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A neutron powder diffraction determination o f
the thermal expansion tensor of crocoite

(PbCrO4) between 60 K and 290 K

KEVIN S . KNIGHT

ISIS Science Division, Rutherford Appleton Laboratory, Chilton, Didcot, Oxfordshire, OX1 1 OQX U K

Abstract

The thermal expansion tensor of crocoite has been determined from high-resolution neutron time-of-fligh t
powder diffraction data. The temperature dependence of the lattice constants between 4 .5 K and 290 K have
been fitted to a quasi-harmonic Einstein model, and the temperature dependence of the thermal expansio n
tensor has been calculated for 60 K T 5 290 K . The magnitudes of the principal expansivities and their
orientation exhibit saturation behaviour for temperatures above 300 K . The predicted saturated expansio n
coefficients are a ll = 33 .1(1) x 10 —6K —1 , a22 = 15 .72(3) x 10 —6K -1 , a33 = 3 .36(1) x 10 —6 K —1 , with a 22
parallel to b and a ll lying at an angle of -37 .86(5)° to c for the P2 1 /n setting of the crystal structure . The
direction of maximum expansion is approximately parallel to both [101] and the least-squares line passin g
through the projection of the chromium atoms on (010) . The direction of minimum expansion lie s
approximately parallel to [101] . No evidence was found for either a structural or magnetic phase transitio n
between 4.5 K and 300 K .

KEYWORDS : crocoite, thermal expansivity, neutron diffraction, PbCrO 4 .

Introduction

ALTHOUGH both chemically and structurally simple,
the crystal structure of crocoite (PbCrO4 ) was onl y
fully determined in 1965 from a full three -
dimensional analysis of WeiBenberg data (Quaren i
and de Pieri, 1965) . Earlier work had shown the
space group to be P2 1 /n (Brill, 1931) with lattice
constant ratios consistent with the morphological cel l
of Dauber (Palache et al., 1951) . Von Gliszczynski
(1939) had shown that the crocoite was isomorphou s
with monazite from consideration of the lattice
constants, and Brody (1942) located both heav y
atoms from Patterson synthesis . The first ful l
structure analysis was performed using two-dimen-
sional projections of the electron density an d
suggested that the CrO4— tetrahedron was signifi-
cantly distorted (Quareni and de Pieri, 1964) . Similar
work was also carried out by Naray-Szabo and Arga y
(1965) who found to the contrary, that th e
tetrahedron was regular . This conclusion was late r
shown to be correct when the full three-dimensiona l
data were subsequently analysed by Quareni and de

Pieri . Since this work, there have been no furthe r
structure determinations of crocoite (Inorgani c
Crystal Structure Data release 9502) that improv e
on the precision of the light atom positional an d
thermal parameters .

Polymorphism has been reported in PbCrO 4, based
on phase diagram studies (Jaeger and Germs, 1921) ,
solid solution studies with SOa — (Wagner et al . ,
1932), and solution chemistry (Quittner et al. ,
1932) . The crystal structure of an orthorhombi c
polymorph was estimated from an X-ray powder dat a
set, by analogy to anglesite, by Collotti et al. (1959) ,
but its relation to the phase transitions detected by
Jaeger and Germs is not clear. The only high -
temperature data reported so far have been incon-
clusive but two structural phase transitions were
found at approximately the temperatures reported by
Jaeger and Germs ; however, the powder patterns
were neither interpreted nor in agreement with an
anglesite structure type (Pistorius and Pistorius ,
1962) .

The unit cell volume of the orthorhombi c
polymorph is smaller than the room temperature
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volume of crocoite, which suggests that it might be a
possible low-temperature or high-pressure phas e
which has been produced metastably from solution .
However, the group relations between the spac e
groups, for crocoite, P2 1 /n, and anglesite, Pnma ,

suggests that it is more probably a high-temperature
metastable phase ; note that a high-temperature phas e
transition from the crocoite structure to the anglesite
structure is known in PbSeO 4 (Popovkin an d
Simanov, 1962) . To investigate the low-temperature
option, powder diffraction data have been collecte d
on natural crocoite between 4 .5 K to 300 K . The
powder diffraction data showed no evidence fo r
either structural or magnetic phase transitions, an d
crystal structure refinement showed no major
structural modifications between 4 .5 K and room
temperature (Knight, to be published) . Although n o
structural changes were found, it was felt that th e
temperature dependence of the lattice constant s
might shed some light on the high temperature
behaviour of PbCrO 4 . The thermal expansion tensor
of crocoite, determined from these data, is reported i n
this paper .

Experimental

A single crystal of crocoite from the Dundas mine ,
Tasmania, with an approximate volume of 1 cm3 was
lightly ground in an agate mortar and sieved t o
<75 gm. The powder was lightly packed in a n
aluminium can of slab geometry with thin vanadiu m
front and back windows and a gadolinium absorbin g
mask screwed to the side of the can facing both th e
incident beam and the back scattering detectors . Hea t
could be supplied direct to the sample using a
cartridge heater with maximum rating of 100 W
placed in the side wall of the sample can . The
temperature of the sample was measured using a
Rh/Fe thermocouple mounted in the opposite wall o f
the can to the cartridge heater . The temperature of the
sample was maintained using a Eurotherm controlle r
under CAMAC control from a VAX3200 work -
station . The sample can, heater and thermocouple
were mounted on a centre stick and placed in a
vanadium tailed ILL `orange' cryostat. During dat a
collections, the temperature measured was withi n
0 .1 K of that requested and the temperature variatio n
was less than 0 .05 K .

Neutron time-of-flight powder diffraction dat a
were collected on the high-resolution diffractomete r
HRPD (Johnson and David, 1985 ; Ibberson et al. ,

1992) at the ISIS spallation source, Rutherford
Appleton Laboratory . The 4 .5 K data set was
collected from 30000 Its to 230000 µs in time
channel bins of .At/t = 1 x i0 -4 , the time window
corresponding to a d-spacing range of 0 .6 A to 4.6 A
in the back-scattering detector bank . All the

intermediate temperature data collections were
made with identical time channel binning but a
time-of-flight range from 40000 Its. to 140000 gs
equating to a d-spacing range of 0 .8 A to 2 .8 A . Data
collection times were 233 µAh for the 4 .5 K data se t
and 10 µAh for all the intermediate temperatures .
During data collection the effective beam current wa s
17 gA for the 4 .5 K run and 34 p.A for the
intermediate temperature runs . The data collection s
from 10 K to 290 K were run by command file
operation and included a 15 minute thermal
equilibration step between the end of one run an d
the beginning of the next .

Data analysi s

In a time-of-flight diffraction experiment, the neutro n
wavelength, X, is related to the time-of-flight t, fligh t
path L, neutron rest mass m„ and velocity v b y

= h/m,v = ht/m„ L

Substituting this expression into Bragg's law give s
the relationship between time-of-flight an d
d-spacing .

d = ht/2m„ Lsin 9

For HRPD the total flight path is 95 .9647 m and
the mean Bragg angle for the detector array i s
168 .329°, thus giving the conversion from time-of-
flight to d-spacing a s

d(m) = 2 .07182 x 10 -9t(s) .

All data collections were made at the 1 m position
of the diffractometer which gives an intrinsi c
resolution, full width at half maximum intensity, o f
Od/d = 8 x 10-4 for the whole diffraction pattern .

Data normalising and fitting

All data sets were focussed to a Bragg angle o f
168 .329°, normalised to the incident monito r
spectrum, background subtracted and corrected fo r
detector efficiency using a diffraction pattern fro m
vanadium . The data were corrected for wavelengt h
dependent absorption in the vanadium tails of the
cryostat as vanadium has a significant absorptio n
cross section (508 fm 2 at ? = 1 .798 A ; Sears, 1992) .
Finally the data were rebinned in At/t = 3 x 10 - 4
which represented the required resolution for th e
sample . After data reduction, data in the range of
45700 gs to 124365 gs were used for profil e
refinement .

Profile refinement was carried out by mode l
independent fitting of the powder data using the
program CAILS which is part of the time-of-fligh t
least squares package REFINE (David et al., 1992)
based on the Rietveld method (Rietveld, 1967, 1969 ;
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Young, 1993) . The peak shape function used in the
analysis was the convolution of a Voigt function ,
which models crystallite size and strain broadening ,
with two decaying exponentials, with differing tim e
constants, and a switch function which take int o
account the effect of the moderator contributio n
(Ikeda and Carpenter, 1985) . Profile analysis wa s
carried out using the space group P2 1 /n with startin g
lattice constants from the work of Quareni and de
Pieri (1965) . Figure 1 shows the fit to the dat a
collected at 4 .5 K where the only significant feature s
remaining in the difference plot are derived fro m
unshielded parts of the aluminium sample can .

Temperature dependence of the lattice constants

The temperature dependence of the lattice constant s
are given in Table 1 and shown in Fig. 2 . The data for
all lattice parameters were fitted to the quasi -
harmonic Einstein model used by David et al .
(1993) in their study of the fullerene C60, in which
the temperature dependence of the cubic lattic e
constant was given by an equation of the for m

(a — a(T = OK))
—

	

CE

T

	

(T(exp(OE /T) — 1 )

In this study of crocoite, a stands for any of th e
lattice constants, O E is an effective Einstei n
temperature and C E is a constant. Although thi s
model, which assumes a delta function in the phono n
density of states at the Einstein frequency WE (NwE =
kB O E ), and is clearly a non-physical representation i n
this situation, the functional form of the temperature

dependence of the lattice constant satisfies both th e
Gruneisen relation at low temperatures and become s
linear at higher temperatures . For T >> OE, the
expansion coefficient become s

1 da C E

ao dT aoOE

which is constant, and for T << OE

1 da

	

CE O E

ao dT aoT2 exp(OE/T)

in which the exponential term in the denominato r
dominates and hence the expression tends to zero a s
T becomes small . The data for each lattice constan t
were fitted to the full expression using least square s
and the refined values of the 0 K lattice constant ,
Einstein constant and effective Einstein temperatur e
are given in Table 2 . Figure 2 shows the least square s
fitted lines to the lattice constant data . With th e
exception of the c axis, the Einstein temperature i s
approximately constant at 126 K . For an Einstei n
oscillator, the Einstein frequency WE , and hence th e
Einstein temperature OE , is related to an effectiv e
restoring force constant and it is possible that th e
larger Einstein temperature in [001], and hence a
stronger force constant, may reflect a greate r
hardness in crocoite in that direction (Abraham s
and Bernstein, 1974) .

Thermal expansivity

Until recently, diffraction determinations of therma l
expansivities usually relied on the measurement of a

TABLE 1 . Temperature dependence of the lattice constants for crocoit e

c (A)

	

(3 (degrees )

	

7.40620(2)

	

6 .76344(3)

	

102 .0447(2 )

	

7.40638(11)

	

6 .76353(22)

	

102 .046(14 )

	

7.40669(12)

	

6 .76382(23)

	

102 .051(15 )

	

7.40801(12)

	

6 .76486(23)

	

102 .067(15)

	

7.40968(12)

	

6 .76614(23)

	

102 .087(15)

	

7.41141(12)

	

6 .76797(23)

	

102 .114(15 )

	

7.41350(12)

	

6 .76996(23)

	

102 .139(15 )

	

7 .41526(12)

	

6 .77249(25)

	

102 .171(16)

	

7 .41752(12)

	

6.77498(25)

	

102.202(15 )

	

7 .41973(13)

	

6 .77778(25)

	

102.231(16)

	

7 .42197(13)

	

6 .78043(27)

	

102.263(16)

	

7 .42446(12)

	

6 .78321(26)

	

102.292(16)

	

7 .42682(14)

	

6 .78634(30)

	

102.326(17)

	

7 .42891(13)

	

6 .78933(32)

	

102.359(18 )

	

7 .43161(13)

	

6 .79248(34)

	

102.391(19)

	

7 .43377(16)

	

6 .79559(34)

	

102.423(19)

4 .5(1)

	

7 .08736(3 )
10.0(1)

	

7 .08721(21 )
30.0(1)

	

7 .08818(22)
50 .0(1)

	

7 .08984(22)
70 .0(1)

	

7 .09186(22)
90 .0(1)

	

7 .09430(22)
110.0(1)

	

7 .09680(22)
130.0(1)

	

7 .09975(22)
150.0(1)

	

7 .10257(22)
170.0(1)

	

7 .10522(22 )
190 .0(1)

	

7 .10821(22 )
210 .0(1)

	

7 .11125(22 )
230 .0(1)

	

7 .11440(23 )
250 .0(1)

	

7 .11786(24 )
270 .0(1)

	

7 .12080(25 )
290 .0(1)

	

7 .12380(31 )

Temp. (K)

	

a (A)

	

b (A)
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FIG . 2 . The temperature dependence of the lattice constants of crocoite between 4 .5 K and 290 K . Error bars ar e
smaller than the plotting symbols in all cases . The calculated temperature dependence according to a quasi-harmoni c

Einstein model is shown as a full line .

Residual peaks

limited set of diffraction vectors, a step of calculatin g
the lattice constants from these diffraction vectors ,
and finally the substitution of the temperature
dependence of the lattice constants into a set of
formulae to determine the tensor components . Thi s
method has been recently criticised as reducing th e
precision in the measurement of the tensor compo-
nents due to the step of calculating the lattice
constants from the diffraction vectors (Jessen an d
Kuppers, 1991) . However, with the recent advance s
made in model independent fitting of the whol e
diffraction pattern for powder data, in which al l
reflections contribute to the lattice constant determi-
nations, the lattice constants can be determined to fa r
higher precision than the method that Jessen an d
Kuppers propose where only a limited number o f
diffraction vectors are used . Indeed, in this work the
precision of the lattice constants at 4 .5 K is a factor of
100 better than their quoted esd's for the lithium
hydrogen pthalate monohydrate used in thei r
analysis . Hence for polycrystalline materials ,
powder diffraction data, in conjunction with profil e
fitting using the temperature dependence of the

lattice constants, probably represents the optimu m
method for determining the thermal expansion tensor
coefficients .

Thermal expansion tenso r

Using the IRE (Institution of Radio Engineers )
convention for the cartesian tensor basis : e3 II c, e 2
II b*, e l II e 2 x e3 (Jessen and Kuppers, 1991), th e
thermal expansion tensor coefficients for a mono-
clinic crystal with b as the unique axis are related t o
the unit cell parameters by :

=	
1

	

da

	

d p

a0 sin p0
sm1i d7 +acos(i

dT

1 d b

«az bo dT

1 d c
«a3 =

co —d T

1 da

	

1

	

sin 13

	

a cos 43 d13 cot (30 dc
« 13 =

ao
—
dT sin 2(3 0 2 cos (3 0

	

2ao cos 130 dT

	

2co dT

Using the refined parameters from the least
squares fit to the temperature dependence of the
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TABLE 2 . Least squares refined 0 K lattice constants, Einstein constants and Einstein temperatures for crocoite TAB :

or

Ten>_

60 .
65. -
70. .
75 . .
80. 1
85 .1
90. e
95. 0
100 _
125 .
150.
175 _
200 .
225. -
250 . 1
275 .1
300. 1

Lattice parameter

	

Lattice constant at 0 K

lattice constants, the temperature dependence of the
thermal expansion tensor was calculated from 4 .5 K
to 300 K using the above expressions. Figure 3 shows
the calculated temperature dependence of the tenso r
coefficients which all exhibit the expected behaviour ,
essentially zero at very low temperatures an d
constant at higher temperatures .

Determination of principal axes and saturation
behaviou r

From the calculated values of the tensor components ,
the magnitudes of the principal axes were calculate d
for T > 60 K at seventeen temperatures using

standard routines for eigenvector and eigenvalue
determination . The results are given in Table 3 wher e
it can be seen that there is a large anisotropy in th e
magnitudes of the principal axes . For T > 60 K there
is an approximately 10 :1 ratio in the magnitudes o f
the major:minor principal thermal expansivities, with
the intermediate axis always lying parallel to b . A t
temperatures below 60 K all the values were found t o
be extremely small and are probably unreliable .
Better estimates could possibly be determined b y
collecting data between 4.5 K and 100 K in smaller
temperature intervals than used in this study . The
temperature dependence of the magnitudes of the
principal thermal expansivity coefficients and the

a 7.0876(2) A 1 .86(11) x 10 –2 121(7)
b 7 .4064(2) A 1 .53(11) x 10 —2 128(8 )
c 6 .7638(1) A 3 .02(15) x 10 —2 195(7 )

102 .047(1)° 2 .10(7) x 10 —1 129(4)

2x 10
-5

a

100

	

200

	

300

Temperature/K

5x10- 6

FIG . 3 . Calculated temperature dependence of the thermal expansion tensor coefficients of crocoite .
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TABLE 3 . Calculated principal thermal expansion tensor coefficients (x 10 6) and thei r
orientatio n

Temp (K) a33 ( K C(22 (K

	

') a„ (K-' ) Angle (degrees )

60 .00 0 .091 11 .12 21 .04 46 .1 3
65 .00 0 .462 11 .72 22 .39 45 .1 7
70 .00 0 .799 12 .23 23 .55 44 .2 8
75 .00 1 .102 12 .65 24.56 43 .5 3
80 .00 1 .370 13 .02 25 .45 42 .9 5
85 .00 1 .608 13 .33 26 .22 42 .3 5
90 .00 1 .818 13 .59 26 .89 41 .9 3
95 .00 2 .004 13 .82 27 .49 41 .50
100 .0 2 .167 14 .02 28 .01 41 .06
125 .0 2 .734 14 .72 29 .91 39 .8 3
150 .0 3 .043 15 .11 31 .05 39 .0 1
175 .0 3 .210 15 .36 31 .79 38 .5 6
200 .0 3 .296 15 .52 32 .31 38 .2 8
225 .0 3 .333 15 .63 32 .68 38 .09
250 .0 3 .339 15 .71 32 .97 37 .9 1
275 .0 3 .324 15 .77 33 .19 37 .8 1
300 .0 3 .294 15 .82 33 .38 37 .72

too

	

200

Temperature"

100

	

200

Temperature/K

;nsor coefficients of crocoite .

300

orientation in the a-c plane are shown in Fig . 4 . The
data clearly shows a move towards saturation fo r
both the magnitudes and the orientation at a
emperature slightly in excess of 300 K . The
saturated principal expansivities and orientatio n
were estimated by using least squares fitting to a
simple exponential equation of the form

y = yo + Aexp(-T/B) .

From the least squares fitting, the saturated
thermal expansion coefficients were determined a s
ai r = 33 .1(1) x 10 -6 K-' , a 22 = 15 .72(3) x 10-6K-' ,
a33 = 3 .36(1) x 10 -6 K-' , with a22 parallel to b and
all lying at an angle of -37 .86(5)° to c for the P2 1/n
setting of the crystal structure .

The direction of maximum expansion lies approxi-
mately in the [101] direction for this setting of th e
crystal structure and is approximately parallel to the
least squares line passing through the projection o f
the chromium atoms on to (010) which occurs at a n
angle of -37 .0(8)° . The direction of minimu m
expansion is approximately parallel to [101] . The
directions of the maximum and minimum expansion ,
the projection of the representation quadric and the
crystal structure, viewed down b, are shown in Fig . 5 .
The orientation of the principal axes for these data
were compared with that calculated from the onl y
high-temperature cell parameter data for crocoite
(Pistorius and Pistorius, 1962) . Unfortunately the
thermal expansion coefficients could only b e
calculated from a linear interpolation between two

points, at 293 K and 883 K, and furthermore th e
precision of these measurements is poor. However,
analysis of their data shows the magnitude of th e
maximum axis, 30 x 10 -6 K-' , is only slightly
changed from the low-temperature study, and th e
orientation of this axis remains approximately along
[101] . The magnitudes of the intermediate and
minimum axes are both larger than the low-
temperature investigation reported here .

Discussion and conclusions

Consideration of the group relationship between th e
space groups of the two polymorphs of PbCrO4 with
known crystal structure types, P2 1 /n and Pnma,
suggests the possibility of a continuous second-orde r
phase transition between the two phases occurring a t
high temperature . The simple argument based on the
difference in unit cell volume between the two phase s
favouring the orthorhombic phase as a low -
temperature polymorph has been shown to b e
incorrect from the results of the powder diffraction
study presented here, although the possibility of i t
being a high-pressure phase cannot be discounted .
Thermal analysis has shown the existence of two
phase transitions in pure PbCrO4 at 980 K and
1056 K (Jaeger and Germs, 1921), although the firs t
was apparently absent when natural crocoite wa s
measured . High-temperature in-situ X-ray diffraction
found evidence for the first transition at 964 K and
the second transition was inferred by quenching a
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FIG. 5 . The crystal structure ar
P2 1 /n setting viewed dow
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FIG . 4 . The temperature dependence of the principal axis magnitudes and orientation for crocoite . The full lin e
represents a fit to the data according to an exponential decay with temperature plus a saturation constant .
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sample of PbCrO4 from 1080 K (Pistorius an d
Pistorius, 1962) . Neither of the X-ray diffraction
patterns was consistent with an anglesite structure
type and the phases remain uncharacterised, althoug h
the possibility of sample degradation due to oxygen
loss which occurs at temperatures of the order o f
873 K cannot be discounted (Pistorius and Pistorius ,
1962) . Nevertheless, if a high-temperature displaciv e
transition is assumed, the application of Vo n
Neumann's principle suggests that the [101], [010 ]
and [101] directions could become the crystal-
lographic axes at the first phase transition, providin g
the cell becomes orthogonal . However, using th e
calculated thermal expansion coefficients to deter -
mine the temperature dependence of the angle

between [101] and [101] shows that this angle
decreases away from 87 .26° at 4 .5 K with increasing
temperature and minimises at approximately 200 K.
The angle then increases with increasing temperatur e
from 200 K, but only reaches 90° when extrapolated
above the melting point . The magnitudes of the
principal axes must therefore increase significantly
from their room temperature values if they are t o
form the new cell edges at temperatures consisten t
with the phase transition temperatures . Furthermore,
consideration of the crystal structures of crocoite an d
the anglesite structured phase show that a significan t
amount of shearing in the unit cell with associate d
rotations of the CrO4 — groups would be necessary for
a displacive phase transition to occur between the
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two phases . Although it is clear that the major
expansion along the line of the chromium atom s
would allow freedom for the rotations to occur in the
tetrahedral groups, the relationship of the crysta l
structures around a centre of symmetry strongl y
suggest that [101] and [101] are unlikely to form th e
cell edges if the phase transition to an anglesit e
structure occurs .

The nature of the high-temperature phases and any
changes in the thermal expansion tensor with
temperature are currently being investigated usin g
neutron powder diffractometry .
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SHOR'

MINERALOGICAL :

Osmian hollin
gersdorffite fr

intru

A. Barkov ,
T. Alapieti ,
K . Laajoki

R . Peur a

HOLLINGWORTIIITE, ideally RhAsS, v<
by Stumpf] and Clark (1965) fro.
igneous complex . Since then it h 2
from the same and other occurrence s
(Genkin et at., 1966 ; Stumpf], 1 9
Stumpf], 1975) ; Werner Lake, Car
1969) ; Hitura (Hakli et al., 1976), 1
and Lahtinen, 1986 ; Halkoah o
Halkoaho, 1994), Siikakama (H .
1986), Finland; placers from the U
at ., 1976), a mafic-ultramafic
Peninsula (Distler and Laputina ,
sulphide deposits of Noril's k
Evstigneeva, 1986) and alpine-t}
Russia (Distler et at., 1986) ; Sti
complex (Volborth et at., 1986) ; She
(Tarkian and Prichard, 1987 ; Prich a
1988) ; Osthammeren, Norway (Nils e
Duck Lake, Canada (Ohnenstette r
Lukkulaisvaara, Mt . Generalskaya ai
layered intrusions, NW Russia (Bark
1993 ; Barkov et at ., 1994 ; 1995b), all
few cases are Os-rich hollingwo r
(Stumpf], 1972 ; Distler and Laputina
and Prichard, 1987 ; Ohnenstetter et c

Hollingworthite is a cubic minera l
type structure. isostructural with two
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