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We have carried out a detailed structure determination of the 1X 3 reconstructed Pt(110) surface, us-
ing three-dimensional x-ray-diffraction data. Since the ground state of Pt(110) is a 1X2 structure, a
small amount of chemical contamination is required to produce the 1X3 state. It is, however, reprodu-
cible both in our experiment and in other laboratories. The structure contains a double missing row that
exposes the fourth layer. Relaxations are substantial with the largest displacements in the fourth and
fifth layers. The results are compared with theoretical predictions of surface contraction due to

cohesion.

INTRODUCTION

The missing-row 1X2 reconstructions of Au(110) and
Pt(110) are among the most accurately determined of all
surface structures. Recent independent studies by low-
energy electron diffraction (LEED) (Ref. 1) and x-ray
diffraction? now agree with each other within their exper-
imental error bars. The LEED study' has a higher stated
precision than the x-ray ostudy2 on the vertical coordi-
nates (of 0.02 versus 0.1 A) but is less accurate horizon-
tally (0.04 versus 0.01 A); the contrast between these rela-
tive sensitivities comes from the volumes of reciprocal
space sampled, respectively, by the two techniques.> Be-
cause this missing-row structure is believed to be very re-
liable, it has become a benchmark for the detailed testing
of theories of the general principles governing surface
structure, and there has been much progress along these
lines.*

It was realized from the earliest investigations with
LEED, however, that higher-order structures also exist
for both Au(110) and Pt(110): Moritz and Wolf noted a
1X3 structure in their original study of Au(110),> al-
though they could not clearly establish the conditions of
its formation and state: ‘it seems to be dependent on the
special ion-bombardment conditions and probably on the
cooling rate after tempering.” On Pt(110), the 1X3 state
was first reported by Mundschau and Vanselow,® then by
Fery, Moritz, and Wolf,! Stock et al.” and Masson and
Rabalais.® Three of these studies agreed that the struc-
ture was stabilized by a small amount of impurity. The
ion-recoil spectroscopy experiment indeed identified Ca
and K as impurities.® The fourth study by Fery, Moritz,
and Wolf! found that the 1X3 structure could be ob-
tained by simply heating in oxygen to 1200 K, since sub-
sequent Auger electron spectroscopy (AES) showed the
1X 3 sample to be free from contamination. The authors
argued further that a low level of impurities, below the
detection limit of AES, inevitably must be the origin of
the 1X 3 structure. Their sample, once in the 1 X3 state,
always gave 1X3 after further cycles of sputtering and
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annealing. In fact, it required many cycles of heating to
1800 K to return to the 1X2 state. In other work, heat-
ing in oxygen was found to restore the 1X2 structure.’

Impurities appear to be involved in the origin of the
Au(110) 1X3 structure, as well. Haberle, Fenter, and
Gustafsson® found that dosing with Cs led to the 1X3
state reproducibly at a coverage ® of about 5% of a
monolayer. They were able to measure the structure with
medium-energy ion scattering (MEIS). Held et al.'”
found that a similar crystal of Au(110) produced the 1X3
structure all the time, and they were even able to study
its phase transitions. Flynn-Sanders et al.!! examined
K/Au(110) and placed the 1X3 state in the ®-T phase di-
agram at about ®=0.05-0.1. Recently Ocko et al.!?
found that the 1X3 structure was the preferred state of
the Au(110)/water interface, at least at certain electro-
chemical potentials.

Theoretical studies'>'* have found that for Au(110)
and Pt(110), the 1X3 and 1X2 structures indeed have
very similar energies, as have other analogous 1 Xn struc-
tures.'® It is therefore easy to understand why both the
1X3 and 1X2 states are found experimentally, with
perhaps a slight chemical (impurity) force driving the bal-
ance between them. Here'>!* it was assumed that the
1X 3 structure consisted of a double missing-row arrange-
ment, shown in Fig. 1, with two out of three rows missing
in the top layer and one out of three in the second, as was
later confirmed by experiments."® In Au(110) and
Pt(110), “double” steps, containing atoms from three
atomic layers, can be built from the structure that ap-
pears in one half of the 1X3 unit cell (see Fig. 1). The to-
tal energy of this configuration was also found to be indis-
tinguishable from those of the 1X3 and 1X2 struc-
tures,'® and indeed these were found to be the elementary
excitations of the 1X2 to “1X1” phase transition of
Pt(110).6"7

In this work, we report the detailed atomic structure of
the Pt(110) 1X3 surface obtained by x-ray-diffraction
analysis. The results show once again that very high ac-
curacy can be obtained for a large number of unknown

10 700



47 X-RAY DETERMINATION OF THE 1X3 RECONSTRUCTION OF . ..

(COPH,
494940, 0, 0,6, ¢
Pt(110) 1x3 Missing Row Structure

FIG. 1. A pictorial view of the 1X3 reconstructed Pt(110)
surface.

parameters (atomic positions of eight independent
atoms), and that significant conclusions can be drawn re-
garding the compression of interatomic spacings at the
surfaces of noble metals. This is generally in agreement
with recent findings for Au(100),'® Pt(100),"° Au(111),%°
and Pt(111).2!

EXPERIMENTAL METHOD

Our sample preparation was a little unusual because
the 1X3 structure is not the usual reconstructed state of
Pt(110). We attempted first to follow the published re-
cipe of Fery, Moritz, and Wolf! to obtain this state
without success; it led instead to irreversible faceting of
that crystal. Instead we were successful with the recipe
published by Masson and Rabalais,® which worked repro-
ducibly for our sample: we started with another freshly
polished crystal in ultrahigh vacuum (UHV) and subject-
ed it to very light Ar™ ion sputtering and extensive
(several hours) heating at 600 °C, both with and without
an oxygen pressure of 1078 Torr. We found that heating
in oxygen resulted in a 1X2 structure as determined by
LEED and surface x-ray diffraction. Heating in UHYV,
however, resulted in a well-ordered 1X 3 state after some
hours, as reported in Ref. 8. The process was found to be
reversible, as oxygen treatment restored the 1X2 state,
again as reported previously.® Small traces (a few per-
cent) of carbon were detectable in the 1X3 surface by
AES, while the 1X2 surface was found to be clean. We
could not detect any additional contamination, but can-
not rule out the possibility of segregation of other species
at the present level. Notable possibilities are K and Ca,
known bulk impurities in Pt, whose AES lines coincide
with minor liners of the Pt itself, but had been previously
detected in the Pt(110) 1X3 structure.® Fery, Moritz,
and Wolf! had likewise concluded in their paper that the
1X3 surface must be an impurity-stabilized state of
Pt(110), although they could not identify the agent.

The transition from 1X2 to 1X3 was observed in situ
while the segregation was taking place. We interpreted
this in terms of a two-dimensional phase diagram for
Pt(110) that will be discussed in a separate publication.??
The 1X3 state survived cooling down to room tempera-
ture, remaining well ordered. The sharp, low background
LEED pattern and C-contaminated AES spectrum were
unchanged 24 hours later, during which period we were
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able to complete the crystallographic measurements
necessary to determine the structure of the 1X3 state.

X-ray-diffraction measurements were made at the Na-
tional Synchrontron Light Source (NSLS), using the
X16A beamline which is operated by AT&T Bell Labora-
tories. Bending magnet radiation was focused by a cylin-
drical mirror onto a 1.0X 1.5-mm spot at the sample 25
m away. In front of the sample, a double Si(111) mono-
chromator selected an x-ray energy of 7.5 keV with a
bandpass of about 5X 10~ 4. The Pt sample was mounted
on an UHV-compatible five-circle diffractometer de-
scribed previously.”> The crystal was aligned by locating
two bulk Bragg peaks. A tetragonal indexing convention,
hkl,,, was used to allow the 110, surface normal to be
001,,,, thus spanned by a single Miller index L. 100, is
along the 001, direction, while 010, lies along the in-
plane 110.,,. This is the same convention used in
LEED for fcc(110) surfaces. The direction of the optical
surface was determined with a laser beam, and this was
used together with the crystallographic alignment to con-
trol the angles of x-ray incidence onto and from the sur-
face, and to keep the surface normal in the horizontal
plane for good resolution matching.?* In this way, the
crystal miscut was determined to be 0.075° along an az-
imuth 30° away from the 100, direction.

Our instrumental resolution was defined by 2-mm slits
positioned 600 mm from the sample, just in front ofothe
detector. This gave a resolution width of w =0.006 Al
half width at half maximum (HWHM) in radial scans.
The diffraction peaks at 1-order positions were found to
be resolution limited, but had more tails than the resolu-
tion function. We concluded from the tails that the in-
trinsic width was probably not much narrower than
0.006-A~' HWHM, so that the (exponential) coherence
length £=1/w was not much longer than 180 A.

CRYSTALLOGRAPHIC MEASUREMENTS

Data were collected at +-order and integer-order posi-
tions by means of rocking scans of the diffractometer
axis with a wide detector slit.?*> In this way, the integrat-
ed intensities of the peaks could be obtained after back-
ground subtraction. The intensities were corrected for
the Lorentz factor, the active sample area defined by the
entrance and exit slits, and the small polarization effect
associated with the a axis.?® All available symmetry
equivalents of the reflections shown in Fig. 2 were mea-
sured and averaged together. The variation among
strong reflections was 9%, which was used as our error of
observation. A total of 313 data gave 95 inequivalent
structure factor values, covering 27 in-plane positions
and the L dependence sampled along 14 rods. The radii
of the left semicircles in Fig. 2 are the observed values ob-
tained. Out-of-plane data at L =0.8 are shown along the
dotted axes below the L =0.05 values.

Dramatic variations of intensity are evident along the
rods: most reflections have structure factors ranging from
close to zero to some quite large value between L =0 and
0.8, i.e., 100% modulation along the rod. Some examples
of the full profile are shown in Fig. 3. The maximum
range available is an instrumentai limitation linked to the
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FIG. 2. Observed and calculated intensities for the 1X3
structure of Pt(110) for in-plane (L =0.05, solid grid) and out-
of-plane (L =0.8, dashed grid) slices of reciprocal space. Error
bars (+o) are indicated for the observed values. The calcula-
tion is for the best fit described in the text.

size of the Be window,?® which allows incident angles
only up to 45°. The modulation means the structure is
very clearly not two-dimensional, and must have substan-
tial structure in at least two atomic layers, such as
featured in the double missing row in Fig. 1. This is the
most dramatic example of “three-dimensional” behavior
seen to date with the surface x-ray technique: up to 50%
modulation of rod structure factors has been observed
previously in Au(110) 1X2 (Ref. 2) and W(001) V2X V2
structures,?’ which both have substantial second-layer
displacements.
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FIG. 3. A selection of rod profiles with best-fitting calculated
curves for the measurements of the Pt(110) 1X 3 structure.
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CRYSTALLOGRAPHIC ANALYSIS

The ultimate aim of the data analysis is to obtain a sa-
tisfactory least-squares agreement factor 2. The utility
of quoting y? values is that they measure the disagree-
ment in units of the experimental error of the data, which
is known;* when X2 drops to unity, no further informa-
tion can be extracted. However, it should be noted that
x? is not a good index for comparing one structure deter-
mination with another that is based on different data.
We started our data analysis by testing the double
missing-row model. Allowing no displacements of the in-
dividual atoms, we fitted a scale factor and overall
Debye-Waller (DW) factor and obtained a least-squares
residual y?> of 16.6. This already shows considerable
agreement, in that the general sense of the rod modula-
tions was reproduced, so it was concluded that the double
missing-row structure was an appropriate guess for a
starting model. The model suggested by Masson and Ra-
balais,® with two missing rows in the top layer and none
in the second, gave bad agreement with y*>=49.

Next, we introduced the displacements in the double
missing-row structure determined by Fery, Moritz, and
Wolf,! listed in Table I, and obtained y>=9.4. The dis-
placements in the 1X3 structure of Cs/Au(110) measured
by MEIS,’ also listed in Table I, gave Y>=11.4 when the
DW factor was allowed to vary, and much worse when
this was fixed at the experimental value of 1.4 A% Thus
either of these models was an improvement on the double

TABLE I. Atomic displacements in A for the best-fit model
of the Pt(110) 1 X 3 structure. The labels refer to Fig. 4, with the
thermal B parameters (defined as B=287*(u?)) numbered ac-
cording to the atom number. The final y? for this model was
2.63. MEIS data refer to a medium-energy ion-scattering study
of Cs/Au(110) that also has the same 1X3 reconstruction (Ref.
9). Values corresponding to blank entries were not determined.

X ray LEED MEIS

(this work) (Ref. 1) (Ref. 9)
X, 0.014(5) 0.04 —0.04(4)
X5 0.019(4) 0.01
X6 0.029(5)
x; 0.045(4)
z, —0.08(3) —0.18 —0.34(6)
z, —0.05(3) 0.11 —0.16(4)
Z3 0.10(3) 0.18 0.03(4)
Z4 0.26(2) 0.04
zs —0.02(3) 0.00 —0.11(4)
g —0.05(2) —0.01
B, 4.1(4) A2
B, 3.4(3) 1}2
B, 2.7(3) A, 1.4(4) A
B, 2.4(3) i}z
B 3.0(3) éz
B, 2.6(3) A
B 0.07(2)
f 0.89(1)
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missing row without relaxation. On the other hand,
when the displacements and DW factors were all allowed
to vary under least-squares refinement, we obtained a
substantial improvement and a final y? of 2.6. The pa-
rameters obtained are listed in Table I under the “x-ray”
column.

The calculated structure factors are shown alongside
the observations in Fig. 2 for comparison. Examples of
calculated rod profiles are shown in Fig. 3, passing
through the data as well. Clearly the strong intensity
modulation is reproduced. Included in the data set are
several ‘“integer-order” reflections which contain bulk
contributions in the form of crystal truncation rods
(CTR’s),® arising from the termination of the bulk lat
tice. The characteristic divergence of the intensity is seen
along these rods approaching the bulk Bragg peaks at
L =1 or 0, depending on the parity. As these data were
included in the analysis, it was necessary to include a
“surface fraction” parameter f in the fitting.”? f
represents the fraction of the surface that appears to be
reconstructed; the remainder is assumed to contribute to
the CTR’s but not the fractional-order data. The final
value f =89% is not much less than unity, suggesting a
well-prepared surface. An additional refinement parame-
ter associated with fitting CTR’s is the roughness /3,
representing the fraction of the surface area (within one
coherence area) where the lattice starts at a different
height.?® B=7% corresponds to an root-mean-square
roughness of only 0.39 A.

DESCRIPTION OF MODEL

The displacement parameters x; and z; and DW pa-
rameters B; listed in Table I belong the ith atom denoted
in Fig. 4. The mirror planes marked in the figure, as well

1
1
]
]
|
1
1
1
1
i

FIG. 4. The final model of the Pt(110) 1X3 structure. The
dashed lines represent assumed mirror symmetries of the unit
cell. Atom numbers are defined for reference, as are the
symmetry-allowed displacement parameters used in fitting. The
arrows indicate the positive displacement directions, not the
displacements themselves.
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as mirrors at y =0 and 1, are the assumed symmetries of
the structure. All p2mm symmetry-allowed displace-
ments have been included in the top four layers, along
with the x, parameter in the fifth layer.

There is a clear trend of an increasing DW parameter
with height in the structure; the outermost layer has 4. 1
A?, the next 3.4 A2, the third layer an average of 2.9 A2,
and the fourth 2.5 A2 All of these values are rather large
compared with other structures; the corresponding values
for the Pt(110) 1 X2 structure (measured in the same way)
were, for example, 1.5 A for the outermost layer and 1.4
A2 for the second layer.? To understand the significance
of this, it is important to note that the classical DW mod-
el cannot distinguish between thermal vibration and stat-
ic disorder. We do expect local disorder to be present be-
cause of the impurities, and a root-mean-square (rms) dis-
placement of 0.23 A does not seem impossibly large for a
5% impurity coverage. The trend of the DW factor with
height is expected regardless of whether its origin is
thermal vibration or static disorder. The values we ob-
serve are substantlally larger than the MEIS value® of 1.4
A2 this is not suprising, because that technique really
measures relative positions of one layer with respect to
the one below, and so does not see the effects of correla-
tions due either to vibration or static disorder. The
ramping of vibration amplitude with height was also seen
in a study of Au(100),'® and this became a large effect at
high temperatures.

The vertical displacement parameters z; also show a
clear trend. The outer two layers are relaxed inwards,
while the third and fourth layers are buckled: atoms 3
and 4 move out but 5 and 6 move inwards. Atom 4 has
the largest displacement in the whole structure, even
though it is in the fourth layer. The most dramatic effect
of this is to compact the 111_,,. facet made up of atoms
1-4. The interatomic spacings are all compressed, 1 and
2 by 0.2%, 2 and 3 by 2.7%, and 3 and 4 by 3.1%; the
effective atomic densities are compressed by the same
amounts. The horizontal displacements x; have a related
trend, increasing from the top to the bottom of the struc-
ture; they are all directed toward the missing row, just as
they are in the Pt(110) 1X2 structure.? The largest dis-
placement, of atom 7, partially fills the gap left by the
outward motion of atom 4, but still leaves a 4—7 intera-
tomic distance 3.9% longer than the bulk. The x; magni-
tudes are generally a little smaller than the 0.05 and 0.04
A for the second and fourth layers in the Pt(110) 1X2
structure.

SURFACE COMPRESSION

Our results agree with LEED (Ref. 1) in the sense that
they identify the same double missing-row model. At the
more detailed level, there is not such good agreement in
the structural parameters themselves, unlike the case of
the Pt(110) 1X2 surface with its simpler structure. Be-
cause of the inclusion of integer-order data, our derived
vertical coordinates are referenced to deep inside the bulk
crystal; the LEED coordinates are referenced (arbitrarily)
to the surface because of the limited penetration of elec-
trons. Much, but not all, of the apparent discrepancy in
z; is due to this choice of origin. This is less serious in
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the comparison of interlayer spacings. The same is true
to a lesser extent of the comparison with MEIS. A
unique aspect of the x-ray method is this bulk point of
reference. The result that the fourth layer moves so far
outwards is therefore a result that is new to this study.

The interatomic spacings around the atoms of the top
two layers are under compression; this is the expected be-
havior of metal atoms with low-coordination sites: atoms
1 and 2 have coordinations of 7 and 9, respectively.
Deeper down, the atoms have almost full coordination
shells (of 12 neighbors), and we find a mixture of expan-
sions and compressions, with the largest bondlength ex-
pansion being 9% beneath atom 4 (though this is some-
what less reliable since the fifth-layer heights were not
refined) and the largest compression being 3.1%. The
average compression of the seven neighbors of atom 1 is
0.6%, and that of the nine neighbors of atom 2 is 0.7%;
the corresponding values in the LEED study' were 3.1%
and 0.1%.

ORIGINS OF COMPRESSION

To understand the significance of these changes, it is
useful to consider a theoretical model of metallic bonding
which includes the effects of electronic cohesion and its
relation to coordination. The basic origin of surface
compression was proposed by Finnis and Heine° as being
due to the core’s electrostatic response to the “smooth-
ing” of electron density at the surface. A specific model
was developed for Au by Ercolessi, Tosatti, and Parrinel-
lo,! and we will assume that its qualitative aspects will
also apply to Pt, which has analogous surface behavior.
Pt has a higher Debye temperature, and so has 33%
smaller bulk vibration amplitudes and 38% smaller
thermal expansion, but this is explained quite well by the
same potential functions. The model is related to
“effective-medium” descriptions that have been success-
ful elsewhere for Cu and Al.3?2 The form of the potential
energy is given by?!

V=13 é(lr,—r;D+ 3 Uln,;), (1)
ji i

where the first term is a conventional two-body potential
and the second term depends on the total effective num-
ber of neighbors n; surrounding each atom. n; is given
by

n;= Ep(lrj—ri“ ,
J#E

where p(r; —r;) is a softened weighting function that has
value unity for a normal (bulk) neighbor distance and
value zero beyond the first coordination shell. The func-
tions ¢, U, and p were obtained for bulk gold using vari-
ous known bulk physical properties, and are graphed in
Ref. 31.

According to these potential functions, there would be
an cohesive energy cost of 1.5 eV per atom from the U
term (in the absence of relaxation) for an atom with a
coordination of 7, and a cost of 0.65 eV for an atom with
a coordination of 9. This is the driving force for
compression. We illustrate this point by calculating the
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dependence of the energy, V, on the average bond length
for different values of the coordination in Fig. 5. From
this, we can estimate the ideal relaxation expected around
surface atoms with lower coordination. Specifically, we
find that atom 1 would have a minimum in energy if there
were an average compression of 7.8% of its seven neigh-
bor distances, and that atom 2 (nine neighbors) would be
at a minimum with 4.5% average compression.

Our experimental values for the compression are an or-
der of magnitude smaller than this theory would suggest.
Furthermore, the same statement is true of the compres-
sions seen in this structure with LEED.! Part of the
reason for the disagreement is the effect of temperature:
Table I shows relatively large values for the temperature
factors, B;, corresponding to root-mean-square (rms) vi-
bration amplitudes of 0.23 and 0.21 A, respectively, for
atoms 1 and 2. From Fig. 5, we can estimate the effects
of anharmonicity in the vibrations using the same
effective-medium potentials.>! We find a contribution to
the surface thermal expansions of 0.047 (1.6%) and 0.043
A (1.5%), respectively. These values represent a thermal
expansion coefficient of 5.5X107° K™}, or six times the
bulk value. Such a proposal is not out of the question,
since similar surface enhancements of thermal expansion
have been reported by others.>®> A related argument
could be constructed to explain how static disorder due
to impurities could cause local expansions that would
partially cancel the compression. Therefore, we propose
that the effects of cohesive compression would be coun-
teracted by anomalous thermal expansion of the surface.

Other related surface structures can be used to com-
pare compression trends. Au(110) and Pt(110) 1X2
structures have been widely studied, and have average
compressions of the seven-coordinated top layer (exactly
analogous to atom 1 in Fig. 4) ranging from 2.6% to

=3F 0 b

9 coordinated

i 12 coordinated

Energy per Atom (eV)
N

[SOSPIPIDI D (PN R

L 1 i L 1 1
2.2 2.4 2.6 2.8 3.0 3.2
Interatomic Distance (angstrom)

FIG. 5. Theoretical effective interatomic potentials calculat-
ed from the semiempirical “glue” model of Ercolessi, Tosatti,
and Parrinello (Ref. 31) for different numbers of equidistant
Au-Au neighbors, using Eq. (1). The compression of the shell
and enhanced anharmonicity are clearly seen for the lower
coordinations.
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3.8%;!7%° a first-principles total-energy theory gave
2.7% for the Au(110) 1X2 structure.* In these experi-
ments, anharmonicity effects are insignificant, so the con-
tractions would be expected to be around 7.8%. Similar-
ly, the average compressions observed®* in Au(100)
(1.3%) and Au(l111) (0.3%) are also smaller than the
4.5% value expected for their effective coordination num-
bers of 9. In Au(100), a 1.4% anharmonicity contribu-
tion would be expected because the rms vibration ampli-
tude is 0.19 A%

CONCLUSIONS

We can make several general conclusions in addition to
confirming the double missing-row structure of the
Pt(110) 1X3 surface. First, the semiempirical potentials
given by Ercolessi, Tosatti, and Parrinello®' overem-
phasize the compression that arises from cohesive forces,
since the large weight of experimental (and first-
principles theory) favors values one third as large.
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Second, the contractions seen in this structure are smaller
than expected even in comparison with the other struc-
tures mentioned. Third, the refined values of Debye-
Waller factors are larger than expected and show a clear
trend, decreasing with depth. Both these last points may
be reconciled with the known presence of impurities in
the surface: the large B; parameters would include some
(static) disorder rather than just thermal effects, and this
disorder would give rise to local perturbations in the
structure that reduce the average compression.
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