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The wave-vector dependence of electron-hole exchange interaction is investigated. For the yellow 1S exci-
ton in Cw,O the exchange is derived up to the oréiérThe theoretical predictions are verified experimentally
by high-resolution absorption experiments. In agreement with theory the fine structure shows a characteristic
dependence on the direction of the wave vector. The exchange splitting of the orthoexciton triplet are distin-
guished from strain-induced perturbations. The exchange gives rise to an isotropic and an anisotropic correc-
tion of the effective exciton mass. This can explain the discrepancies in the measurements of the exciton mass
in Cw0.
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I. INTRODUCTION it is possible to observe several hydrogen-like exciton seri
To minimize the effects of radiative broadening, we study t

Spins are coupled via exchange interaction. Whileyellow 1S orthoexciton transition, which is dipole forbidder
electron-electron exchange is well understood in atomic syssut quadrupole allowed. This extremely sharp exciton tré
tems, the topic is of increased complexity for the electron-ition is ideally suited for the study of electron-hole e
hole exchange interaction in semiconductors. Investigationshange and its wave-vector dependence.
of electron-hole exchange, beginning with bulk Besides the requirements on the sample side, the exp
semiconductor$? have been extended to quantum wells mental setup has to provide an adequate spectral resolu
and, recently, also to quantum détblowadays efforts con- The k-dependent exchange splitting is expected to be on
centrate on spin phenomena in such micro- and nanostrugrder of few ueV. Therefore, to monitor wave-vector:
tures. However the understanding of electron-hole exchanggependent energy shifts a resolution in the g/ regime
even in bulk materials is far from being complete. is required.

In semiconductors an excited electron in the conduction This paper is organized as follows. In Sec. Il we wi
band couples to a hole in the valence band via Coulomhierive the exchange fine structure of the yellow 1S orthoe
interaction. The properties of the coupled electron-hole paititons in CyO. This description is based on the theory ¢
are determined by the valence as well as the conductiomvariants and describes the wave-vector dependence of
band. One therefore expects that the electron-hole exchang&change up to the ord&?. As our approach is not micro-
interaction also depends on the full band structure and henascopic the absolute magnitude of the exchange remains t
on the wave vectok of the exciton center-of-mass motion. determined. In Sec. Il we will describe the experiment
Due to the complexity of the bands, difficulties in calculatingtechnique. Besides the setup, we will explain the essen
the electron-hole exchange microscopically arise. Attemptsteps of the sample preparation. This will be followed by tl
to describe it on a quantitative level can hardly be fothd. presentation of the experimental data, which will be cor
Exchange is normally approximated as a spin-spin interacpared to the theoretical predictions of Sec. II. In Sec. IV v
tion, which is independent of the wave vector in bulk mate-evaluate to what extent our results can be affected by str:
rials. This isotropic approximation represents a severe simFhis will be followed by a discussion of our resuiBec. \j,
plification of the exchange interaction omitting much of thewhere we focus on the influence of the exchange interact
lattice properties. Nevertheless, these calculations are suffon the effective exciton mass. In Sec. VI we present ¢
cient to describe the experiments reported so far. These studenclusions.
ies, however, were performed with modest spectral resolu-
tion of typically =20 ueV. Resolving the more complex Il. THEORY
nature of exchange is challengin@ypically exchange split-
tings are small. Further, inhomogeneous and homogenous Cu,O condenses in a cubic structure, where the cop
line broadening often mask the underlying fine structure. ions form a face-centered sublattice, and the oxygen ion:

The goal of the present study is to overcome these diffibody-centered sublattice. The arrangement of both lattice:
culties and to investigate electron-hole exchange for the exsuch that a copper ion is centered between two oxygen ic
ample of the yellow 1S orthoexciton in gD. Cu,0 is the  This makes CyO a simple cubic crystal with inversion sym:
prototype material for exciton physi€ésBecause of its high metry, described by the point groi@, The valence band of
crystal quality and large exciton binding energy of 150 meV,highest energy haE7 symmetry, while the lowest conduc:
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tion band had’y symmetry. The excitonic transitions with M* (k+K)M'(k +K;)

holes in thel'; band and electrons in thE band give the Jex= Sk, 2 (k+K.)? (5)
so-called yellow exciton series. Thus the yellow 1S excitons : :
are the lowest excited state. The electron-hole exchange can be split into long-ran

The exciton representatidif’,) is obtained from the di- (LR) and short-ranggSR) contributions. Qualitatively, the
rect product of electroril’s) and hole(I'y) representations SR exchange splitting of the excitons originates from t
and the envelope functioff', =T7). This gives for the yel- interactions between an electron and a hole located in
low 1S exciton$® same unit cell, while the LR part originates from the inte

o e action between an electron and a hole located in differ
Fe=Tep@le@ =@ lgel7=Tsal,. (1)  ynit cells.
The threefoldl'; states are termed orthoexcitons, while the
singleT’; level is referred to as paraexciton. In the following A. Long-range exchange interaction
we will solely concentrate on the orthoexcitons, since the
paraexciton is split off byA;=12.1 me\}* and is optically
forbidden to all orders. A more precise evaluation of this

We define the quadrupole electron-hole LR exchange
the term withK;=0 in Eq.(5)

exchange splitting will be discussed elsewhere.
The transition from the ground stafE;) to the 1S ortho- =8 k,“”%y (6)
excitons(I'z) is dipole(I";) forbidden as the dipole operator k

has odd symmetry((l“5|f‘4|l“> 0). In lowest order, the
orthoexciton couples to light via quadrupole interactionti P ;
(T . . ons of the two exchange contributions are typically referr
I's((TsTs[T') # 0). Unlike the dipole operator, the quadru- =~ “nonanalytic’(K,=0) and “analytic’ exchangeK,
pole operator depends on the direction of the light Wave, o) However, for higher orders df the nonanalytic term

\éeecctglrjlgeagg m:( pgé%g%ueonigiﬁf{gﬁ;‘fg;O.;hgnlEtgﬁﬁp.c becomes analytic. To avoid a contrad_ictory nomenclature

: ; ; use the nomenclature for the separation of the exchange ¢
even in a cubic crystal. The amplitudé@A, t0 QAg) of the tributions in real-space, long-range, and short-range
orthoexciton transitions are given by the symmetric vector change Both definitions are very similar, however n

10
product ofk ande: identical? We expand ex@-ik Xr) in Eq. (4) into spherical

and the SR part as all other terms wikh# 0. These defini-

QA gk, + ek, harmonicsY,

QAQ = ezkx + exkz . (2) ' o m=+l

QA;/ \ek +ek, e =2 > 4m(-)'[ (kDY n(@BYim(6,8), (7)
1=0 m=-1

We now proceed with the derivation of the electron-hole ex-

change. Typically the theoretical treatment does not go bewhere 6, ¢ and «, B8 are the polar angles df andr with
yond thek-independent terms, as this already agrees with theespect to thex,y,z coordinate systenicubic axey and
data reported so far. For our purposes such a treatment jgkr) is the modified Bessel function of orderFor|=2 it is
insufficient and terms of higher order knneed to be taken given by j,(kr)=(kr)?/15..., where we neglect higher orde
into account. In the following we will develop the electron- terms. Decomposing into muIUpoIeél

hole exchange up to the ordkf.

In the most general case the exchange interactiQifor | 4w .
the charge distributiong andp’ is given by?! Pl,m:Jd” 2|_+1Y|,mP(f), (8)
: *(ryp'(ry)drdr
Jex= Bk,k,E e'k'Rffp (ra)p'(rz)dry z, (3)  we find the quadrupole momen(s=2)
R r1-r2-R|
with the lattice vectorsR and the spatial vector. The - ’AindrrzY* r 9
orthoexciton exchange is determined by the interaction of the Gm 5 2mp(r)- ©

spin-singlet exciton charge distributions, which are given by
p(r)=eZgW(R)Z,a(r)b(r +R)*, wherebya(r) andb(r+R)  Using Eqs.(4), (7), and(9) we get
denote the conduction and valence band Wannier functions
andX, denotes a summation over all spin stéates. )

Introducing the Fourier transform of the charge distribu- M(K) = Jdl’p(l’) > 4= )?o(kD) Yo (@ B) Y26, 4)

tions ’
M(k)=Jdrp(r)exp(—ik r), (4) ‘\/ k E AmY2,m(6, ). (10)

the exchange integral is transformed into a sum over all reSubstituting Eg.(10) into Eq. (6) the LR quadrupole-
ciprocal lattice vectors ;! guadrupole exchange is given by

m=+2
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672 2 . . functions to calculate the LR exchange. As electron-hole ¢
R= 6k,k,—59 ' qmlq,’nzYZ’ml(a, &)Y2m) (6, ). change interaction affects states with opposite spin, only
4 my =2 singlet|S) terms contribute to the exchange splitting. Fro

(11 Eq.(14) we find that the paraexcitdf) is a pure triplet state

. ) ) and is thus not affected by the quadrupolar exchange. -
To explicitly calculate the exchange interaction, we take & adrupole moments in the Cartesian basis are calcule
look at the specific electron and hole charge distributionsg.q, the singlet-charge densities using Ety)

For the yellow 1S orthoexciton in GO the spin-singlet part

of the Wannier functions are written @  for the conduc- pp(r) =0,

tion and ¢, v, b, xz» ¢, xy fOr the valence band, witls- and

d-like character, respectively. Ortho- and paraexciton are not

simple product forms of the pure electrt,), || o)) and hole pyAr) = ire% Poyz
spin stateg|1),| ). TheT5 hole stateg|y),|l4)) are lin- V3
ear combinations off,) and||):

i 1
1110 = =Lyt iy 2l 1) + dol T, Poll) = ~edesboz
V3 \
— 1
|lH> = \Tél[((ﬁv,yz_ i¢v,ZX)|Th> - d’v,xyuh)]- (12) ny(r) = Eeﬁbc,s(bv,xy- (15)

The singlet(S)) and the three triple§i T.,),|T-1),|To) States  The valence band Wannier functions are givedtby
are given by:
1 byyz=d(r)sin 0 cos@sin ¢ =iV3Ed(r) (Yo 1+ Yo 1),
|S> = E(|Tellh> - |lEITh>)v

¢y 2x=d(r)sin @ cosé cose = - \/%d(r)(szl— Yo -1,

1
|TO>:?(|TE!ih>+|levTh>)y X ) ) /E
V2 By xy=A(r)SIM? 6 cos ¢ sin =~ i T2d(r)(Yz,2~ Y o).
16
|T—1> = |le:lh>! ( )
With Egs. (15) and (16) we rewrite Eq.(9). Using the or-
Te) =[Te T (13)  thogonality relations of the spherical harmonics, one fin

Using the singlet-triplet notation the paraexciton statet1at uyz by.2x CONtribute only tog, and gy, while ¢, ,,

P)) and the three orthoexciton statg®,,),|0,,),|O) in contributes tod, and g-. % is always Z€r0. Decomposing
ELe»Cartesiarf’f basis can be writtentéasyg [O22.10:)) the quadrupole moments into contributions from the ba
5

statesOy,), |0, |Oy,) we find

i . - -
|P> = \TE¢C,S[¢u,yz(|T—1> - |T+1>) + |¢u,z>€(|T—1> + |T+1>) J+2 0 0 =i
= Q1 i -1 0
+ N2¢v,xy|TO>]a o — CO 0 + 0 + 0
Oy = = e d V26, S + 126, ,dTo) + T .
| yz> V,Ed)c,s[\ d’v,yzl > I ¢U,Z>J O> ¢v,xy(| +1> q_2 i 0 |Oyz> 0 |OZ)? i \Oxy>_
+T_D)], (17)
) All prefactors are included i€,. We now express the LR
_-! [ 5 exchange in matrix form in thg,,), |0y, |O,) basis. Each
Oz \r’E¢°‘S[\2¢”'yZ|T°>+ 260249+ buy([Ta) element(J2(j,j’); (j=yz,zx,xy)) of the matrix representa-
-[T-)], tion of JS,is calculated as
16m2 <
-1 . I, = S —K? " )(g)
|Oxy> = ,_E¢c,s[¢u,yz(|-r+1> + |T—1>) - |¢u,z>€(|T+1> - |T—1>) e)&J 1 Kk 450 mlzzz_z (qml)J(qmz)J
v ’
24, IS (14 XYom,(0.8)Y2m,(6,0), (18)
V v,XY .

After having defined a proper basis, we now use the wavewhich leads to:
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(cosésin ¢)? cog fcosgsing  sinfcoshcose sirt ¢
R ~sirP9-| cogdcosesing (cosf cos¢)? sin 6 cosd cog ¢ sin ¢
Sin @.cosf cos¢ Sirt ¢ sin @ cosfcos ¢sing  (sin 6 cose sin ¢)?

In terms ofk and introducing the constant LR quadrupole- 26X |9 =-3|9),
quadrupole exchange paramefgy, we obtain:
1 kg Kok, Ikoky 206 X 34|To) = 5|To),
IR =40 X 2 Kk, KK Kk, |. (19 o )
Kk Kk, K 25X 51[Tu) = 5T,
In contrast to dipole excitons, the LR part of the quadrupole- 260 X Gy|T_1) = %|T—1>- (23)

quadrupole exchange scaleskdsand is analytic ak=0. The . .

first attempt to calculate this interaction was reported byWe apply the spin product operator to the orthoexciton sta
Moskalenko, Bobyrysheva, and Kiselyo¥aln their treat-  |Oy), [Oz0, [Oyxy)

ment the quadrupolar interaction between the exciton states _. . 1 = -

was given as an effective dipole-dipole interaction, but did 2% X ThlOy2) = 55 bed = 3V2¢, S + V26, 1| To)

not take the off-diagonal interaction matrix elements into ac- + ¢y ([T +[T-))],

count. As these are of the same magnitude as the diagonal

terms, this simplification is not justified. . . ~i = N
P : 256 X 61/0,) = 7k o d \ 26, ydTo) = 13V2¢h, 19

B. Short-range exchange interaction
+ ¢v,xy(|T+1> - |T—1>)]-

We now turn to the derivation of the SR exchange. The
K;#0 terms of Eq.(5) give the SR exchange, which we A A _ -1 .
expand into orders df and treat each order by the method of 20¢ X 03/Oyy) = 55 Ped Buyal[Tea) * [T-)) =10, 2| Tu0)

. 113 oo . —

invariants:*This means that the Hamiltonian has to be in ~[T_) +3V26,/9)]. (24)
variant under the operations of the cubic symmetry group. _ _

The well-known k-independent SR exchange splits the The exchange matrix elements are given by:
orthoexcitons from the paraexciton i=12.1 meV* but _1 SN

leaves the orthoexcitons degenerate. The next higher-order (O)|H10;) = §(0;|25¢ X 61, X (k - K)[O} )

term would scale linearly witk. This term vanishes because = %<0j|2(}e X 3|0 k2. (25)
of the inversion symmetry of the lattiggoint groupOy).

The SR exchange of ordé® gives nonvanishing contribu- The Wannier functions are orthonorm@kp, ;- ¢, ;)=4; ),
tions: The electron and hole spin operatotsay, transform  thus forj=j’=yz we find

asI’;, while k is a polar vector and transforms B§. The

— 12
direct product of the spin operatoig® o}, andk ® k terms (OyfH4[Oyp = 56k°. (26)
are decomposed into the representations as follows: This holds for all diagonal elements. Fp# j’ we find
Iyel,=I,e=Tel;el,al;. (20) (0}|H1|0; K2=0. 27)

Consequently, the SR exchanfg.® oy,)(k ®k) is decom-
posed into contributions of 7, '3, ', and T’y symmetry?
The operator part of total exchange Hamiltonian can be splig
into invariant representatiorts; of symmetryI';. To finally,

obtain the exchange energiéswe introduce the exchange

The vanishing off-diagonal elements again reflect thafithe
perator is spin conserving. As a consequence no mix
etween the orthoexciton states occurs. The matrix repres
tation of the SR exchange energy in the orthoexciton basi:
thus given by:

parametersy;.
Using the tables of Kosteet al® the exchange Hamil- KK 0 0
tonian of '] symmetry is given by J=A-l0 K 0 |=am1. (29)
Hy = 5250 X an)(k k). (21) 0 0 K
First, we will consider the spin operators lify: J, is proportional to the identity matrix and causes ide
25 X 5= 20 et OO+ e O (22) tical spectral shifts for all three orthoexciton states. Sifice
e Th™Fezhz ™ e +Th- " Te-Th: scales as? it contributes to the spatial dispersion where
with the standard momentum ladder operatogg ., ogh - can be interpreted as a correction to the effective mass.
Now we apply the spin operators to the electron-hole spirwill be discussed in detail in Sec. V. As, does not give rise
states of Eq(13) and obtain to an orthoexciton splitting it cannot be determined indepe
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dently in the current experiment. It is thus included in the @) (0) () ()
energyE, of the degenerate orthoexciton states. k=[110] k=[001] k=[111] k=[112]

The exchange Hamiltonian &f; symmetry is given by: & s T
3~ 0 5 Q

E,~EqA+1/44, E
Hs= 2\2[ (00— SUezo'hz)(kz 3K )+(0'ex‘7hx O'eyU'hy) E, ~E 4,
E— —
X (kg = ky)] (29 E) Er120a,0) E, E E)| £, 128, 1/64,
The exchange energies are again obtained by calculating tt E,,~E,1/34,
individual matrix elements, following the steps described in o
the treatment oH,. We derive the matrix representation z e 7 e £
> 12 o E,=Eq+24,
3k, -k 0 0 o 2 0
x QA =0== = 0.22
J=As 0  3K-K 0 | (30) IQAI=0 | e o
2 _ 12 01
0 0 3k; -k ] 0+1 0
. . . . -0 — —1_1/3+0 —
Again, all off-diagonal elements vanish and no mixing of the 0 ﬁ 067
basis states occurs. However, thelependence of the diag- | o0 | 011
onal elements should give rise to an orthoexciton fine struc 0 0 0
ture. 0

The T, electron-hole exchange obviously vanishes. _ _ _
FIG. 1. Energy level diagram of the exciton fine structugg.

Hy= 2T{;}[((revyahyz = 0¢0hy) (KK, = KK) + (06,01 x— 0ex01,)  gives the orthoexciton energy including the exchange shijtand
A;. Panels(a), (b), (c), and (d) give the energy schemes fér

X (kKy = keky) + (T xThy = TeyTi ) (Kiky = kyk) ] = 0. =[110], [001], [111], and [112], respectively(Ag=5 peV, Az=
(31 -1.3 ueV, As=2 peV). In the upper schemes the analytic expre

) o o sions for the exchange energy are indicated. lof112] the low
Finally, the contribution of"; symmetry is given by: symmetry gives rise to a rather complex analytic expressiofEjor

andEj. In the lower half thdQA|?s are given for each level. The

1
== + + + . .
Hs \3[(0-‘3&’0“1 Te20y) (KyKo) + (02014 + Texh,2) (KKy) upper and lower numbers correspond to horizontal and vertical

+ (TexOhy + Oeyon ) (KKy)] larization, respectively. In all cases the vertical axi§1is0].
= 5[0,kk) + O (k) + By k). (32)
_ _ _ 0 kiky kik,
In analogy to the example df; we again derive the action Js=Ag-| kk, O kk,|. (34)

of the ' spin operators on the exciton states.

kk, kk, O
0,19=0,{9=0,|9=0, .
As for the LR term[Eq. (19)], a k-dependent mixing of the
Ty = (I Ty + [T orthoexciton states is expected.
vdTo = 25T +[T-0) Summarizing, we have derived three electron-hole ¢

change terms of orde¢, that give rise to the orthoexciton

0T = 25 (T = T-0), fine structure: the LR quadrupole interactidf and the SR
contributionsJ;, Js, where the absolute splittings are give
®Xy|TO> =0, by the exchange parameteXs, Az, andAs, which remain to

be determined.

For high symmetnk’s (see Fig. 1 the matrices in Egs.
(19), (30), and (34) can be diagonalized analytically. The
new eigenstates are linear comblnatlonsi(m)‘z) |O,,, and

®yz(|T+1> + |T—1>) = \I_§

Ox{Tsp) +[T-9) =0, |Oyy. Fork along[110], exchange should lift the degenerac
S of the orthoexcitons and three separate lines are expe
Oxy(|Tep) +T-0) = 3 (T4 = [T-0), [Fig. 1(a)], where theE,—E; splitting directly givesAs. For
k along[001] there is no contribution fronde, and Js. One
0,/ T.)—[T_p) =0, thus expects a doubly degenerate leéwgl and a single level
E, with a total splitting of 5. In the [111] direction we
0T, —|T)) = %|To>- expect to find a degenerate low energy state besides a si
high energy level. Fok along[112] we should again find
(Tan) = [T-) = 5( o) +[T-p)). (33 three distinct orthoexciton energies.

For the detection of the fine structure the quadrupole a
The I'; operators give rise to a mixing among the triplet plitudes are crucialEq. (2)]. The lower part of Fig. 1 gives
states As the spin is not conserved, we expect only offthe |QA|?s for vertical and horizontal polarization. With the
diagonal elements in the matrix representation. We find  exception of theg112] direction, only one of the fine struc-
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PD1 A Cryostat P WP
S
/\ brass holder
\!/ —N— v Ji [1-10) o
I — sample
\ | k
| PD2
Oscilloscope WM spacer
Pump laser | Dye laser }7/ FIG. 3. (Color onling Left: Sample holder for strain-free

mounting of thin CygO slabs. Right: Configuration of angles

(rotation of the sampleand ¢ (rotation of the polarization vect@).
FIG. 2. (Color onlineg Schematic setup for high-resolution spec-

troscopy: A, analyzer;P, polarizer; PD, photodiode;S, sample;
WM, wavelength meter; and/P, half wave plate.

oscilloscope gives the spectrally resolved transmission. Ty
cally, the scan range is set 840 ueV with a scan time of
) _ ) . 250 ms. The samples were mounted in a helium immers
ture components will be directly observable. It will be dis- cryostat, keeping them at a temperature of about 1.5 K.

cussed below how to detect the other components. High-resolution experiments are extremely sensitive
perturbations. One such perturbation is strain. Hence, gt
care was taken to mount the samples strain-free. In our
periments we used two types of samples. First, cube-sha

The k-dependence of the exchange is investigated irsamples with dimensions of4 mm. These samples were
transmission experiments, where a laser beam propagatif@used in a brass cage, slightly larger than the sample its
alongk, directly probes the corresponding fine structure. Ro-Second, slab-shaped samples with lateral extensions of a
tating the samples around the vertical axis gives access t@am, while being onlyds=<50 um thick. To ensure a strain-
intermediatek-directions. Such intermediate, lower symme- free upright mounting, special housings have been desigr
try k’s also break the strict polarization selection rulesm-  The sample is sandwiched between two brass plates, whi
pare Fig. 3. This leads to]QA|?#0 for the fine structure spacer slightly thicker than the sample surrounds the sp
components that are forbidden in high symméirg. The  men. A sectional drawing of such a holder is shown in Fig.
dependence of the orthoexciton enerdigsk,, andE;z on k The samples were cut from the same naturaiarystal
can thus be measured. and were oriented by X-ray diffraction. They were cut suc

Following these requirements, a setup for high-resolutiorthat the surfaces correspond to a main crystalline éxis.,
absorption experimeni&ig. 2) has been designed. The cru- [001], [110Q], [111], [112)). After cutting, the surfaces were
cial element is the tunable, frequency-stabilized, ring dyepolished. This treatment can give rise to strain in the cryste
laser. The laser bandwidth ef2 neV gives access to a sub- Samples showing signatures of strain were annealed. For
peV resolution. In the experiment the laser energy is conpurpose they were heated up to 450 °C and slowly coolec
tinuously scanned across the orthoexciton resonance. Tlan evacuated tube. To reduce loss of oxygen, the sam
dye is excited by a frequency-doubled Nd:Y¥aser. were sandwiched between quartz plates.

For rough adjustment of the laser energy, a wavelength The mounting allows the rotation of the sample aroul
meter with an accuracy ¢£2 ueV is used. The precision of the vertical axis by an angle’, which corresponds to an
the wavelength meter limits the absolute energy calibratiorangle ¢ (sin ¢o=(sin¢’)/n;) for the laser beam inside the
of the setup. Therefore we will present spectra in terms otrystal. n; is the index of refraction for th&'th polariton.
relative energies. The laser beam is passed through polarizBecause of the extremely small oscillator strength of t
tion optics(half-wave plateWP and polarizerP), to ensure  quadrupole transitionsy can be approximated with high ac
precise control of the polarization of the exciting laser light.curacy by Je.=2.55. As an example a crystal is show
A lens focuses the laser beam onto a spot of aboytiB0n yere the rotation is around the10] axis. Here forp=0 the
the sample. After passing through an analy@®rthe rans- ot yravels along[110). For ¢+#0 the light travels along
mitted photons are detected by photodiode 1, which is cOnyyermediatek’s. By means of the polarization optics,can
necteq to an oscilloscope. Running the laser in the frequenpge varied. The direction dis given by the angley (Fig. 3).
scanning mode, the ramp voltage of the scan is used as tngﬁzo corresponds to horizonta in our examplee(i=0)

ger input for the os_ciIIoscope. As the_ Iasef frequgncy is:[001],While the vertical polarizatiogy=90° corresponds to
scanned, the transmittance of the specimen is monitored on [1?0]

the photodiode 1. Photodiode 2 is used as a reference, fo- —
compensate for intensity fluctuations of the laser source. The electron hole exchange feralong[110] is investi-
Synchronizing the scan and the photodiode readout on thgated in the experiments presented in Fig. 4, where the

IIl. EXPERIMENT
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FIG. 4. (a) and (c) Calculated|QA;|? (open symbolg |QA,?
(full line), and |QAg|? (full symbols as a function ofe (rotation
around the[111]-axis) for y=-35.3°(e=[001] at ¢=0) (a) and ¢
=54.7°(e=[110] at ¢=0) (c). At ¢=0 k is along[110]. (b) and(d)
Transmission spectra of a 4-mm-thick crysta). The full line gives
the transmission spectra fop=-35.3° and the triangles foy
=54.7°(¢=0). (d) Spectra forp=4° andy=-35.3°(solid line) and
y=54.7°[open(full) dots correspond t&; (Eg)].

panels show the calculated transition amplitudes dor
-35.3° 43 and ¢=54.7° 4c) as function of¢ (rotation

around the[111]-axis). Calculating|QA,|? at k along[110]

(¢=0) shows that fory=-35.3°(e(-35.3°)=[001]) the tran-
sition E, is fully allowed, while E; and E; are forbidden
[Fig. 4@)]. In the corresponding experimefgolid line in
Fig. 4(b)] one indeed finds a strong absorption. Rfr
+54.7°(e(+54.7°)=[110]) all three transitions are forbidden,
as confirmed by the experimefitiangles in Fig. 4b)]. This
confirms the calculations of pané) and (c) and demon-
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FIG. 5. E4, E,, andEj; as a function ofp. Dots mark the experi-
mental data. Full lines give the calculated valuesFor ¢=0, k is
along [001]. ¢ describes a rotation around tt[&TO]-axis (dg
=4 mm). (b) For ¢=0, k is along [Tlo]. ¢ describes a rotation
around thg111] axis (dg=4 mm). (c) For ¢=0, k is along[111]. ¢
describes a rotation around t[ﬂalE]-axis (ds=85 um).

strates the high crystallographic quality of the sample and the ) . )
absence of symmetry breaking perturbations. The pictur§onstant, we will treak as a normalized unit-less vector

changes drastically if the sample is tilted slightly from

=0°, wherek no longer points exactly alond.10]. For =
-35.3°,E; and E; gain oscillator strength for increasing
howeverE, remains almost fully allowed masking the two
weak lines. As expected, the spectrumgat4°® shows only
E,. However, foryy=54.7°E, andE; are no longer covered
by the E, transition, agQA,|? is about one order of magni-
tude smaller thahQA|> and|QAg|?. Indeed the orthoexciton
doublet with an exchange splitting ofdeV is resolvedFig.
4(d)].

This allows us to directly express the exchange parameter
an exchange energy. Fdc along [001] [Fig. 5a)] the
fine structure is only determined by, which allows to
measureA; directly. The levelsE; 3 and E, are split by
3A;=3(-1.3 ueV (Fig. 1). In the angular range investigate
no significant line shifts are expected and the degeneracy
E; and E; is only slightly lifted, which is masked by their
spectral widths. For the sample orientation of FigE4, E,,
and E; are shown as a function af in Fig. 5b). E,—E;

gives directlyA;=2 neV in the k=[110] configuration. Fi-

The degeneracy of the orthoexciton is lifted. Besides thd1ally, Ao=5 ueV is determined fronks. These parameters

spectral signatures, we observe that the absorption is
smaller than thé&, absorption, as predictdérig. 4(c)]. Both

also give the correct relative line positions, when compari
the absolute energies obtained koalong[001] to those for

lines are exceptionally narrow with a full width at half maxi- k along[110]. The direct comparison of two measuremen
mum of <1 weV. This gives further proof of the high quality requires great care, as the absolute laser energy is not kn
of natural CyO crystals and the small homogenous broad-with sufficient accuracy. Therefore, the experiments we
ening of the quadrupole transition. performed with two samples mounted in the cryostat. Wh

Having demonstrated qualitative agreement betweeleeping the laser frequency stabilized, two consecutive m
theory and experiment, we proceed with the quantitativesurements were performed on both samples that allows c
analysis of the three exchange paramefgysAs, andAs. In parison of the relative exciton energies. The sample showr
our experimentk|=k,=2.62x 10’ m™t is given by the inter- Fig. 4 with the characteristi€; -E; doublet was taken as
section of the light cone with the exciton dispersion. As it isspectral reference.
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Now all exchange parameters have been measured clos
to k-directions of high symmetry. According to theory, these
exchange parameters should apply for any arbitrary
Hence, the crucial test for our description is done by mea-
suring the exchange fine structure foirections with low
symmetry. As a test of consistency we present datakfor
along[11]] [Fig. 5(c)]. According to Fig. 1c) we expect for
¢—0 a degenerate levé; , plus a high energy statgs,
where|QAg|? should be much weaker tha@A; J? (¢#0).

In panel(c) E;, E,, andE; are shown versug. TheE;-E,
splitting increases withy|, while E; shows only slight shifts.
The fine structure is modelledull lines) using the param-
eters obtained above. Obviousl¥,, Az and As allow a
consistent description for thekés. In samples ofis>1 mm,
lines of large|QA?2 become rather broad. This hinders the 0.0

transmission

precise quantitative evaluation of the fine structisee, e.g., "o 5 0 5 10

error bar forE, in Fig. 5b)]. To overcome this broadening a E-E, (peV)

thin sample(d,=30 um) had to be employed, which permits

resolving thekE; —E, splitting [Fig. 5c)]. FIG. 6. Transmission spectra fgsg=4° (rotation around the

[111] axis andk along[110] at ¢=0) and#=54.7°. The spectra are
recorded for excitation in the sample centeolid line) and excita-
tion close to the edge of the samgtiashed ling

The degeneracy of the orthoexcitons could also be lifted
by perturbations, such as strd'® Considering the energy For the beam traveling along the edge of the sample, the |
scales we are dealing with, even slightest strain on the ordé&hape ofE; deviates from a Lorentzian. The shoulder on tf
of 1xX10° N m=2 can cause a notable effédétTwo sources high-energy side might arise from a strained section of t
of strain have to be taken into account. First, external straigample. The data show that slight stress can be found in
originating from the sample mounting. Our sample holderssurface regions of the sample. However, this does not hay
exclude this source. Second, the crystal itself can also bgignificant impact on the fine structure and can be dis
intrinsically strained. Such stress can originate from impergarded when the laser beam passes through the center
fections in the lattice structure, cutting and polishing duringthick sample.
the sample preparation, or thermal stress. In the following we The situation is more complex for thin samples «
will evaluate to what extent this can influence our experi-ds<100um. For such slab-shaped samples surface effe
ment findings'® gain importance and stress-induced perturbations can

Let us first focus on cube-shaped samples with extensiorienger be disregarded a priori. Each sample has to be ex
of =4 mm. Because of the relatively large size of the speciined carefully. A first impression can be obtained via pole
men, an inhomogeneous strain distribution across the sampigation microscopy: The crystal is placed between cross
is expected. The central parts should be less affected bgolarizers. In a strain-free sample, the polarization of t
strain than the outer sections of the cube, where cutting an@iansmitted light is unchanged and the light is blocked by t
polishing can give rise to an increased stress. Hence, a straifiécond polarizer. If the crystal is strained, the transmitt
induced fine structure should depend on the sample sectidight becomes elliptically polarized and thus partly pass
being probed. through the second polarizer. In Fig. 7 sections of tv

To clarify this, the experiment of Fig. 4 was repeated forsamples are shown. The sample on the left shows clear
illumination of the specimen in the sample cengsolid line  natures of strain, which is inhomogeneous across the sp
in Fig. 6) and close to the sample ed¢gbotted ling. Other- men. The picture on the right shows an homogenou:
wise the experimental conditions are identical to those for
the data given by the dots in Fig. 4. In both sections of the
sample, two lines with a splitting k4 eV are found. The
spectral shifts oE; andE; are insignificant as compared to
the splitting. Additional spectra were recorded covering the
entire surface area of the sample and the fine structure re
mained more or less unchanged. This indicates that the fini,
structure cannot be interpreted as being stress induced. A
second argument along these lines is the following: In a thick G, 7. Microscopic pictures of two slab-shaped samples. T
sample a large volume is probed, even with a focused beangpecimens were positioned between two crossed polarizers. He
Thus, inhomogeneous strain would give rise to an inhomoyright areas indicate where the sample is stressed. The bright w
geneous broadening of the lines. However, for the laser bealﬂhe is the sample edge. The dark areas in the upper right corr
passing through the sample center, the lines remain exive a reference without sample. Both samples are aboufuh®0
tremely narromFWHM =1 ueV) and Lorentzian in shape. thick.

IV. IMPACT OF STRAIN

045206-8



WAVE-VECTOR-DEPENDENT EXCHANGE INTERACTION. PHYSICAL REVIEW B 70, 045206(2004

weakly strained samplghe bright spots arise from dirt par- ¢ (deg)

ticles). Even if a crystal appears to be perfectly strain free -10 -5 0 5 10
under the polarization microscope, it does not mean that L L ' L L

there is no residual strain. High-resolution spectroscopy pro- 6 }

vides a much more sensitive tool. Therefore each sample i HH{HH { {} HH HH
tested for homogeneity by probing various sections of the 44 {
specimen. Only if the spectral positions of the exciton reso-
nances are independent of the sample section being probe% 2] 3
the specimen is suited for our purposes, even though this stil=

does not prove that it is unstrained. It only shows that theulf 04 E,
strain induced perturbation is of the same magnitude as thé (]
k? exchange and homogenous across the crystal. Y 43894444 %% E,

As we still cannot exclude this perturbation, we have to $4% Eﬁﬁf
clarify how such residual strain affects the orthoexciton fine ¢
structure. The impact of strain can be approached by sym- @)
metry considerations: The strain tensors possess the samr
symmetry as the SR?-exchange terms2 Therefore the ef-
fect of strain on|Oy,), |0y, and|O,,) is described by the
same types of symmetry operators as given in EB38),
(30), and(34). Replacingkik;(i,j=x,y,2) by the correspond-
ing elementsg; of the strain tensor we find

Ext €yt €y 0 0
S=0;- 0 Ext €yt €4 0 )
0 0 Ext €yt €,
(35
2 2 T T T T T
2€><><_€y_€§z 0 0 -10 -5 0 5 10
S= 85 0 26~ &, - €, 0 , ¢ (deg)
2 _ 2 _
0 0 2€;, € 632/3/ FIG. 8. Orthoexciton energies as functiongfrotation around
(36)  the[112] axis) for ds=30 um (k=[111] at ¢=0). The experimental
data are given by full dots. In pan@) calculations for the param-
0 &y € etersAg=5 ueV, As=2 ueV, andAz=- 1.3 ueV are plottedsolid
$=0; $=65| &y 0 &2 (37) Ilnesl. In Ranel(b) the calculiltlon?:solld lineg also |nclud§ strain
of I'; (83=— L.4ueV) and I'; (55=-2.1 ueV) type, keeping the
&z €z 0 exchange parameters fixed. The dashed lines give the strain off:

Hence, the stress can be quantified by three paraméters _ o _ _

8, and &s, whereS; simply shifts all three states, agjand  levels[dashed lines in Fig.()]. As evident from this mod-
S, give rise to splittings. However, strain-induced shifts can€ling. the ¢ (k) dependence solely arises from exchanc
be discriminated from exchange as they are fixed to the lathile the increased splittings arise from residual strain. M
tice and hence depend only on the orientation of the crystaconvincingly, thek dependence is again very well describe
line axes, but not ok. Therefore, when probing variokss by the set of exchange parameters derived above. The in
(turning the Crystak)ne would not expect any dependence Ofsion of strain also gives the explanation for the shift towa

the energy levels ow for strain-induced effects. lower ¢ observed in the data set. It Slmply originates fro
In Fig. 8, the spectral positions of the orthoexciton reso-strain Off_SEtS-
nances are studied versgswith k=[111] at ¢=0 and rota- As a final test for the wave vector dependence of electr

tion around[112]. In panel(a) the exchange splittings ac- hole exchange, we proceed wittk af even lower symmetry.

. . . For this crucial experiment we have chosen a crystal With
cording to the parameter set obtained above are slisoliu — , o ,
traces. Apparently the calculations do not match the data, aglong[112] at=0. The experimental findings are shown i
the E; E, splitting is by a factor of two too large in the Fig. 9, where the upper panels show spectra for the t
experiment. The experiments also show an asymmetry witpolarizationg 110] 9(a) and [111] 9(b). For all k's we have
respect top=0. The data seem to be shifted towards loweraccess to all fine structure components with compara
angles by about 2°. Nevertheless, we find the qualitativéQA®s [see Fig. 1d)]. Panel(c) shows thep-dependence of
structure as known from Fig.(§. In panel(b) the calcula- the orthoexciton energies. Including slight strain offse
tions include strain off’; and I'; type (5,=0), while the  again gives a good agreement between theory and ex
exchange parameters remain unaltered. When neglecting timeent. Especially the characterisicdependence is well de-
exchange induced shifts, we end up with constant energgcribed by the exchange parameters. As the exchange pal
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FIG. 9. Transmission spectra &t=[112] (ds=95 um) for
=0 (e=[111)) (a) and#=90° (b) (e=[110]). (c) Orthoexciton ener-
gies as function ofp (k=[112] at ¢=0, axis of rotation[110]).
Squares correspond tB;, open dots toE;, and triangles toE,.
Calculations based on the paramet&es=5 ueV, As=2 ueV, A;
=-1.3 eV, 6;=0.7 neV, and 55=1.0 ueV are plotted as solid
lines. The strain offsets are given by dotted lingh. |QA|?s as
function of ¢. Solid traces give the calculaté@A|’s.

eters determine the mixing betwed®,,), |0,,), and|O,),

they also influence the corresponding quadrupole amplitudes.
In panel(d) the measurefQA|?s are compared to the calcu-

lations and we find very good agreement.

V. INFLUENCE ON THE EFFECTIVE EXCITON MASS

PHYSICAL REVIEW B 70, 045206(2004
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FIG. 10. (a) Exchange shifts of the orthoexcitons as function «
¢. k lies in the[001]-[110Q] plane.(b) Effective exciton mass as
function of ¢.

valence bandn, (My=m.+m,) and the mass derived fron
resonant Raman experiments. From the latter the authors
tain M=(3.0+£0.2 m,, with the free electron mass,. From
cyclotron resonance experiments Goltzene and Schwab
the band masse®,=0.98m, and m,=0.66 m,.>! Assuming
the crystals in the resonant Raman experiments were
ented along thé&=[001], their results have to be interprete
as follows: Looking at Fig. (b) we find that only theE; 3
level is optically allowed, which means that the investigat:
orthoexciton is shifted by A5 from E,. As mentioned above
E, already includes the SR exchangeldf symmetry with
the exchange energy;.

When calculating the effective exciton mass féar
[001], theT'] andT; terms have to be included. The effec
tive massM, 3 of the E; 3 resonance is then given by

i _ 1

==L+ A, - A,
2My3 2M, ¢ O

(38)

As the exchange terms discussed here scale quadraticalyom resonant Raman scattering we know tifgt; equals

in k, they can also be interpreted in terms df-alependent (3.0£0.2 m,.1%29As we also know the individual masses c
effective mass. Naturally, previous measurement of the excithe exciton constituents, we can now determing=

ton massM have not taken these contributions into account-8.6 ueV. A; is of the same magnitude as the other e
As we have seen, the exchange shifts are on the order of feghange parameters. Taking the exchange into account
peV and hence comparable to the kinetic energy of the exeontroversial reports on the exciton mass can be explaine
citon at the exciton-photon resonanig The wave-vector- a straight forward way. The exchange interaction betwe
dependent contributions to the effective mass are thus nahe exciton constituents gives thus rise to an effective m:
negligible. In the following, we will evaluate how exchange- different from the sum of the electron and hole masses. Hc
induced contributions to the exciton mass affect such meaever, there might be additional reasons for this differeéice

surements.

As pointed out already by Yu and Sh&R° there is a
discrepancy between the effective exciton misgsderived
from the band masses of the conduction bamdand the

Obviously thek-dependence of the exchange gives rise
an anisotropy of the effective mass. Using E§8) and
knowing the exchange shift frork, and A; we can now

calculate the mashl; as function ofk:
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surements of the effective-exciton mass and the masses c
constituents. The exchange parameters apply only for t
specific exciton transition, however the&-dependent ex-
change is a fundamental property. Even though this eff
has not been observed before, it should be present for
exciton transitions. The theoretical approach presented
is semi-empirical and the magnitude of the exchange pare
eters is only accessible experimentally. We hope that «
experiments motivate microscopic calculations of the high
order exchange terms.

1 1 2
= +
Mi(k) My 4k =[001]) #32

(As+Aik). (39
Figure 1@b) shows the exciton masses for thalirections in
the [001]-[110Q] plane. Indeed the anisotropy is significant.
For example atk=[001] the effective mass of the two
orthoexcitons differs by almost a factor of two.

VI. CONCLUSIONS

We have derived and demonstratéedependent electron-
hole exchange interaction. For the yellow 1S orthoexcitons
in CwO the exchange parameterdg=5ueV, A=
-8.6 ueV, A;=-1.3 neV, andA;=2 ueV are obtained. The The work was supported by the Deutsche Forschungs
k’>-dependent exchange is interpreted as an interactiormeinschaft and the QuIST program of DARPA. We thank ¢
induced correction to the effective mass. The magnitude oBaldassarri Hoger von Hogersthal for fruitful discussiot
this correction is of the same order as the kinetic energy aand M. Kulka for providing a program for the data acquis
ko. Our results explain the discrepancies found in the meation.
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