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tween the first light-holelh1 state and the second heavy-ho
state hh2 and, respectively, between the first heavy-h
state and the first electron statee1 are already nonzero b
symmetry, Vlh1-hh2(ki50)Þ0 and Vhh1-e1(ki50)Þ0 at
zero in-plane momentum (ki50). Consequently,~a! if lh1
andhh2 approach degeneracy, thelh1 andhh2 levels anti-
cross~as opposed to cross! at some critical superlattice pe
riod @'60 ML for (AlAs) n /(GaAs)n ~Ref. 4! and'15 ML
for (InAs)n /(GaSb)n ~Ref. 1!#; ~b! the transitionslh1↔e2
andhh2↔e1 become dipole allowed;~c! hh1 will anticross
e1. In InAs/GaSb this occurs at'28 ML ~Ref. 5! ~see also
inset to Fig. 1!. ~a!, ~b!, and~c! do not occur if the coupling
potentialsVlh1-hh2(ki50) andVhh1-e1(ki50) are zero, as is
the case in the conventional eight-bandk•p model6 which
does not ‘‘see’’ the correct atomisticC2v or D2d symmetry,
confusing it with Td . Thus, conventional eight-bandk•p
models givecrossingof lh1 andhh2, or hh1 ande1, and
dipole forbidden lh1↔e2 andhh2↔e1 transitions.

~ii ! Coupling of lh1 and hh1 atki50. In common-atom
superlattices with equivalent interfaces, this coupling v
e

-

ishes atki50. However, in no-common-atom superlattic
with inequivalent interfacesVlh1-hh1(ki50)Þ0 by symme-
try. Consequently,~a! if lh1 andhh1 approach degenerac
lh1 will anticross ~as opposed to cross! hh1. ~b! The
e1↔hh1 ande1↔ lh1 transitions develop an in-plane po
larization anisotropy whereby the dipole transitions have
equal strength along the@110# and @2110# in-plane
directions.1,7,8 Effects~a! and~b! are unique toC2v superlat-
tices with inequivalent interfaces and are expected to dra
cally change as the superlattice interfaces are modified.

~iii ! Interfacial ‘‘spikes’’ in the band allignments. Since
both the ‘‘normal’’ interface and the ‘‘inverted interface
manifest fundamentally new types of chemical bonds~Ga-As
and In-Sb, respectively! absent in the constituent binar
compounds~InAs and GaSb!, we expect such bonds to hav
their own band offsets. Pseudopotential calculations9 indeed
show considerable local variations~‘‘spikes’’ ! in the band
offsets across these interfaces. In particular, the In
strained layer has a rather highhh VBM @230 meV above
GaSb~Ref. 1!# which can act as a hole trap. These interfac
potential spikes must naturally be sensitive to the interfa
composition and intermixing.

The foregoing discussion highlights the importance
studying interfacial morphology in no-common-atom sup
lattices, where the interfacial symmetry of abrupt structu
mandates unique electronic properties. There are a numb
experimental reasons to consider the interfacial morphol
of such superlattices and their effects on the electronic pr
erties. First, the known tendency3 of Sb to surface segregat
relative to As and the tendency of In to segregate relative
Ga suggests possible disorder effects on interfacial morp
ogy. Second, recent cross-sectional scanning tunneling
croscopy~STM! measurements on InAs/GaSb superlattic
observed directly Sb penetration into the first few InA
monolayers.3 Third, there are conspicuous changes
the band gaps of InAs/GaSb superlattices that are obse
in samples grown at slightly different conditions. These u
expectedly large effects could arise from different interfac
morphology. For example, Yanget al.10 found a 30 meV
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~i! Dente and Tilton used adiscrete screened potentia
va(Gi) available only at few reciprocal lattice vectorsGi of
the two binary compounds GaSb and InAs. Instead, we
directly a continousva(q) to all four binary compounds
~GaSb, InAs, GaAs, InSb!, whose bonds are present in th
superlattice~Appendix! and do not make any special a
sumption about the shape of the interface potential: the
terfacial Ga-As and In-Sb bonds are treated individua
each bond having its own band offset with respect to
environment.

~ii ! We use an explicitly strain-dependent pseudopoten
va(q,e), whereas Dente and Tilton used a strain-independ
potentialva(Gi) and applied slight form factor adjustmen
to the InAs potential to fit the band gap of the strained m
terial. However, the strain-dependentva(q,e) was previ-
ously shown22 to be crucial for correctly describing straine
bonds. In fact, the Ga-As and In-Sb bonds at the interface
the InAs/GaSb SL differ by 14%, while the lattice mismat
of either GaAs and InSb with respect to InAs and GaSb
6%–7%.

~iii ! Dente and Tilton do not model the pseudopotentia
the alloys that could exist in this system, e.g., GaAs
GaInAs, GaInSb, and InAsSb, whereas in our method t
are explicitly described~Appendix!.

The differences in the methods produces by necessity
ferent results for the superlattices, even though the bulk c
pounds are described similarly. For example in t
(InAs)8 /(GaSb)m superlattices we~Dente and Tilton! get
gaps of 238 meV~290 meV!, 281 meV~314 meV!, 305 meV
~326 meV!, and 325 meV~338 meV! for m58, 12, 16, and
24, respectively.

Another strain-dependent empirical pseudopoten
method for InAs/GaSb has been recently proposed by S
et al.23,24 The inclusion of the strain dependence in t
pseudopotential form factors is conceptually similar to t
used in our scheme16 @compare Eq.~5! of Ref. 20 with Eqs.
~A1! and ~A3! in the Appendix#, but the method is imple-
mented differently. In our case the use of a continous m
mentumq function va(q,e) reduces the number of param
eters that have to be fit and produces authomatically
strained form factors at all the appropriate superlattice w
vectorsGi . Shawet al.23,24 construct, instead, the straine
potentialV(Gi) through a direct numerical interpolation b
tween the form factors corresponding to a series of hyd
static strains. A more significant difference between o
method and that of Ref. 24, is in the description of the int
facial bonds. In our method we use specific atomic pseu
potentials to describe the Ga-As and In-Sb interfacial bo
with respect to the In-As and Ga-Sb bulk compounds~see
the Appendix! We have found it essential for obtaining
good description of the alloy positive band bowings. No s
cial treatment of the different interfacial bonds is presen
in Refs. 23 and 24.

III. ABRUPT „InAs…n Õ„GaSb…m „001… SUPERLATTICES

A. Symmetric „InAs…n Õ„GaSb…n

Figure 1~a! shows the electrone1 and hole (hh1, lh1,
hh2) levels of symmetric (InAs)n /(GaSb)n ~001! superlat-
16530
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tices as a function ofn. We see that asn is reduced from
infinity, the e1 level moves up, whilehh1, lh1, andhh2
move down, all states becoming more and more confi
within the corresponding wells. Whenn,28 the superlat-
tices acquire a semiconducting gap with the first elect
statee1 localized in the InAs layer and the first hole sta
hh1 localized in the GaSb layer. Atn528 the energy of the
e1 level becomes lower than the energy of the holehh1
state. However, the expected metallization of the sys
does not occur because of the opening of the anticros
gap. The calculated anticrossing gap atki50 is EA

hh1,e1

511 meV ~inset to Fig. 1!. We find a strong wave function
mixing at thehh1-e1 anticrossing, in good agreement wi
experiment25 and other calculations.21

In addition toe1-hh1 coupling and anticrossing we fin
also anticrossing between the hole levelslh1 and hh2
aroundn513. For superlattice periodsn close ton513 the
wave functions of the two hole states strongly intermix. T
calculated anticrossing gap isEA

lh1,hh2540 meV. This causes
the appearance of new transitionslh1↔e2 andhh2↔e1 in
the spectra that become allowed because of this mixing.

B. Asymmetric „InAs…8 Õ„GaSb…m

Figure 1~b! shows the electron and hole states
(InAs)8 /(GaSb)n ~001! SL’s vs n. While the hole states
move to higher energies as the thicknessn of the GaSb bar-
rier increases,@as is the case in Fig. 1~a! for symmetric
(InAs)n /(GaSb)n#, we see in Fig. 1~b! that also the electron
state moves tohigher energies asn increases, opposite to
Fig. 1~a!. The net effect is a blueshift of the band gap.

The reason for the blueshift26 is as follows: the energy o
thehh1 hole state moves upward asn increases and its wav
function becomes less and less confined. This effect goe
the direction ofdiminishingthe fundamental gap. Howeve
the gap increases, instead, because the energy of the fi
electron statee1 moves upwards asn increases, by a large
amount. This is so because the wave function of the elec
state becomes more and more confined in the InAs wel
the thicker GaSb layer provides a larger barrier for the el
tron states and diminishes the interaction between elec
states in subsequent InAs wells. It is indeed the coupl
between thee1 states of neighboring InAs wells that push
down the energy of thee1 ‘‘bonding’’ electron states in su-
perlattices with short GaSb barriers.

The calculated transition energies atG from the various
valence subbands to the lowest conduction subband are
ported in Table I, where they are compared with the valu
deduces from the absorbance spectroscopy results of K
et al.26 The comparison is only tentative, because the pro
dure of extracting sharp transition energies from broad
sorption spectra has some uncertainties. Nevertheless, th
terband transitions seen by the experiment are predi
reasonably well by our calculations, in particular the blu
shift observed for the energy of the first transition when
GaSb thickness is increased. The measured samples w
comparing our calculations with in Table I have been gro
with particular attention to minimize imperfections like in
2-4
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teratomic diffusion and segregation during the growth a
interfacial broadening, obtaining high-quality superlattic
very close to the abrupt model, as successive characte
tions have shown.26 However, it is impossible to eliminate
completely these imperfections and grow perfectly abr
interfaces. It is then important to assess how the imper
tions can modify the results we have obtained for the per
geometry and recompare with experiment.

IV. SINGLE-LAYER MODEL OF INTERFACIAL
DISORDER

A. Model

Our first model of interfacial disorder aims at transform
ing simply and continuously theC2v system with two un-
equal interfaces@Eqs.~1! and~2!# to aD2d system with equal
interfaces. We do this as follows. We observe first that if
the plane sequence of Eq.~1! of the InAs-on-GaSb interface
we change the interface As plane into a Sb plane, then
trasform the Ga-As interface into a In-Sb interface. If w
leave the other interface sequence, that of Eq.~2!, un-
changed, we end up with a superlattice having a noninte
number of layers (InAs)7.5/(GaSb)8.5, with two equivalent
In-Sb interfaces. We denote this configuration
(InAs)7-In-Sb-(GaSb)8 to stress the presence of an ex
In-Sb interface. In a similar way, we can change the Sb pl
at the GaSb-on-InAs interface@sequence of Eq.~2!# into an
As plane, leaving the other interface, the sequence of Eq.~1!,
unchanged. The resulting SL has now twoequivalentGa-As
interfaces. We indicate this (InAs)8.5/(GaSb)7.5 SL configu-
ration as (GaSb)7-Ga-As-(InAs)8.

By denoting the fraction of Sb atoms at the interfac
anion planei ( i 51 for the normal interface,i 52 for the
inverted interface!, asxI

( i ) , we have the following.
d
s
a-

t
c-
ct

e

er

s

e

l

~1! (InAs)8 /(GaSb)8 @xI
(1)50 ~Ga-As bonds! at the InAs-

on-GaSb interface andxI
(2)51 ~In-Sb bonds! at the GaSb-

on-InAs interface#.
~2! (InAs)7-In-Sb-(GaSb)8 @to xI

(1)51 ~In-Sb bonds! at
the InAs-on-GaSb interface andxI

(2)51 ~In-Sb bonds! at the
GaSb-on-InAs interface#.

~3! (GaSb)7-Ga-As-(InAs)8 @xI
(1)50 ~Ga-As bonds! at

the InAs-on-GaSb interface andxI
(2)50 ~Ga-As bonds! at

the GaSb-on-InAs interface#.
By inserting mixed SbxI

As12xI
layers we can vary gradu

ally the interfacial composition and change continuouslyxI
( i )

(0,xI
( i ),1). To generate configurations with fractional in

terfacial composition we use a larger surface unit cell. T
interface unit cell is shown in Fig. 2. It is a 434 interface
unit cell in the substrate plane, containing 16 primitive u
cells. In figure we show also the projection onto the~001!
interface of the standard cubic unit cell. We obtain differe
interfacial configurationsxI by occupying differently the 16
planar sites with Sb and As atoms. Thus, all the configu
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FIG. 4. In-plane averaged wave function am
plitude squared of thee1, hh1, lh1, and hh2
states at the Brillouin zone center for the~a!
(InAs)8 /(GaSb)8, ~b! (GaSb)7-Ga-As-(InAs)8,
and~c! (InAs)7-In-Sb-(GaSb)8 superlattices. The
arrows indicate the composition of the related i
terfacial bonds.
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Figure 5 shows the calculated dipole transition eleme
of the hh1→e1 transition atk5(0.02,0.02,0)2p/a and at
k5(20.02,0.02,0)2p/a for the three superlattices. We ca
see the following:~i! the transition strengths strongly depe

FIG. 5. Dipole matrix elements of thehh1↔e1 interband tran-
sition for (InAs)7-In-Sb-(GaSb)8 ~zero Ga-As interfaces!,
(InAs!8/~GaSb)8 ~one Ga-As interface!, and (GaSb!7-Ga-As-
~InAs)8 ~two Ga-As interfaces!, calculated at twok points of the
Brillouin zone, one along the@110# direction, the other along the
@2110# direction. The dipole matrix elements are relative to diffe
ent directions of the radiation polarization:@110#, @2110#, and
@001#.
16530
tson the polarization of the radiation~001! vs ~110! or ~2110!;
~ii ! there is a strong anisotropy between the transitions w
polarization along the two in-plane directions@110# and
@2110#, respectively, for all the superlattices and for bothk
vectors; and~iii ! the in-plane polarization anisotropy of th
D2d symmetry superlattices atk5a@110# is exactlycompen-
sated by the anisotropy atk5a@2110#, so that the integra-
tion over the entire BZ gives a net zero anisotropy consis
with theD2d symmetry. This compensation does not occur
the case of the superlattice withC2v symmetry, where a re-
sidual in-plane polarization anisotropy is expected after in
gration over the entire BZ.

C. Results for the single-layer model:
Intermixed SbxI

As1ÀxI
interfaces

Figure 6 reports the energies of thehh1→e1, lh1→e1,
and hh2→e1 interband transitions at the BZ center as
function of the number of interfacial Ga-As bonds or as
function of the total As content, 12x. For each value of As
interfacial composition 12xI we average over a few in-plan
configurations corresponding to different occupations of
interface plane sites~see Fig. 2!. The dependence of the in
terband transition energies on the particular in-plane ato
configuration for the same compositionxI is small, about an
order of magnitude smaller than the difference between
transition energies of superlattices with different interfa
composition. We see in Fig. 6 that~i! the energies of all
transitions increase with the number of interfacial Ga-
bonds.~ii ! While for the lh1→e1 transition the trend is ap
proximately linear and with small slope, in the case of t
transitions involving the heavy-hole states, deviations fr
linearity are observed and the slopes are larger: for thehh2
→e1 transition the total increase of the transition ener
with the Ga-As interfacial bonds is quite large, 146 meV, a
for thehh1→e1 transition is only 50 meV. The smaller sen
sitivity of the hh1→e1 transition energy is due to the stron
localization of thehh1 wave function at the In-Sb bond
which pins the energy of thehh1 level. Indeed, since the
position of the electron statee1 moves up linearly with the
2-7
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increase of Ga-As interfacial bonds, the behavior shown
Fig. 6 for the transition energies reflects mainly the shifts
the heavy-hole levels.~iii ! While the agreement with the
experiment26 for the first two transitions is good, we disagre
with the assignment of the third transition at 670 meV
hh2↔e1. We will come back to this point again in Sec. V

Figure 7 gives the dipole matrix elements of thehh1
→e1, lh1→e1, andhh2→e1 transitions at the BZ cente

FIG. 6. Calculated energies of the first three interband tra
tions at the Brillouin zone center versus the number of Ga-As
terfaces and the total As fraction in the superlattices. At the ri
end side the experimental data from Ref. 26 are given for comp
son. We disagree with the assignmenthh2↔e1 of the third transi-
tion.
16530
in
f

for polarization directions along the superlattice grow
@001# axis and the two in-plane@110# and @2110# axes as a
function of the number of Ga-As interfacial bonds. We c
see that~1! in the case of thehh1→e1 transition, the total
oscillator strength is higher for the twoD2d structures with
zero Ga-As interfacial bonds and with two Ga-As interfac
than for theC2v structure with only one Ga-As interface.

~2! The in-plane polarization anisotropy is higher in th
case of theC2v superlattice. We can conclude, therefore, th
a larger inequality of the interfacial bonds at the two sub
quent interfaces leads to a larger in-plane polarization ani
ropy.

~3! In the case of thelh1→e1 transition there is a switch
in magnitude of the oscillator strengths of the@110# and
@2110# polarizations and the oscillator strength is mu
larger for the@001# polarization than for in-plane polariza
tion. The total ~and @001#-polarized! transition probability
increases with the number of Ga-As interfacial bonds.

~4! The intensity of thelh1→e1 total oscillator strength
@Fig. 7~b!# is anticorrelated to that of thehh2→e1 transition
@Fig. 7~c!#. Thehh2→e1 transition is parity forbidden in the
standard envelope function theory but it can gain some fi
probability through the mixing ofhh2 with lh1. @For this
reason we do not believe that the observed26 transition at 670
meV was correctly assigned to thehh2→e1 transition~see
Fig. 6!.# The total dipole strength of thehh2→e1 transition
diminishes with the increase of Ga-As interfacial bonds. T
intensity of thehh2→e1 is exactly opposite with respect t
the dipole strength of thelh1→e1 transition. This means
that the lh1-hh2 coupling is larger in the case of the tw
In-Sb interfaces than in the case of the two Ga-As interfac
Also, for structures having an excess of In-Sb bonds at b
interfaces ~Sb-rich structures!, the in-plane polarized
hh2↔e1 transition acquires some magnitude and a stro
anisotropy between the@110# and @2110# directions~except

i-
-
t

ri-
s
-

FIG. 7. Total and polarization
resolved ~along the @110#,
@2110#, and @001# directions!
dipole matrix elements of
the hh1↔e1, lh1↔e1, and
hh2↔e1 interband transitions vs
the number of Ga-As interface
and the total As fraction in the su
perlattices.
2-8
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the D2d structure which has zero polarization anisotrop!.
This observation shows that there is a definite dependenc
the lh1-hh2 band coupling on the nature of the interfa
bonds.

A comparison of the polarization ratios

l i , j5
P110

i , j 2P2110
i , j

P110
i , j 1P2110

i , j ~4!

~whereP indicates the transition dipole oscillator strength
transition i→ j ) of the hh1→e1 and lh1→e1 transitions
can also shed some light on the composition of the interfa
bonds. In Table II we give the calculated polarization rat
ulu of the hh1↔e1 and lh1↔e1 transitions for one struc
ture for each$xI

( i )% value. We observe that the following.
~i! The polarization ratios of thelh1↔e1 transitions are

always larger than those of thehh1↔e1 transitions.
~ii ! A very small ~,0.05! polarization ratio ofhh1↔e1

means that the two interfaces of the superlattice have
proximately the same bonds.

~iii ! A ratio between the magnitude of the polarizati
ratios of thehh1↔e1 and of thelh1↔e1 transitions, given
in Table II, larger than 0.4 is an indication that the structu
is Sb rich with a larger number of interfacial In-Sb bon
than of Ga-As bonds.

In this section we have seen that the nature of the in
facial bonds in the no-common-atom superlattices ha
strong effect on the in-plane polarization anisotropy of
single interband transitions. We will see next that also seg
gation affects the energies and the in-plane polarization
isotropy of the transitions.

V. KINETIC GROWTH MODEL OF SEGREGATION

A. Model

While the single-layer model of interfacial disorder cla
fies the role of the interfacial bond symmetries on the el
tronic structure and the interband transitions, it does not t
into account the effects of atomic segregation, diffusion, a
cross incorporation occurring during sample growth. To g
erate composition profiles for GaSb/InAs superlattices
of
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term is the rate ofA atoms leaving the surface after exchan
ing with bulk B atoms. The conservation ofA atoms and of
the total number of surface atoms at any timet leads to the
conditions

xA
s ~ t !1xA

b~ t !5xA
s ~0!1xA

b~0!1FAt, ~7!

xA
s ~ t !1xB

s ~ t !5xA
s ~0!1xB

s ~0!1~FA1FB!t, ~8!

and, at anyt, we havexA
b(t)1xB

b(t)51. A small fractionx0

of the segregating Sb specie is incorporated into each I
layer during the growth because of an unwanted vapor ba
ground. This cross incorporation has been taken into acc
modifying slightly the fluxesFAs andFSb during the growth
of InAs so as to have the incorporation of a small const
Sb fractionx050.015 into each InAs layer, as proposed
Ref. 3. Our approximations are the following:~i! the barrier
energies, Eq.~5!, for atomic exchanges are assumed to
independent of the atomic species surrounding the exch
ing atoms,~ii ! surface reconstructions during growth are n
glected, and~iii ! surface roughness and the lateral disor
related to steps are also neglected.

We solve numerically Eqs.~6!–~8! for A5Ga, In, As, and
-
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tice matched to a GaSb substrate. While we have mod
the profile along the@001# growth direction no experimenta
information is available on the atomistic arrangement in
perpendicular substrate~001!
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D In/Ga for cation segregation and a smallDSb/As for anion
segregation causes the narrowing of the InAs electron w
with increasingTg .

C. Results for the electronic and optical properties
of segregated superlattices

In this subsection we analyze the consequences on
electronic and optical properties of the segregation-indu
modification of the superlattice profile along the growth
rection.

In Ref. 29 we studied the implications of segregation
the wave functions. In that paper we compared the am
tudes of the hh1 hole wave functions of the
(InAs)8 /(GaSb)16 superlattice for the abrupt geometry an
for the structure grown atTg5525 °C. The amplitude of the
hh1 wave function, which is much larger on the In-Sb~in-
verted! interface than on the Ga-As~normal! interface in the
abrupt geometry@see Fig. 4~a!#, is substantially reduced b
segregation. The wave function amplitude becomes simila
the two interfaces. Segregation affects to a lesser degree
the lh1 ande1 wave functions, which remain closer to th
abrupt case~see Fig. 4!.
ll

he
d

n
li-

at
lso

Figure 10 shows the interband transition energies a
function of the superlattice growth temperature for t
(InAs)8 /(GaSb)8 superlattice. At the far left we have re
ported the calculated energies of the abrupt superlattice
squares, while the experimental absorbance data of K
et al.26 are shown with thick horizontal bars. For eac
growth temperature~and, thus, for the same segregation p
file along the growth direction! we have calculated thre
structures which differ only for the in-plane atomic arrang
ment. We see that the following.

~1! A segregation-induced steepincrease~blueshift! of the
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ML. Because of the anion smaller segregation energy,
penetration length of Sb into InAs is much smaller.

~3! The inverted interface is less broadened but In and
a larger growth temperature, As segregation leads to a 1 ML
shift of the interface backward into the InAs well. As a co
sequence the InAs electron well becomes 1 ML narrowe

Finally, we have studied the consequences of the chan
in the superlattice profiles and of the interfacial disorder
the electronic properties, applying the empirical pseudo
e
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nevetheless good. The deviations are within 0.1
In0.5Ga0.5As, In0.5Ga0.5Sb, and InAs0.5Sb0.5. Only for the
GaAs0.5Sb0.5 alloy is the calculated bowing, 0.53 eV, de
finetely smaller than the experimental value.1.0 eV.
r

The atomic positions are relaxed using the valence fo
field expression
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