—1 e\#%-22

Possible mechanisms for electrical conductivity in pPr

We have presented neutron diffraction experiments o
single-crystal Pr@ which reveal an internal distortion of the
oxygen sublattice afp=120+2 K and a related component
of the magnetic structure beloWy=13.5+0.2 K. The dis-
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