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Cation ordering and the stability of 'ﬂuOriife-related phases
in ZrO,-Ln0y 5 systems: a phase d:agram 51mulat10n study
using Monte Carlo methods '

Rita Khanna, T R Welberry and R L Withers

Research School of Chem:slry, Australian National University, GPO Box 4, Canberra, ACT,
2601, Australia

. Received 10 November 1992, in final form 22 February 1993

Abstract. We repoit Mome Carlo simulation results on cation ordering in a range of fluorite-
related phases in various Zr(O:-LnOy 5 systems. We restrict our attention to the face-cenired
cubic array of cations, assuming that the effect of the anion array upon the cation ordeting can
be simulated via effective cation—cation interactiotis. The basic interactions of the model include
strongly repuisive nearest- (/1) and next-nearest-neighbour (J/2) effective pair interactions and
a-three-spin interaction (.J3) term for the searest neighbours. The ionic size difference between
. the two cation species is a measure of the strength of the interaction parameter J> and is 2
- -controlling factor for different kinds of ordering amangement. While pyrochiore-type ordering
' is found to be stable for large values of 2, the C-type phase is observed for small values of
J2. Both phases are found to coexist in the intermediate-parameter range. We -report complete
phase diagrams for two sets of interaction parameters computed within the framework of the 3p
Ising model, The simulation results are consistent wuh electron and x-ray diffraction results on
- these mixed rare-earth oxide systems. .

1. Intreduction

The structure of pure zirconia, ZrQO,, is monoclinic from room temperature up to ~ 1170°C,
tetragonal between ~ 1170°C and ~ 2370°C and cubic (fluorite type) from ~ 2370°Cup to
the melting point at ~ 2830 °C. The ‘stabilization’ of the higher-temperature polymorphs of
ZrQ; via the addition of a refatively small amount (~ 5-20 mol.%) of the oxides of a variety
of lower-valency metals—such as CaO, MgO or the ianthanide sesquioxides L.n0y s—and
subsequent quenching from sufficiently elevated temperatures (~ 1600°C) leads to anion-
deficient materials with important ceramic and superionic conduction properties at elevated
temperatures '(Teufe'rr 1962, de Vries et al 1979, Negita and Takao 1989). Increasing further
the proportion of the lower-valency metal oxides typically leads to the stabilization of
. structure types not found in the pure-ZrQ. (although still closely related to the cubic
fluorite-type parent phase and describable as compositional and displacively modulated
variants thereof) such as the pyrochlore ard C-type solid solution fields commonly reported
at high temperatures (> 1600°C) in various ZrO;-LnO 5 systems (Allpress-et al 1975,

Rouanet 1971, Skaggs 1972, Bevan and Summerville 1979, Wadsley 1964).

It is important to note-that non-stoichiometry in such systems is always taken up by
the anion array, i.e. by the introduction of oxygen vacancies, while the nominally face-
centred cubic (FCC) cation array always maintains its essential integrity. Such an observation
suggests that cation—cation interactions (whether direct or mediated through the anions) play
acrucial role. A further important characteristic feature of such simuiated non-stoichiometric.

 0953-8984/93/254251+12507.50 (© 1993 {OP Publishing Ltd : - 4251



4252 R Khanna et al

systems is that cation diffusion is many orders of magnitude lower than oxygen anion
diffusion. At high temperatures they are all solid electrolytes, i.e. anion conductors with a
molten (more or less completely disordered) anion array so that in a very real sense such
systems at these temperatures can be thought of, and treated, as binary metallic alloys. When
such materials are quenched the high-temperafure metal atom ordering pattern is preserved.
The oxygen ion array at low temperatures is a best possible response to this ‘frozen-in’
high-temperature cation array.

Given that the oxygen array is certainly very mobile at temperatures > 1000°C, it is clear
that the ordering in the quenched materials is strongly dependent upon the high-temperature
ordering of the two cation species upon the much more rigid FCC metal atom array. In this
paper, we propose a model to describe this cation ordering based upon a 3D Ising model
(with the two cation species being represented by up and down spins and labelled as A
and B) as is commonly done for binary alloy systems. We focus our atiention upon the
FCC array of cations and report the results of Monte Carlo simulation on cation ordering in
a range of fluorite-related phases in various ZrQ;-LnQ; s systems. It is assumed that the
effect of the anions upon the cation ordering can be simulated via effective cation—cation
interactions.

The computer simulation was carried out using a 3D Jsing maodel with the two cations
being represented by up and down spins, The basic interactions of the model include a
strongly repulsive nearest- (J;) and next-nearest- (J») neighbour effective pair interactions
and a three-spin interaction (J3) termn for the nearest neighbours (such an interaction
was found to be necessary in order to obtain the commonly observed pyrochlore phase).
While a repulsive J; ensures that there is no clustering of like atoms, the parameter J; is
found to be the controlling factor for different kinds of ordering arrangement. The basic
pairwise interaction between the cations is Coulombic in rature and therefore long ranged,
However, instead of three pairwise interactions (EAA, EAE and EAP), a single parameter

= $(EAA+ EBB _2EAB) has been used to represent the effective pair interaction (Richards
and Cahn 1971). The parameter J is significant in magnitude up to a few near neighbours
and {s basically short ranged in character. We calculate here the complete phase diagrams
for different strengths of the J> parameter and investigate the range and stability of various
fluorite-related phases in these rare-earth mixed oxides.

2. The model

The model adopted here for cation ordering in these (1 —x)ZrQ;-xLnOy s systems consists of
a binary cation system (A;B,..) with atomic species A and B occupying a rigid FCC lattice.
The configurational energy is determined, within the framework of the 3D Ising model,
by the sum of effective pair interactions between the first- and second-nearest neighbours,
denoted, respectively, by J; and J> (Sanchez and de Fontaine 1980, Allen and Cahn 1972),
In the Ising spin language, a site i occupied by an A atom.is represented by an up spin
§; = 1, and a site occupied by a B atom by a down spin §; == —1. The Hamiltonian is
equivalent to an Ising magnet in a magnetic field H:

H =JIZS,-S;+J22.S';SJ-—HES,- )
NN NNN

where the sum NN extends over all nearest-neighbour (—;-{110)) pairs and NNN over all next-
nearest-neighbour ({100}) pairs. For antiferromagnetic ordering (J; > 0), minimization
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of such a Hamiltonian gives rise to three distinct types of ground state ordering pattern
dependent upon the ratio @ = Jf3/J. These three patterns can be classified in terms of
famﬂnes of ordered structures and are labefled as (1) the {100) family for @ < 0, (2) the
{130} family for 0 < a < 0.5, and (3) the (111} family for @ > 0.5 (Sanchez and de
Fontalne 1982, Kanamori and Kakehashi 1978, Richards and Cahn 1971). In ZrOo-LnO s
systems, a pyrochlore type of ordering is commonly observed (space group Fd3m). Such
pyrochlore-type ordering belongs to the (%%%) family. In their work on the ground state
‘of ordered bmary alloys, Richards and Cahn (1971) have pointed out that both Fd3m and
R3m structures have identical pair correlations out to infinity. It has also been shown by
“Clapp (1969) that the Ising model with pairwise interactions is generally highly degenerate.
Some of this degeneracy can be removed if vet-higher-neighbour or multi-atom interactions
are included-in the Hamiltonian, as higher correlations among these structures are often
different. - In order for our model to produce exclusively pyrochlorc-type ordenng it is
necessary to incorporate additional terms in the Hamiltonian,

The pyrochlore structure (stoichiometry A;B,07) can be described as a tunnel structure -
with a continuous 3D B,0g framework of comer-sharing octahedra, the remaining A;O
atoms being in the tunnels (Knop er al 1965). In terms of the cation arrangement alone,
an outstanding feature of this structure is the formation of two corner-sharing like-atom
tetrahedra formed by nearest-neighbour atoms pointing along a {111} direction as shown
in figure 1{z). While forming these tetrahedra, it becomes cbvious that the remaining six
nearest-neighbour atoms arealways of the opposite type as ensured by both-J; and ./,
“being repulsive in character. In other words, three atoms forming the base of a tetrahedron
are always of one type (either A or B). These like-atom tetrahedra point in a-different
{111} direction for each of the four sublattices of the FCC structure. These tetrahedra grow
outwards with each corner atom acting as the apex of the two further comer-sharing like- -
atom tetrahedra. Using this as a basis, we introduce a three-spin mtcractmn J5 in the
Hamiltonian. Equation (1) can then be writien as ,

H+J;ZSS,+JZZSS +J3228S"’S”’8,,k HZS (2)

Jis am-active (< 0) and &5 = +1 (-1) if the three nearest-neighbour spins 7, j and k are’

all +1 (—1) and is zero otherwise. The twelve nearest neighbours of spin { are divided into
two subsets. The m = 1 subset contains neighbouring spins belonging to the two tetrahedra
and the remaining six neighbours are contained in the m = 2 subset. The second sum in
the Js term is over the nearest-neighbour pairs of spins j and k. Note that the particular
{111} direction necessary to define the m = 1, 2 subsets is different for each of the four
sublattices. From figure 1, having chosen a (111) direction for a sublattice, the (111}
directions associated with each of the remaining sublattices are automatically defined. Such.
an interaction is expected to promote pyrochlore-type cation ordering. It is to be noted that
J3 is rather specific to the present problem and is not a general three-spin interaction. The
computer simulations were carried out within the following range of interaction parameters

0<J[<1 05<fz<] and -1 € s <0

3. The Monte Carlo simulations

We consider a system of N = .4L3 spins on an Fce lattice with periodic boundary conditions.
L was measured in units of the lattice constant 2 and has to be chosen such that the periodic
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Figure 1. (@) One ociant of the unit cell of the Fd3m strocture, The filled and the empty circles

represent two different atomic species. Twelve nearest neighbours are divided in two subsets:

six atoms belanging to the two tetrahedra are in subset m = I, while the remaining six atoms are

in the subset m = 2. (&) Cation arrangement in successive {(001) layers in the pyrochlore-type

and c-type ordering arrangements. While there is no change in the C-type ordering, the two

cation species are interchanged in the next two layers of pyrochlore siucture as compared (o
~ the ones shown above. indicating a repeat distance of 2a.

boundary conditions are consistent with the expected ordered structures. We carried out most
of our sirulations for lattice sizes in the range 16 < L < 24 (16384 £ N £ 55296). The
simulations were performed using single spin-flip Glauber dynamics in the grand canonical
ensemble, with the concentration ¢ varying as a funciion of temperature and magnetic
field. Starting from an initial configuration, which was chosen to be either disordered or
perfectly ordered, the system was allowed to evolve according to the Metropolis algorithm
(Binder 1979). The data were obtained for typically five to ten thousand Monte Carlo steps
per site (MCSS).

Labelling the four sublattices of the unit cell of the FCC lattice as 1-4, we introduce
the sublattice magnetizations m,,,

Cmy = (/N (S)

jen

where { } is computed by taking time averages over different Monte Carlo runs. The total
magnetization M is given by

M =my + mg+m;3 +my (4)

and is related to the average concentration cg of B atoms by

cg={1+ M)/2. (5)

The cation ordering of the pyrochlore structure can be represented as an FCC superlattice
with cell constant 2¢ (figure 1(5)). In order to define a pyrochlore order parameter m, we
Tequire a2 minimum of eight sublattice magnetizations, four from one unit cell and four from
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the next one (numbered from 5 to 8) along a (100} direction (labelled as i). The pyrochlore
order parameter, mp, can be expressed in terms of these m, as

i, .
i=l . : .
where
my, = [(m) — ms) + (2 — me) + (m3 — m7) + (ma — mg)]/8. @
The order parameter, m;, approaches unity -in the pyrochlore phase and goes towards zero
in other places. Another type of cation ordering often encountered in rare-carth mixed oxide

systems is the C-type ordering pattern shown in figure 1(b). An order parameter for this
structure, mc, can be defined as ‘

3

mé’=m1+mz+m3-m‘; m, = —mat+mst+ma
mi=mtmy—ms-tms  mi=-m+mytmstm. (8)
ar =10
061
7mc 0.51 - .
o8] :
021
oo —
(b w J2=10
i 0.81
| Mposq.
044
0.2
a,o
11 3 [T -
M. o . ' Figure 2. The average values of magnetization M (¢),
o : pyrochlore order parameter my () and order parameter
for c-type ordering m. (a) plotied versus magnetic
) field for next-nearest-neighbour interaction parameter
6 s 10 16 2o 30 J» = 1.0. The other parameiers of the simulation were

4
H/, _ fi=10,/3=-05and kgT/Jy = 1.5,

- Figures 2-4 show typical examples of ‘raw data’ of the Monte Carlo simulation for-
different sets ‘of interaction’ parameters. The data were obtained in the grand canonical
ensemble for N = 16384 and .were averaged over S000 MCSS after omitting the initial
100 MCSS to remove the effect of the initial conditions. The magnetization and two order
parameters vary linearly in the disordered phase and deviate from this law in the region
of long-range order. The pyrochlore-type ordering is present in all three sets of data and
can be seen as the flat region around M = 0. With decreasing magnitude of the second-
nearest-neighbour repuision /5, the pyrochlore region becomes narrower and narrower and
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Figure 3. The average vaiues of magnetization M (c),
pyrochlore order patameter my () and order parameter
for C-type ordering m, (u} plotied versus magnetic field
for the next-nearest-neighbour interaction J; = Q8.
The other parameters of the simulation were J; = 1.0,
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Figure 4. The average values of magnetization M (c),
pyrochlore order parameter m, (&) and order parameter
for c-type ordering m. (@) plotted versus magnetic field
for the next-nearest-neighbour interaction J2 = 0.6
The other parameters of the simulation were J| = 1.0,

Ja==05and kgT/J; = 1.5. J3==05and kg T/t = L.5.

a new phase starts making its appearance around M = 0.5 (cg = (.75} with a peak in
the m. order parameter. According to these preliminary Monte Carlo results, the relative
stability and extent of pyrochlore- and C-type ordering can be controlled by the parameter
Js». Using figures 2—4 as a guideline for the choice of interaction parameters, complete
phase diagram computations were carried out for the following two sets of parameters: (1)
=10, 5=10, /3 =-05and (2) /1 = 1.0, /, = 0.7 and S = —0.5. The strength
of J3, which must be finite, affects mainly the stability of the C-type phase. A finite J; is
however responsible for making the phase diagrams asymmetric (Styer er ol 1986).

4. Phase diagram computations

Using the two sets of interaction parameters in the computation of phase diagrams, order
parameter distribution functions were used to locate the phase boundary and to determine
the order of the transition (Mouritsen 1984). P(¢)d¢ is defined as the probability that the
order parameter will take on a value in the range (@, ¢ + d¢]. The distribution functions P
for the magnetization M, and order parameters mp and . were used in this analysis. Away
from the transition, P(¢} is a sharp single-peaked function. But in the transition region
P{¢) becomes a broad double-peaked function indicating that more than one phase is being
populated. At the transition temperature, the two peaks have the same intensity. For a
first-order transition, the peak separation tends to increase and then saturate with increasing
lattice size. For a second-order transition, the two peaks move closer with increasing system
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Figure 5. 'Temperalure-composmon phase diagram for the parameter set J; = 1.0, 2 = 1.0,
Jy = =05. The temperalure T in these plols stands for the parameter kgT/J). Ordered
structures are mdlcaleti

size. P(¢)is therefore indispensable for locatmg the phase boundary and for determmmg
‘the order of the transmon '

4.1. Results for 1, =1.0:7=10; ..’3 —-——0.5

The phase diagram for the ﬁrst parameter set obtained from the analysxs of distribution
function data is shown in figure 5. A dimensionless parameter ksT/J; was used to represent -
the temperature. The phase diagram is dominated by pyrochlore-type (P) ordering in the
central region of the phase diagram. This phase is stable over a wide temperature range
.and is surrounded on all sides by a disordered fluorite-type phase (labelled here as F). The
F=P transition for cg < 0.5 is very sharp and takes piace over a very narrow magnetic field
range. Figure 6(a) shows the order parameter P(M) as a function of M for three different
magnetic field values. As the field value is changed, P(M) changes from a single-peak to

a double-peak region indicating that two different states are being populated. As the field -

value is further increased, the second peak starts gaining in intensity and finally takes over

completely. The double-peak region going over to a single peak indicates that the system .
has transformed completely from one state to another. For the sake of clarity, we have

shown P(M) values for only three magnetic fields. Simulations were carried out for 2 large

number of points in the transition region. The coexistence region between the two phases

is also very well defined and points towards a first-order transition. Figure 6(f) shows a

plot of P(M) versus M in the transition region for two different lattice sizes. As the lattice

size increases, the two peaks move very slightly apart, thereby unambigubusly confirming

the phase transition from F to P to be of first order.

The pF transition for cg > 0.5 however is not so well defined and is not accompanied
by sharp discontinuitiés in various order parameters {see figure 3). While the r—Pp transition
could be conveniently located with even quite small lattice size simulations, it was found
essential to use large lattice sizes (L > 16) for accurately locating the P-F transition.
Figure 7(a) shows a plot of P(M) versus M in the transition region for different field
values and figure 7(b) a similar plot for two different lattice sizes. The size dependence of
distribution function peaks which.move closer with increasing lattice size indicates that the
P-F transition is of second order. The P phase however is asymmetric around cg = 0.5. This
asymmetry is caused by the three-spin interaction term J; and disappears for J; = 0. In
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Figure 6. Plois of distribution function P (M) versus M for J, = 1.0 and kpT/ /) = 1.3 for the
F-P transition. {a) Plots of P(M} for three different values of the field #/J1. The magnitudes of
H/J are indicated against the plot symbol. The lattice size for these simulations was L = 16.
(b) Plots of P(M) for two different lattice sizes at H/J; = —5.775. The lattice size L is
indicated against the plot symbol.

real systems, phase diagrams are generally asymmetric due to the concentration dependence
of interaction parameters and the relative importance of higher-order interactions (Kikuchi
et al . 1980). )

In this phase diagram, there is no evidence for the formation of c-type ordering around
cg = 0.75. Some shon-range order does appear to be developing near cg = 0.8 but it
does not crystallize into a well defined phase as we could not detect any phase transition
in that region. The phase diagram therefore consists solely of a disordered fluorite-type
arrangement in conjunction with pyrochlore-type ordering in the central region of the phase
diagram. : :

4.2 Results forJ; =1.0;J; =0.7;J3 =05

The phase diagram for the second parameter set is shown in figure 8. There are some new
features in this phase diagram. As expected from the average Monte Carlo data {figures 2—
4) a reduced second-neighbour repulsior has restted in compressing the region of stability
of the pyrochlore-type phase around ¢g = 0.5. The C-type ordering around cg = 0.75
also becomes long ranged and develops into a well defined new phase. These phases are
however restricted to a lower temperature range.

Now taking a closer look at each of the phase boundaries, the P phase is still surrounded
on all sides by the disordered F phase. The F—P boundary for ¢cg < 0.5 continues to be
very sharp and the coexistence region is again very well defined. A slight widening of the
distribution function peaks with increasing lattice size once again unambiguously confirms
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Figure 7. Plots of the distribution function P{M) versus M for /; = 1.0 and kg7/J/; = 1.3
for the P—F tramsition. {e) Plots of P(M) for three different values of the field H/Ji. The
lattice size for these simulations was L = 20, {p) Plots of P(M} for different Jattice sizes at
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- Figure 8. Temperature—composition phase diagram for the parameter set J; = 1.0, /2 = 0.7,
J3 = —0.5. The temperature T in these plots stands for the patameter kg7/J;. Ordered
structures and coexistence regions are indicated.

the transition from F to P to be of the first order. The P—F transition for cg > 0.5 is
better defined for this parameter set and could be comfortably located even for small lattice
sizes. This transition is of second order. While the double-peak region has been used to
identify the phase transition region, we have also used the criterion of distribution function
peak broadening to locate the phase transition precisely. A broadening of the distribution
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function peak corresponds to the critical slowing down near a transition (Landau and Binder
1978, Binder and Landau 1984) and provides invaluable information for systems where a
double-peak region may be hard to identify. This is particularly true for second-order phase
transitions.

The F—C phase transition is shown in figure 9. This transition is very well defined.
Even though the double-peak region extends over a rather broad range of magnetic field
values, the transition poiat could be unambigucusly identified from the broadest distribution
function peak. This transition is also of second order. The data for the C—F transition showed
a great deal of scatter. The computations were carried out for larger lattice sizes (£ = 20, 24
etc). Increasing the lattice size improved the scatter only very slightly. Despite the scatter,
the transition can be located fairly accurately using the broadest distribution function peak
criterion (lowest peak height) and this transition is also of second order (see figure 10). A
narrowing of peaks coupled with increased peak height indicates that the system is moving
away from the transition region towards a stable state,

1200

J2=07;F o C

BOD |

P{M)
400 :_.
i
",
e
T 0.46
M
(b}
J2=07:F o C —— 1
8OO e 20
F(M)
4OD|'
o . T
v.3B ) 0.40 0.42 0.44
™M

Figure 9. Plots of distribution function P(M) versus M for Jo = 0.7 and kg T/ 41 = 1.3 for
the F~C transition. (a) Plots of P(M) for three different values of the field H/Jy. The lattice
size for these simulations was L = 16. (&) Plots of P(M) for two different lattice sizes at
Hi&h =85,

5. Discussion and cohcluding remarks

The results of this investigation show that the strength of J/; appears to be the driving force
behind different ordering arrangements in these mixed rare-earth oxides. Pyrochlore-type
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Figure 10. Plots of distribution function P(M) versus M for /o= 0.7 and kg T/J; = 1.3 for

“the ¢-F transition. (¢} Plots of P(M) for three different values of the field A /J,. The lattice
size for these simulations was L = 16. (b) Plots of P(M) for wwo different lattice sizes at
Hjh =155. .

cation ordering is favoured by large values of J,. As the magnitude of Jo decreases the
region of stability of the pyrochlore phase decreases and C-type ordering starts making its
appearance. As J; is further decreased the pyrochlore phase completely disappears and
only C-type ordering remains. However J| and ., alone are not sufficient to stabilize these
phases. The three-spin interaction term J; appears to play a very important role. While
carrying out phase diagram simulations with only J; and J; interactions, it was extremely
difficult to identify the phase boundaries of the pyrochlore phase even after increasing the
lattice size beyond L = 24 (N = 55296) and carrying out simulations for more than 50000
MCSS. After the addition of the J; term to the Hamiltonian, phase boundaries could be
located to a good accuracy with L = 16 and data for typically 5000 MCSS. Apart from
lifting the degeneracy with the R3m structure, J3 tends to stabilize the pyrochlore phase
and helps in defining the phase boundaries.

Another peculiar feature of the cation ordering in these oxides is the coexistence of the -
pyrochlore- and the C-type ordering patterns. A close look at figure 1(b) shows that while
there is strong repulsion along {100} in the pyrochlore phase as indicated by two neighbours
along this direction being always of the opposite type, the correspending neighbours in the
C-type phase are always of the same type. In fact the C-type cation ordering is the same
as CusAu ordering which requires an attractive next-nearest-neighbour interaction. With
J2 > 0, we should not observe a C-type phase at all. In the present case, the C-type phase
is being stabilized by the three-spin-interaction term J3. The dominance of J/; over J; is
also refiected in the presence of asymmetry in the J> = 0.7 phase diagram. In the J, = 1.0
phase dlagram the asymmetry is Iess pronounced due to the increased strength of the o
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parameter.

Experimentaily, the pyrochlore phase occurs in ZrO»-LnO;s when the ionic size
difference between the lanthanide and zirconium ions is largest, i.e. for the larger rare-
earth ions (La, Pr, Nd), whereas the C-type phase tends to occur for the smaller rare
carths (Byring 1979). Interpreting J» as a measure of this ionic size difference between
the lanthanide and zirconium ions, the simulation results are consistent with experimental
observations. Similarly, the widths of the simulated pyrochlore- and C-type regions are in
good qualitative agreement with experimental observation. The simulations also give an
idea of the cation arrangements in the off-stoichiometric regions. In the absence of long-
range order there is a high degree of short-range order as indicated by the non-vanishing
order parameters, and the cations cannot be assumed to be randomly arranged except at
very high temperatures. Finally it is interésting to note that the R3m ordering pattern does
occur experimentally in other fluorite-related systems such as CaUO;. Although there are
no such long-range ordered R3m phases in ZrO»—LnO, 5 systems, short-range ordering of
this type has been observed in the ZrO;-PrO, 5 system (Withers et al 1992).

In this paper, we have developed a basic theoretical framework for cation ordering in
rare-earth mixed oxides. This model is still very preliminary in nature. The three-spin
interaction term was rather restrictive and could be made more general. Alternatively a
four-body interaction may be more appropriate. The comparison with experimental results
can undoubtedly be further improved by fine-tuning the sirengths of various interaction
parameters or by the addition of some more interactions in the Hamiitonian. These
simulations are still of a preliminary nature and further improvement of the model and
application to specific systems is in progress.
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