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Spin-orbit coupling and intrinsic spin mixing in quantum dots
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Spin-orbit coupling effects are studied in narrow-gap InSb quantum dots. Competition between different
Rashba and Dresselhaus terms is shown to produce wholesale changes in the spectrum. Tdredlaega-
tive) g factor and the Rashba field produce states where spin is no longer a good quantum number and intrinsic
flips occur at moderate magnetic fields. For dots with two electrons, singlet-triplet mixing occurs in the ground
state, with observable signatures in intraband far-infrared absorption, and possible importance in quantum

computation.
DOI: 10.1103/PhysRevB.69.125302 PACS nuni®er73.21.La, 78.30.Fs, 71.70.Ej
[. INTRODUCTION events are clearly identified in Ref. 10. Experiments in InSb

QD’s have explored the far-infrarg@IR) response in litho-
The creation and manipulation of spin populations ingraphically defined dot5, as well as photoluminescence fea-
semiconductors has received a great deal of attention in rdures in self-assembled ddfs.
cent years. Conceptual developments that have motivated The goal of this work is to show how important different
these efforts include prominently the Datta-Das proposal fofypes of SO couplings are in the spectra of parabolic QD's
a spin field-effect transistdrpbased on the Rashba spin-orbit built in narrow-gap materials such as InSbh. We consider the
coupling of electrons in a two-dimensionéD) electron Rashba-SIA diagonal and SIA nondiagonal, as well as the
gas? and the possibility of building quantum computation Dresselhaus-BIA terms in the Hamiltonian, in order to StUdy
devices using quantum dot®D’s).® It is then important for ~ features of the spectrum as function of magnetic field, dot
full control of spin-flip mechanisms in nanostructures that allsize,g factor, and electron-electron interaction. We draw at-
spin-orbit (SO) effects be understood. tention to the appearance of strong level anticross{ngs-
There are two main SO contributions in zincblende mateing) for moderate magnetic fields in typical QD’s, and how

rials: in addition to the structure inversion asymme®yA)  this phenomenon is modified by the BIA terms not consid-
caused by the 2D confinemefthe Rashba effeftthere is a  ered beforé? As the level mixing involves states with dif-
bulk inversion asymmetr{BIA) term in those structurgshe  ferent spin, strongntrinsic spin flips are foundregardlessof
Dresselhaus terd® Additional lateral confinement defining the strength of the SO coupling, providing an important
a QD introduces another SIA term with important conse-channel for spin decoherence in these systems. Moreover,
quences, as we will see in detail. Although the relative im-measurement of FIR absorption would yieldect access to
portance of these two effects depends on the materials arifie coupling constants; i.e., the dispersion of FIR absorption
structure desigrivia interfacial field, only recently have peaks and appearance of additional split-off features are a
authors begun to consider the behavior of spins under theirect consequence of the level mixing introduced by SO
influence of all effects. For example, a modification of theterms.
Datta-Das design was recently suggested to allow for a dif-

fusive version of the spin field-effect transisfoand that Il. MODEL
proposal relies on the additional influence of the Dresselhaus . . . ,
SO coupling in the system. Consider a heterojunction or quantum well confinement

In wide-gap materialémainly GaAs (Ref. 7 a unitary potentialV(z) such that only the lowest subband is occu-
transformation has been used on the Hamiltonian of thé)ied. The Hamiltonian in the absence of SO interactions for

systen® which yields an effective diagonal SO term incor- & cYlindrical QD is given by

porating the Rashba effect perturbatively. That approach is 52 1
valid for GaAs dug to its small SO coupling. However, in Ho==—Kk2+V(p)+ =gugB- o, 1)
narrow-gap materialgsuch as InSpwhere both SIA and 2m 2

BIA effects are anticipated to be much lardesne requires where k=—iV+eA/(ic), and the vector potentiaA

the full Hamiltonian. . . g )
There are just a few works discussing SO effects in._ Bp(—sinf,c0s6,0)/2 describes a magnetic fielt=Bz, m

narrow-gap nanostructures. Among them, Ref. 10 uses a Iir1S the effective mass in the conduction bafig,is the bulkg

., : ) _1 2 2
ear version ok-p theory in InSb QD's to include SIA terms 12COF /g i Bohr's magnetonV(p) = zmwgp® is the lateral

from both the Rashba fielandthe lateral confinement which 40t confinement with frequenay,, ando is the Pauli spin
defines the QD. Only this last SIA term is considered in RefYECtOr. The analytical solution &{, yields the FD spectrum,
13, and since it is diagonal in the Fock-DarD) basis no  Enie, = (2N +[l[+ 1)AQ +1hwc/2+gugBo/2, with effec-
level mixing is found nor expected. In contrast, level mixing tive (cyclotron frequency given byQ = \/w02+ wC2/4 [wc
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TABLE I. All of the terms present in the expression for the cubic Dresselhaus SO contribution.

Term i=1 i=2 i=3 i=4
Aiz T3 i i i
Aiz Z(1+Lz) Z(l_l-z) Z(1+Lz) Z(l_Lz)
Az —3(1+3L,+L)) —3(1-3L,+L)) —i(1-L+L) —i(1+L,+LY)
. 1 2 3 1, 2 (3 1 2 |3 1 2 3
A|4 4(8LZ+6LZ+LZ) 4( 8|-z+6|-z Lz) 4(2Lz Lz) 4(2LZ+LZ)
Bi1 3 -3 i -1
Bz —a(1+2L) —§(-1+2Ly) —a(5+2L) —a(-5+2Ly)
Bis (2L, +L)) s(2L,-L)) —5(2L,+L)) —5(2L,-L))
Cit ;% *3% ~1 ~15
Ciz 6L — L. —15(8+3L) —15(8-3L))
D. L _1 _1 i
i1 32 32 32 32
=eB/(mc)]. The FD states are given in terms of Laguerre y 2 A4 A6
polynomials’’ The confinement, magnetic, and effective Hg=i—{ o L3| A+ 5B+ —Cit+ =Dy
lengths are o= \Al(mwy), lg=\A/(mwe), and A\ A I B Iy
=h/(mQ), respectively. r X N4 X
The SIA ternt for the full confining potential,V(r) +o,L3 A+ —B,+—Co+ —D,
=V(p)+V(z), and coupling parameter is given by i 12 Ig 157
Hgia=ao-(VVXK); it can be decomposed, in cylin- 5 A .
drical coordinates, asHga=Hg+ Hg,A+ Hy, where A A A
. . +o_L_|Az+ —B3zt+—C3+—D
He=ia(fhwo/13N\x(0,L_—o_L,)(k,) is zero because 7 TSN
<kz>:0!
2 4 6
HS|A:C!|—20'Z LZ+|_ZE (2 L I g lg |
0 B
, _ Lo _ where we define the operatorsA;=A;; (3% x°)
is ;he diagonal contribution due to the lateral confinement,, A (L) (9% 9x2) + A 5( 1) (91 9X) + A (13, B,
an =B;1X(%9x?) + Bj»(3l9x) +Biz(1/x),  Ci=C;1x%(/X)
dv +Ci,x, and D;=D;;x3, with i=1,2,3,4; each one of the
HR=—aW[a+L,A,+o,L+A+] (3) terms compacted in these operators is explicitly given in

Table I. Notice that at finite magnetic field, the matrix ele-
is the Rashba term associated with the perpendicular comnents witho.L. in HS are not Hermitian, requiring the
finement field,dV/dz. In the last equationd, . =e*'?, . usual symmetrizatiof:at zero field, this problem does not
=(oyx*ioy)/2, x=pI\ is an adimensional radial coordi- occur'*
nate,L,=—id/d@ is the z-orbital angular momentum, and  For the electron-electron interactior¢.=e?/(e|r,
A.=Fdlox+ Lz/X+X)\2/(2|§)- Notice that both terms are, —I»|), with ¢ being the dielectric constant of the material,
in principle, tunable;HS,, depends on the confining fre- We US€ an expansion in Bessel functidisior the term|r,
quencyw, while Hg depends on the interfacial fietv/dz. ~ —f2l i with an adimensional parametér the interaction

In zinchlende materials one should also consider the BlAan be expressed as
Harzniltoniaﬁ‘ 2give2n by Hgia= Y ouku(kS—k2) + ayky (K .
— ki) + ok (ky—kj)], wherey is the coupling parameter. _ ik(gl,ez)j‘” ~ g
After averaging along the direction of quantization, one Hee ag k;w © 0 ded(£x1)d(Exz)e ’
obtains  Hgia= Y oykyki — ok kZ]+ y(K2)[ oryky — oKy ] (6)
+yo (k) (ki —k3), where the first(second term is cubic ) _ _ _

where ag=¢%2%/(mé€?) is the effective Bohr radius of the

(linean in the in-plane momentum, and the last term is zero . . .
because (k,)=0, while <k§>:(ﬂ/20)2, 2, being the system. The FD basis states are properly antisymmetrized,

z-direction confinement length. One can decompose it in Cygescnbmg the unpertur_bed spin eigenstates, .
L . L C : From these expressions, it is clear that the total single-
lindrical coordinates a$igja,=Hp+Hpg, where the linear ; o T R -
Dresselhaus contribution is given by particle Hamiltonian S gven byt =Ho* HsiatHein=Ho
+H2 s+ Hr+HE+HS; when dealing with the two-particle
y(kﬁ) case, we must add .. to H.
HE=i T[0-+L+A+—0_L_A_], (4) The general forms of the various SO terms in the single-
particle Hamiltonian exhibit interesting characteristi¢s:
and the cubic term can be expressed, after some ald&hsa, The magnetic field plays an important role via its linear de-

125302-2



SPIN-ORBIT COUPLING AND INTRINSIC SPIN . .. PHYSICAL REVIEW B9, 125302 (2004

T
(=]

pendence iH2,,, Hg, andHj, or its linear to cubic de- | W i S EGHN A @
pendence irHS . (i) The Hamiltonian yields selection rules "% | 0 \‘\l M3
explicitly, dictating which levelgn,|,o} will be influenced N B i 20N °2
by the SO effects(iii) At zero field and due to the,L, _ 801 i [ £ \_4 =
term, H2,, splits the spectrum according to the total E ° éf'.,:.\. 1
z-angular momentum=1+ o,/2. (iv) At finite field, Hg in- 2 60 L N L a3 g
duces a set of anticrossings in the FD spectrum wheneveg %8 T B\ Nt
Al=*1=—-A0/2; due to theo. L~ terms, mostly nega- 404 o~ S L2 5
tive I's are affected since their magnetic dispersions allow > < 2
for crossings; the lowest anticrossing occurs between the lev __;}a..: T ‘A\O\Q Tg
els{0,0—1} and{0,—1,+1}. (v) The H term, viao-L> PSS 1 caiog. g
terms, induces a set of anticrossings in levels white T e e T 8 1m0 200 20 a0

=33 andAo,/2==*1; the first one at low field involves Magnetic Field (T) QD lateral size (A)

the levels{0,1,—1} and{0,—2,+1}. (vi) The termso.L .
in Hp, andHg do not induce anticrossings, but split and ShnctfieId for an InSb QD as in Ref. 15. Highlights in dashed boxes:

the FD Spect_rum due to .matrlx elements wheve=+1 . shows zero-field splitting in second shédiffected mostly by BIA
=Ao7/2. Notice that matrix elements between states Withermg and crossing aB=0.3 T. Compare with insa with only
differentn’s are in general nonzero, so that the full diagonal-gja terms andwo crossings at 0.02 and 0.06 T, and much smaller
ization involves mixings with various values. zero-field splitting(box displaced for clarity Second crossing for
RegardingH.e, the Coulomb interaction is able to split this shell in fullH is atB=3.4 T (e box). Boxesb andc indicate
the spectrum at zero field into singlet and triplet sets. A maganticrossings (AC’s) induced by Rashba termHgr with Al
netic field may affect the sequence of levels; for example, the- — Ao ,/2=+1; first AC indicated by arrow irb (c) involves
QD ground state may oscillate between singlet and triplet astates{0,0,— 1} and{0,—1,+1} ({0,1,~1} and{1,0+1}). Dotted
the field is increased. lines at low energy show FD level crossingB=2.6 T. (b). De-
pendence on lateral dot sizg Dotted lines: SO zero-field splitting
IIl. RESULTS in a box on left panel. Solid linedB field of first AC inb box on
' left panel; inset shows energy splitting at that AC. Arrowsl at
We present results by discussing the role of the different 190 A show QD size for spectrum ). H; curves(squarepuse
SO terms in the Hamiltonian. We have isolated each contriRef. 15,H, (triangles, andHj (circles use same parameters but
bution and present here the summary of our findings. Théour times stronger Rashba fieltif) or twice as largezy (Hs).
sequence of FD states di, starts at zeroB field with Bpth latter cases increaos_e relative strength of SIA terms. Solid line
{n,l,0,0={0,0=1}, followed by the degenerate set of With no symbol showS¢ in Eg. (7).
{0,—1,+1} and{0,1,+1}.%" Spin and orbital degeneracies
are broken byB and the states with negativeand positive  _, (or ten energy “shells], i.e., 110 basis states. Let us

oz acquire lower energies because of tiegative gfactor.  yiseyss the progressive changes to the FD levels induced by
The lowest FD energy level crossing is between stateye separated addition of each one of the SO ternts.in
10,01} and{0,—1+1}, and occurs at The addition of the diagon#d 2, , term toH, shifts ener-
~ gies and causes a small zero-field splitting in the spectrum,
hwg m but does not change appreciably the position of the first

0_
Bc= s \/T (7) crossing, Eq(7), shown by the dotted lines in Fig(a at
mlg|(mlg|+2) B2=2.6 T. The shifts induce two new crossings at low fields

whereﬁ‘nzm/mo. The moderate value <Boc in InSb is a (inset d), since the SO orders states according to their

. X value, and the highesglowes) state at zero field has=3/2
direct consequence of its largg| factor™® For GaAs (g| (1/2) in the secor?d shell. =0.2 T one recoverszt%ri“nor—
=0.44,m=0.067), this level crossing appears only atma|” sequence of states in this shell fgrc0: {0,—1,+1},

BE®*9=95T for a much smaller confinementiw, {011}, {0,141}, {0,1~1}. Such competition be-
=2 meV, and in the regime where Landau levels are welkween SO and magnetic field is similar to the Zeeman and
defined. Weaker confinemetgmallerwo) shifts this cross-  paschen-Back regimes in atofisChis level ordering is also
ing to lower fields. Notice that fog<O, Hgy mixes these opserved in Ref. 13.
states antH-IE shifts the crossing to higher fields. In materials  The addition of the nondiagonal Rashba contributitg
with g>0, the role of these two terms would be inter- to H, introduces strong state mixing famy value of «,
changed:HE would produce relatively stronger level anti- whenever FD levels witlAl=—Ao,/2==*1 cross. This
crossings, whileHg would only shift the spectrum weakly. mixing converts the crossings Eﬁ to clear anticrossings or
So, in nonzincblende materials such as silidgh, is absent  “minigaps.” Higher levels satisfying these selection rules
and no anticrossing occurs. also display anticrossings at nearly the same field. The field
The energy spectrum for the full single-parti¢lein InNSb -~ width and minigaps are determined by the valuexpfwhile
QD’s (Ref. 15 is presented in Fig. (8 vs B field. It is B, where the anticrossing occurs, is nearly insensitive.to
obtained by direct diagonalization using a FD basis with The addition of the cubic Dresselhaus tem‘[ﬁ to Hy

FIG. 1. (a) Single-particle spectrum for full Hamiltoniaa vs B
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Magnetic Field (T) Magnetic Field (T)
2 4 6 80 2 4 6

FIG. 2. (@) S; vs B field for
31 lowest lowest 31 states of full single-
states (H,) particleH; b andc labels refer to

only SIA terms minigaps in boxes in Fig. (&).

Higher energy anticrossings in

each set are shifted to lower fields.

If only Hg A terms are considered

(b), all spin mixing occurs at field

Bc=B2=2.6T.(c) S, for lowest

seven states of full single-particle

H; complete spin mixing at anti-

crossing is obvious(d) Dot with

31 lowest
states (H,)

Kall SO terms)

Sgt%:e(ﬁ) Rashba field four times stronger,
(all SO terr;s) 7 lowest where a mixing atB=1.2 T as
. 00 b ] states (H,) [0.0 caused byHS and involving the
» (all SO terms) N states{0,1,~1} and {0,—2,+1}

becomes visible. Increasindz

@ produces stronger spin mixing

(H, and H, labels defined as in
i - ; ™ b ; - ; 0.5 Fig. .

0 2 4 6 80 2 4 6 8

Magnetic Field (T) Magnetic Field (T)

)
S

induces anticrossingévia O';Li) and zero-field splittings then cancel or suppress the zero-field splitting produced by
(via o+L.) in the FD spectrum. The splittings are much Hg, (labelH; refers to Ref. 15 By working with onlyHg
smaller than those induced by and practically unnotice- andHE terms, authors have mentioned the possibility of tun-
able in the spectrum, reflecting the smallnessE§f.™® Its ing SO terms to obtain total cancellation of the zero-field
influence, as we will see, will be stronger if the Rashba fieldsplitting® However,H2,, andH§ are also important for this
dV/dzis increased. cancellation, shifting down the needed values zgf or

The addition of the lineaHy contribution toH,, how-  Rashba field by 10%. We observe that even if one may elimi-
ever, has a much bigger impact on the zero-field splittingspate the zero-field splitting, such tuning has nearly no effect
which can in principle be tuned by changing the effectiveon the anticrossing at finite field. Measurement of both quan-
well sizez,. HB alone induces such a strong mixing at low tities on the same sample should yield important information
fields that one cannot identify different Zeeman and Pascheren the relative strength of parametersand y. This would
Back regimes. contribute to better define their values from the rather broad

Let us now comment on the features of the full single-range reported in the literatute.
particle spectrum oH [Fig. 1(a)]. A first group of minigaps The anticrossing field3 [solid lines in Fig. 1b)] de-

(for n=0 levels is induced byHg (and shifted to higher creases with QD size, as expected from Eq, Boczwo
field by HE), so thatB—Bc=3.3 T (box b and lower ar- ~1/\[l,. A finite « slightly increase8, but the BIA con-
row). The group in boxc at B=5.5 T (first anticrossing is tribution increases it considerably. Increasingor dV/dz
indicated by an arropis also due tdHg and arises from the decrease8., since this decreasés$g ;.. One can estimate
n=1 level manifold. The single crossing in baxin the that atl,;=270 A (hwy=7.5 meV), Bc=2.1 T, while it
second shell aB=0.3 T is dominated by4f,, the same as shifts to 1.8 T ifdV/dz is four times larger K, labe). If z,

the crossing in boxe (compare with insetl for a truncated is doubled H; label), B¢ shifts to 1.5 T. We can use this last
Hamiltonian with onlyHy+Hg, 5, with two low-field cross- value to make a comparison with Ref. 10, where BIA terms
ings). The sequence of the first excited levels at zero field isare absent anB.=1.7 T; the small (0.2 T) difference can
j=3/2 (1/2) for the highestlowes) state, while at higher be attributed to nonparabolicity effects there taken into
energies both SIA and BIA terms cooperate to produce antiaccount:® Anticrossings at such low fields may be interest-
crossinggd not visible at the resolution in Fig.(d)]. ing for applications due to easier access.

One can further appreciate the intricate balance of SO The minigaps aB-=3.3 T[inset in Fig. 1b)] have their
terms by analyzing how various quantities are affected bymain origin from theHy term. Inclusion ofHg, 4 reduces the
changes in the lateral and vertical sizgsandz,, or Rashba splitting substantially. Iz, is changed from 40 to 80 AH;
field dVv/dz, as shown on Fig. (b). The zero-field splitting label the splitting is enhanced slightly, but largeg pro-
(dotted lineg is dominated by the linear BIA contribution for duces no significant changes. However, the splitting can be
any value ofl; here. Increasing, strongly reduces the split- drastically enhanced by increasing the Rashba field; for ex-
tings because the Dresselhaus contribution weakidgs © ample, it changes from 1 to 4.2 meV k=190 A if the
symbolg. The reduction is more drastic if one increasesinterfacial field is increased fourfoldH(, labe).
dv/dz (H,, A symbolg, which makesHg bigger and can Figure 2 illustrates the importance of the level anticross-
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visible the anticrossing due to the cubic Dresselhaus term at
B=1.2 T, involving the state§0,1,—~1} and{0,—2,+ 1}.

Figure 3a) shows the lowest energy states for a two-
electron QD. Dotted lines show energy dispersionsHagr
+Hege (N0 SO termg by comparing with a noninteracting
two-electron QD, notice that the direct Coulomb interaction
increases £5 meV) the singlet ground-state energy,
whereas the exchange term creates a new zero-field splitting
(=2 meV) between firsttriplet) and secondsingled ex-
cited states. Solid lines show energy dispersions Hor

o + He (full two-electron Hamiltoniaji notice mainly that(i)

SO coupling andH. have opposite effects on the spectrum;

(i) the SO coupling lifts the degeneracies of singlet and trip-

S . let excited states and defines new zero-field splittir{iio;

0 1 2 3 4 5 the minigap atB;=3.3 T of Fig. Xa) occurs here aB
Magnetic Field (T) =2.7 T and it is related to a singlet-triplet mixtun®w in-

volving the QD ground state. Figurgl§ shows theS, de-

pendencédo not confuse witls, for the single-particle case

of Fig. 2 onB for H+H,, states; observe the strong intrin-

=0, ground state is a singlefl(, ,S,}={0,0}) at 35 meV; the first SIC Spin MIXing arou.nd.2.7 T.‘ Due to this mixing, a singlet-
(secondl excited state is a tripletsingled {+1,=1} and{*1,0 triplet tranS|t|pn(qub|t) mvolvmg _the QD ground state be-.
({=1,0) at 48 meV (50 meV). Notice that SO coupling aHd. comes posglble and, in principle, _may b_e explored in
have opposite effects and levels are shifted back to energies close fgPlémentations of quantum computing devices. Moreover,
the noninteracting case when SO is taken into account. Lowedf1€ Splitting will also be apparent in the FIR response of
anticrossing aB=2.7 T is betweer{0,0} and{—1,1} states, in- QD’S, allowing the determination of the various SO coupling
duced byHr (label L refers to the two-particle-orbital angular ~ Strengths.

momentun. (b) S; for nine lowest states of the two-particle QD.

FIG. 3. () Two-particle QD energy spectrum Bfield (basis
included 190 states, only lowest levels showdolid (dotted lines
refer toH+Hg. (Hp+Heg. With no SO(dotted lineg and atB

ings on the spin, as the expectation valueSgf o,/2 for V. CONCLUSIONS

each state is plotted \B. Figures 2a) and 2b) include all We have shown that inclusion of all SO terms is essential
states withE<80 meV (for full SO and only SIA terms, in order to obtain a complete picture of the level structure in
respectively, while Figs. 2c) and 2d) focus only on the narrow-gap QD’s, and have discussed the role played by
lowest seven levels of the full single-particle Hamiltonian. each one of the Rashba and Dresselhaus terms in QD’s spec-
Although a large majority of states ha®e close to+ 1/2, as  trum. The combination of strong SO coupling kg and

one expects for pure states, there are significant deviationgarge (and negativeg factor introduces strong intrinsic mix-
The various SO terms mix levels close to accidental degening of the low excitations for the single-particle spectrum;
eracy points in the FD spectrum and produce the large dehe magnetic field where such mixing occurs is shifted by
viations seen here. Figuréa2 showsB values where states H} to higher fields. Correspondingly, the two-particle spec-
in the boxesb andc of Fig. 1(a) reverse their spins. Figure trum exhibits strong singlet-triplet coupling at moderate
2(c) shows howHg produces anntrinsic (i.e., no phonon-  fields, with significant experimental consequences like pos-
assistegltotal collapse of the spin number for the low energysible use in qubits design. Observation of FIR mode mag-

states in the QB although the ground state is nearly pure netic dispersion would allow the direct determination of cou-
(Sz=1/2, and more so at highé), the first few excited pling constants.

states totally mix atB.=3.3 T [compare with Fig. @)
where only SIA terms are taken into account at QD
levels, except the ground state, collaps®gt= Bg=2.6 T].
Figure 2d) shows how a stronger Rashba field\dz We acknowledge support from FAPESP-Brazil, US DOE
=-2x10 3 eV/A) greatly widens the mixing region and Grant No. DE-FG02-91ER45334, and the CMSS Program at
lowers the field toB;=2.8 T; most importantly, it makes OU.
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