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The wave-vector dependence of electron-hole exchange interaction is investigated. For the yellow 1S exci-
ton in CyO the exchange is derived up to the oré&rThe 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 Cu,0.

DOI: 10.1103/PhysRevB.70.045206 PACS nunider78.20—e, 78.40.Fy, 71.35.Cc

I. INTRODUCTION it is possible to observe several hydrogen-like exciton series.
To minimize the effects of radiative broadening, we study the

Spins are coupled via exchange interaction. Whileyellow 1S orthoexciton transition, which is dipole forbidden,
electron-electron exchange is well understood in atomic syshut quadrupole allowed. This extremely sharp exciton tran-
tems, the topic is of increased complexity for the electron-ition is ideally suited for the study of electron-hole ex-
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 experi-
semiconductor$? have been extended to quantum wlls mental setup has to provide an adequate spectral resolution.
and, recently, also to quantum détBlowadays efforts con- The k-dependent exchange splitting is expected to be on the
centrate on spin phenomena in such micro- and nanostruorder of few weV. Therefore, to monitor wave-vector-
tures. However the understanding of electron-hole exchanggependent energy shifts a resolution in the gy 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 will
band couples to a hole in the valence band via Coulomlglerive the exchange fine structure of the yellow 1S orthoex-
interaction. The properties of the coupled electron-hole paititons in CyO. This description is based on the theory of
are determined by the valence as well as the conductiomvariants and describes the wave-vector dependence of the
band. One therefore expects that the electron-hole exchang&change up to the ord&f. As our approach is not micro-
interaction also depends on the full band structure and henagopic the absolute magnitude of the exchange remains to be
on the wave vectok of the exciton center-of-mass motion. determined. In Sec. Ill we will describe the experimental
Due to the complexity of the bands, difficulties in calculatingtechnique. Besides the setup, we will explain the essential
the electron-hole exchange microscopically arise. Attemptsteps of the sample preparation. This will be followed by the
to describe it on a quantitative level can hardly be fogfd. presentation of the experimental data, which will be com-
Exchange is normally approximated as a spin-spin interacpared to the theoretical predictions of Sec. II. In Sec. IV we
tion, which is independent of the wave vector in bulk mate-evaluate to what extent our results can be affected by strain.
rials. This isotropic approximation represents a severe sinfhis will be followed by a discussion of our resu{ec. V),
plification of the exchange interaction omitting much of thewhere we focus on the influence of the exchange interaction
lattice properties. Nevertheless, these calculations are suffbn the effective exciton mass. In Sec. VI we present our
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 copper
line broadening often mask the underlying fine structure. ions form a face-centered sublattice, and the oxygen ions, a

The goal of the present study is to overcome these diffibody-centered sublattice. The arrangement of both lattices is
culties and to investigate electron-hole exchange for the exsuch that a copper ion is centered between two oxygen ions.
ample of the yellow 1S orthoexciton in gD. Cy,O is the  This makes CyO a simple cubic crystal with inversion sym-
prototype material for exciton physiéBecause of its high metry, described by the point gro@,. The valence band of
crystal quality and large exciton binding energy of 150 meV,highest energy haE; symmetry, while the lowest conduc-
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tion band had’y symmetry. The excitonic transitions with 4y M* (K+K)M'(Kk +K;)

holes in thel'; band and electrons in thg; band give the Jex= @kEE (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-range

The exciton representatidii’e,) 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 the
and the envelope functioff's,,=I'7). This gives for the yel- interactions between an electron and a hole located in the
low 1S excitons’ same unit cell, while the LR part originates from the inter-

o action between an electron and a hole located in different
leg=Ten @@= @lgel7=Ical,. (1) unit 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 as
the term withK;=0 in Eq.(5)

exchange splitting will be discussed elsewhere. * ,
The transition from the ground staE]) to the 1S ortho- JSX: S kﬂw (6)
excitons(I';) is dipole(I";) forbidden as the dipole operator T Q k

has odd symmetry((I's|[,|T7)=0). In lowest order, the

orthoexciton couples to light via quadrupole interaction_; P :
) it T | 1o . . tions of the two exchange contributions are typically referred
Fz(TETE|T7) #0). Unlike the dipole operator, the quadru- to as “nonanalytic’(K;=0) and “analytic’ exchangdK

pole operator depends on the direction of the light wave,, 0). However, for higher orders df the nonanalytic term

vectork and the polarization vectar relative to the lattice. becomes analytic. To avoid a contradictory nomenclature we

B\?Cr?lijr‘:'e of tt)?d( rdef?n;j_ﬁncemthﬁ t(;anit'?n IS anlfct)rt]roplc use the nomenclature for the separation of the exchange con-
eve a cubic crystal. The amplitudgRA, to QA,) of the tributions in real-space, long-range, and short-range ex-

orthoexciton trans{gons are given by the symmetric VeCtorchange. Both definitions are very similar, however not
product ofk ande:

identical* We expand ex@-ik Xr) in Eq. (4) into spherical

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

QA ek, + ek, harmonicsY,
QA |=| ek+ek, |. (2 . oo m=+
QAs/  \ek,+ek e k=3 D da(=1) kDY, (@ BYim(0.¢),  (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 a, 8 are the polar angles df andr with
yond thek-independent terms, as this already agrees with theespect to thex,y,z coordinate systengcubic axes and
data reported so far. For our purposes such a treatment jgkr) is the modified Bessel function of orderForl=2 it is
insufficient and terms of higher order knneed to be taken given by j,(kr)=(kr)?/15..., where we neglect higher order
into account. In the following we will develop the electron- terms. Decomposing into multipoleg!
hole exchange up to the ordk.

In the most general case the exchange interactiQifor | 4 .

the charge distributiong andp’ is given by? Pim= J drr 2|_+1Y|,mp(r), (8)
. * (ryp’(ry)dr,dr
Jex= 6k,k/2 e'k'Rf f p” (r)p'(rp)dry 2 (3)  we find the quadrupole momentis=2)
R Iri—r,—-R|

. . . 41 x
with the_lattlce vectorsR and the spatial vector. _The Q= /_fd”zYz,mP(r)- (9)
orthoexciton exchange is determined by the interaction of the 5

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

Introducing the Fourier transform of the charge distribu- M (K) :J drp(r) 2 4m(=1)%,(kNY; m(a, B)Yom(6, b)

m=+2

tions me-2
\/4777 m=+2
- _ 2
M(k) = f drp(r)exp(=ik -r), (4) =N " Ezquz'm(0’¢)' (10
the exchange integral is transformed into a sum over all reSubstituting Eq.(10) into Eq. (6) the LR quadrupole-
ciprocal lattice vectors;* qguadrupole exchange is given by
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1672 2 X X functions to calculate the LR exchange. As electron-hole ex-
R = 5k‘krﬁk2 > qmlqr’nzYzjml(ﬂ, &) Yom,(0,0). change interaction affects states with opposite spin, only the
my =-2 singlet|S) terms contribute to the exchange splitting. From

(12) Eq.(14) we find that the paraexcitd®) is a pure triplet state

and is thus not affected by the quadrupolar exchange. The

To explicitly calculate the exchange interaction, we take & ,adrupole moments in the Cartesian basis are calculated
look at the specific electron and hole charge distributionsgom the singlet-charge densities using Ety)

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

of the Wannier functions are written as . for the conduc- pp(r) =0,
tion and ¢, y,, b, xz» &, xy fOr the valence band, witls- and

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

simple product forms of the pure electrdi,), || ) and hole pyAr) = %ed%: Doy
J sPv,

spin states|T),|ln). Thel'7 hole stateg|1y),|ly)) are lin-
ear combinations off},) and||):
i 1
160 = =L buya 1602l L) + bl T, Poll) =~ edesbuzn
V3 N
— 1
e E'wv,yz— 60| T) = dusl ] (12 o) = ey (15)

The singlet(|S)) and the three triple§T.,),[T-1),|To)) states  The valence band Wannier functions are giveitby
are given by:

1 &yy2=d(r)sin 6 cosé sin ¢ = i\/%d(r)(szﬁ Yo-1),
|S> = E(|Tevlh> - |ie-Th>),

¢y 2x=d(r)sin @ cosf cos¢p = - /%d(r)(Yzyl -Y-1),

1
To) = —=( e )+ er ),
ITo 2 [Ter b+ [Le T by xy= d(r)sir? acosrﬁsinqb:—i\%d(r)(Yz,z—Yz,—z)-

16

|T—l> = |i61lh>r ( )
With Egs. (15 and (16) we rewrite Eq.(9). Using the or-

ITe0 =[Te T (13)  thogonality relations of the spherical harmonics, one finds

Using the singlet-triplet notation the paraexciton stateat $uyz ¢z« contribute only tog, andg-,, while ¢,

P)) and the three orthoexciton statg®,,),|0,,),|Oxy) in contributes tog, and g-,. % Is aIway; Z€ro. Decomposing .
ELe»CartesiarF basis can be writtent@asyg [0z, [Osy) the quadrupole moments into contributions from the basis
5

states Oy,), |0, |Oy,) we find

i _ :
P)y= E%s[cﬁv,yz(lT-l) = [Tep) +idb, [ T-0) + [T0) (/I 0 0 =i
= q+1 | - 1 O
+ V2¢v,xy|TO>]a &b |=Co 0 +] o +] 0
_ 1 s . = 0-1 | 1 0
|Oyz> = \T6¢C,S[V2¢u,yz|s> + IV2¢U,ZXIT0> + ¢v,xy(|T+1> 0 0 0, 0 0. i 0.
L yz X xy’ ]
+[T_D)], (17)
) All prefactors are included i€,. We now express the LR
_-! 5 5 exchange in matrix form in thg, ), |0,, |O,,) basis. Each
024 \,'%¢°’S[\2¢”‘VATO>+ V26,249 + buy|Ta) element(JX(j,j"); (j=yz zx,xy)) of the matrix representa-
ST, tion of Jg, is calculated as
2
-1 . IG.1") = S K )il )i
00 = eyl Tot) + T0) =6, To) = [T-0) S0 = G ggy 20 (i),
_ \’E¢ xy|S>] . (14) ><Y;,ml( 05 ¢)Y2,m2( 61 ¢)5 (18)

After having defined a proper basis, we now use the wavewhich leads to:
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(cosésin ¢)? cog fcos¢sing  sin@cosh cose Sir? ¢
B ~sirf .| coghcospsing (cosf cos¢)? sin @ cosé cos ¢ sin ¢
Sin 6 cosf cose Sir? ¢ sin @ cosfcos ¢psing  (sin 6 cose sin ¢)?

In terms ofk and introducing the constant LR quadrupole- 26, X 5|9 = -39,
quadrupole exchange paramefgy, we obtain:
1 kgké kikxky k)zlkaX 26—9 S a'h|T0> = %|TO>,
IR =Ag X 2 Kk, KA Kok, |. (19)

5 X 6 =1
k32/kzkx k)z(kykz kikf/ 20 X Uh|T+1> = 2|T+1>'
In contrast to dipole excitons, the LR part of_the quadrupole- 250 X G| T_p) = %|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 states
Moskalenko, Bobyrysheva, and Kiselyo¥aln their treat-  |Oy,), |0, [Oyy)
ment the quadrupolar interaction between the exciton states _. . 1 = L=
was given as an effective dipole-dipole interaction, but did 20 IOy = 55 ed = 3120, A + V20, {To)
not take the off-diagonal interaction matrix elements into ac- + by o Ton) + I T-)]
. . v, Xy +1 -1 ’
count. As these are of the same magnitude as the diagonal

terms, this simplification is not justified. . . i = I
20, X Uh|oz>(> = ig¢c,s[V2¢v,yz|TO> - |3\"2¢u,les>

B. Short-range exchange interaction
+ ¢u,xy(|T+l> - |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 _ -1 .
expand into orders df and treat each order by the method of 26¢ X 01/Oyy) = 55 bed oyl [ Te0) +[T-0) =1, 2| T10)

. 113 oo o —

invariants. This means.that the Hamlltqnlan has to be in — T_0) +3V2¢,,4/91. (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 ky=12.1 meV:* but _1 IR

leaves the orthoexcitons degenerate. The next higher-order (0)]H4/0;) = 5(Oj 25 x a7, X (k - K)[O;)

term would scale linearly witk. This term vanishes because = ?13<Oj|26'e X o3| 0; k2. (25)
of the inversion symmetry of the lattiggpoint group Oy).

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

asI',, while k is a polar vector and transforms B3. The

— 1.2

direct product of the spin operatofg® oy, andk @ k terms (OyJH4|Oy,) = 55K°. (26)

are decomposed into the representations as follows: This holds for all diagonal elements. Fp# j’ we find
Gelr=T,e=T1el;el,ol:. (20) (O/H,|0, k2= 0. (27)

Consequently, the SR exchan@g.® o) (k ® k) is decom-
posed into contributions of 7, I';, I';, and T’y symmetry?
The operator part of total exchange Hamiltonian can be spli
into invariant representationts; of symmetryI';. To finally,
obtain the exchange energigswe introduce the exchange

The vanishing off-diagonal elements again reflect thafithe
perator is spin conserving. As a consequence no mixing
etween the orthoexciton states occurs. The matrix represen-

tation of the SR exchange energy in the orthoexciton basis is

thus given by:

parametersy;.
Using the tables of Kosteet al® the exchange Hamil- kX 0 0
: + .
tonian of '] symmetry is given by J=A-| 0 KR 0 |=AK 1. (29)
Hy = 525 X ay)(k - k). (2D) 00K
First, we will consider the spin operators k: J, is proportional to the identity matrix and causes iden-
A A tical spectral shifts for all three orthoexciton states. Sifice
X 0= + + . . S : .
20X 00 = 2067002+ Te+0h-+ Oe-Oh.ry (22 cales as it contributes to the spatial dispersion where it
with the standard momentum ladder operatogg ., ogn-.  Can be interpreted as a correction to the effective mass. This
Now we apply the spin operators to the electron-hole spirwill be discussed in detail in Sec. V. A, does not give rise
states of Eq(13) and obtain to an orthoexciton splitting it cannot be determined indepen-
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dently in the current experiment. It is thus included in the
energyE, of the degenerate orthoexciton states.
The exchange Hamiltonian &f; symmetry is given by:

-1
212

X(K2-1K2)]. (29)

The exchange energies are again obtained by calculating tt
individual matrix elements, following the steps described in

Hj [%(‘}e : a'h - 30'e,z(7'h,z)(k2 - 3k§) + (O'e,xo'h,x - O'e,yo'h,y)

the treatment oH,. We derive the matrix representation
K-k 0 0
J=Agl 0 3-K 0 | (30)
0 0 3K-K

Again, all off-diagonal elements vanish and no mixing of the
basis states occurs. However, thelependence of the diag-
onal elements should give rise to an orthoexciton fine struc
ture.

The T, electron-hole exchange obviously vanishes.

Ha = 35((0ey0mz = 0e20my) (kKo = kiKy) + (0. 20hx~ Texoh2)
X (kkx = Kikp) + (07ex0my = Teyoh ) (kdky = kyk)]=0.
(31)
Finally, the contribution of"; symmetry is given by:
Hs = 3[(0ey0h, + Te20my) (KKy) + (00 20m + Texam ) (Kk)
+(TexOhy + Tayoh ) (Kky)]

= 10,4k k) + O,(kik) + Oy kik,) 1. (32)

In analogy to the example d¢f; we again derive the action
of the I'; spin operators on the exciton states.

0,]9=0,{9=0,/9=0,
OyTo) = 55(ITo0) +[T-0)),
0T = 55Ty = [T-0),
0,|Tp =0,
Opd|Top) +[T-0) = 5[To),
O(|T.p) +[T-1) =0,
Ou(|Tu) +[T-0) = 3(Tup) = [T-0)),

®yz(|T+l> - |T—1>) =0,

0T —[T-D) = % To),

Oy (| To) = |T-1) = 5(ITup) +[T-1)). (33

The T'; operators give rise to a mixing among the triplet
states. As the spin is not conserved, we expect only off
diagonal elements in the matrix representation. We find

04520

PHYSICAL REVIEW B 70, 045206(2004)

(a) (b) (c) ()]
k=[110] k=[001] k=[111] k=[112]

E=E -A+1/44, E=E,+2/84,+1/34,
— E—
E ~E,j4,
E2=
E| E,+1/2(4,+4,) E_a E 5 E =Ez-7/243—1/645
E,,=E,1/34,
. E=E,+1/2(4,4)) E,
o
o E,=E+24,
() 2_ e 0
[0A"-0+ = 022
|QA|2=O ‘ 1+0 0
y
1 0+ 0
=1 o . —1_13:0 =1 ose7
0+1/3
0 0.11
0 0
0

0

FIG. 1. Energy level diagram of the exciton fine structugg.
gives the orthoexciton energy including the exchange shiftand
A,. Panels(a), (b), (c), and (d) give the energy schemes fér
=[110], [001], [111], and [112], respectively(Aq=5 ueV, Az=
-1.3 ueV, As=2 peV). In the upper schemes the analytic expres-
sions for the exchange energy are indicated. Eoef112] the low
symmetry gives rise to a rather complex analytic expressiofejor
andE. In the lower half thdQA|?s are given for each level. The
upper and lower numbers correspond to horizontal and vertical po-

larization, respectively. In all cases the vertical axi§1i$0].

0 ki kk,
kk, kk, O

As for the LR term[Eq. (19)], ak-dependent mixing of the
orthoexciton states is expected.

Summarizing, we have derived three electron-hole ex-
change terms of ordde, that give rise to the orthoexciton
fine structure: the LR quadrupole interactid@f and the SR
contributionsJs, Js, where the absolute splittings are given
by the exchange parameteXs, Az, andAs, which remain to
be determined.

For high symmetnk’s (see Fig. 1 the matrices in Eqgs.
(19), (30), and (34) can be diagonalized analytically. The
new eigenstates are linear combinationg@f,), |0,,), and
|Oxy>. Fork along[110], exchange should lift the degeneracy
of the orthoexcitons and three separate lines are expected
[Fig. 1(a)], where theE,—E; splitting directly givesAs. For
k along[001] there is no contribution frond,, andJs. One
thus expects a doubly degenerate leg} and a single level
E, with a total splitting of 5. In the [111] direction we
expect to find a degenerate low energy state besides a single
high energy level. Fok along[112] we should again find
three distinct orthoexciton energies.

For the detection of the fine structure the quadrupole am-
plitudes are crucialEq. (2)]. The lower part of Fig. 1 gives
the |QA|?'s for vertical and horizontal polarization. With the
exception of thg112] direction, only one of the fine struc-
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PD1 A Cryostat P WP

7 brass holder
H I —N—H vV [1-10]

— — sample
3 I
‘ PD2
|

Oscilloscope WM spacer

Pump laser | Dye laser }7/ FIG. 3. (Color onling Left: Sample holder for strain-free
- - mounting of thin CyO slabs. Right: Configuration of angles

(rotation of the sampheand ¢ (rotation of the polarization vect@).
FIG. 2. (Color onling 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. Typi-
cally, the scan range is set 840 ueV with a scan time of
) . ) . 250 ms. The samples were mounted in a helium immersion
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 to
perturbations. One such perturbation is strain. Hence, great
IIl. EXPERIMENT care was taken to mount the samples strain-free. In our ex-
periments we used two types of samples. First, cube-shaped

The k-dependence of the exchange is investigated irsamples with dimensions o4 mm. These samples were
transmission experiments, where a laser beam propagatifgused in a brass cage, slightly larger than the sample itself.
alongk, directly probes the corresponding fine structure. Ro-Second, slab-shaped samples with lateral extensions of a few
tating the samples around the vertical axis gives access t@m, while being onlyds=<50 um thick. To ensure a strain-
intermediatek-directions. Such intermediate, lower symme- free upright mounting, special housings have been designed.
try k’s also break the strict polarization selection rulesm-  The sample is sandwiched between two brass plates, while a
pare Fig. 3. This leads to]QA># 0 for the fine structure spacer slightly thicker than the sample surrounds the speci-
components that are forbidden in high symmetrg. The  men. A sectional drawing of such a holder is shown in Fig. 3.
dependence of the orthoexciton enerdigsE,, andE; on k The samples were cut from the same naturglarystal
can thus be measured. and were oriented by X-ray diffraction. They were cut such

Following these requirements, a setup for high-resolutiorthat the surfaces correspond to a main crystalline @xis.,
absorption experimeni&ig. 2) has been designed. The cru- [001], [110], [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 crystals.
laser. The laser bandwidth &f2 neV gives access to a sub- Samples showing signatures of strain were annealed. For this
neV resolution. In the experiment the laser energy is conpurpose they were heated up to 450 °C and slowly cooled in
tinuously scanned across the orthoexciton resonance. Ttan evacuated tube. To reduce loss of oxygen, the samples
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 around
meter with an accuracy o£2 peV is used. The precision of the vertical axis by an angle’, which corresponds to an
the wavelength meter limits the absolute energy calibratiorangle ¢ (sino=(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 thé'th polariton.
relative energies. The laser beam is passed through polarizBecause of the extremely small oscillator strength of the
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 \e,,=2.55. As an example a crystal is shown
Alens focuses the laser beam onto a spot of aboyir8on  \yhere the rotation is around the10] axis. Here forp=0 the
th_e sample. After passing through an a'naly(z@rthe.trar.ls- light travels along[110]. For ¢# 0 the light travels along
mitted photons are detected by_pho'tOlede 1, which is congiarmediate’s. By means of the polarization optics,can
necte(_i to an oscilloscope. Running the laser in the frequengye varied. The direction af is given by the angles (Fig. 3.
scanning mode, the ramp voltage of the scan is used as trlgﬁzo corresponds to horizontat in our examplee(y=0)

ger input for the os_cilloscope. As the. Iaser. frequgncy IS:[001], while the vertical polarizatiogy=90° corresponds to
scanned, the transmittance of the specimen is monitored on

the photodiode 1. Photodiode 2 is used as a reference, f-[110]. _
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 left
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FIG. 4. (a) and (c) Calculated|QA|?> (open symbols |QA?
(full line), and |QAg|? (full symbols as a function ofe (rotation

around the[111]-axis) for = —35.3°(e=[00?] at ¢=0) (3 and
=54.7°(e=[110] at ¢=0) (c). At ¢=0k 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 triqng!es foyr %‘ 0. @—Q—g—’Ez

=54.7°(¢=0). (d) Spectra forp=4° andy=-35.3°(solid line) and = XY

=54.7°[open(full) dots correspond t&; (E3)]. lf ) ¢ LT E
2 | 1

panels show the calculated transition amplitudes for B (€)

—-35.3° 43 and #=54.7° 4c) as function of¢ (rotation 20 -15  -10 5 0 5 10 15 20

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. Res

¢ (deg)

FIG. 5. E4, E5, andEj; as a function ofp. Dots mark the experi-
mental data. Full lines give the calculated vaIt{e$F2r =0,k is

along [001]. ¢ describes a rotation around thié10]-axis (ds

+54.7°(e(+54.7°)=[110)) all three transitions are forbidden,
as confirmed by the experimefitiangles in Fig. 4b)]. This
confirms the calculations of panéh) and (c) and demon-

=4 mm). (b) For ¢=0, k is along[110]. ¢ describes a rotation
around thg111] axis (dg=4 mm). (c) For =0, k is along[11]]. ¢
describes a rotation around th12]-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 This allows us to directly express the exchange parameters as

. an exchange energy. Fdc along [001] [Fig. 5a)] the
=0°, wherek no longer points exactly alond.10]. For = : . : .
_35.3°. E, and E, gain oscillator strength for increasing fine structure is only determined bds, which allows to

: ) measureA; directly. The levelsE; ;3 and E, are split by
howev_erEz remains almost fully allowed m?sklng the two 3A,=3(-1.3 weV (Fig. 1). In the angular range investigated
weak lines. As expected, the spectrumgat4°® shows only

E,. However, fory=54.7° £, andE; are no longer covered no significant line shifts are expected and the degeneracy of

o . . E; and E; is only slightly lifted, which is masked by their
2 _ B 3
by theE, transition, aﬁQAﬂ IS azbout one order of magni spectral widths. For the sample orientation of FigE4, E,,
tude smaller thatQA,|? and|QAg|. Indeed the orthoexciton : — "
: 3 . ; and E; are shown as a function af in Fig. 5b). E,—E;
doublet with an exchange splitting of eV is resolvedFig. ) . . — ) . X
gives directlyAs=2 ueV in thek= configuration. Fi-
A(d)]. d tlyAs=2 ueV in thek=[110] fi t F
The degeneracy of the orthoexciton is lifted. Besides thé@lly, Ag=5 peV is determined fronks. These parameters
spectral signatures, we observe that e absorption is also give the correct relative line positions, when comparing
smaller than thé&, absorption, as predictdéig. 4c)]. Both  the absolute energies obtained forlong[001] to those for
lines are exceptionally narrow with a full width at half maxi- k along[110]. The direct comparison of two measurements
mum of <1 ueV. This gives further proof of the high quality requires great care, as the absolute laser energy is not known
of natural CyO crystals and the small homogenous broad-with sufficient accuracy. Therefore, the experiments were
ening of the quadrupole transition. performed with two samples mounted in the cryostat. While
Having demonstrated qualitative agreement betweekeeping the laser frequency stabilized, two consecutive mea-
theory and experiment, we proceed with the quantitativesurements were performed on both samples that allows com-
analysis of the three exchange paramefgysAs, andAs. In parison of the relative exciton energies. The sample shown in
our experimentk|=k,=2.62x 10’ m™' 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 arbitriary
Hence, the crucial test for our description is done by mea-
suring the exchange fine structure foiirections with low
symmetry. As a test of consistency we present datakfor
along[11]] [Fig. Xc)]. According to Fig. 1{c) we expect for
¢—0 a degenerate levél, , plus a high energy statgs,
where|QAg|? should be much weaker thaQA, 52 (¢# 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 the&és. In samples ofls™>1 mm,
lines of large|QA|?> become rather broad. This hinders the 0.0

transmission

precise quantitative evaluation of the fine structisee, e.g., 490 5 0 5 10

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

thin sample(ds=30 wm) had to be employed, which permits

resolving theE; —E, splitting [Fig. 5c)]. FIG. 6. Transmission spectra fgs=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 strdfit® Considering the energy For the beam traveling along the edge of the sample, the line
scales we are dealing with, even slightest strain on the ord&hape ofE; deviates from a Lorentzian. The shoulder on the
of 1X10® N m2 can cause a notable effédétTwo sources high-energy side might arise from a strained section of the
of strain have to be taken into account. First, external straigample. The data show that slight stress can be found in the
originating from the sample mounting. Our sample holderssurface regions of the sample. However, this does not have a
exclude this source. Second, the crystal itself can also bgignificant impact on the fine structure and can be disre-
intrinsically strained. Such stress can originate from impergarded when the laser beam passes through the center of a
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 of
will evaluate to what extent this can influence our experi-ds<100 um. For such slab-shaped samples surface effects
ment findings'8 gain importance and stress-induced perturbations can no

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

To clarify this, the experiment of Fig. 4 was repeated forsamples are shown. The sample on the left shows clear sig-
illumination of the specimen in the sample centsolid line  natures of strain, which is inhomogeneous across the speci-
in Fig. 6) and close to the sample edgotted ling. Other- ~ men. The picture on the right shows an homogenously
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 c£4 neV are found. The
spectral shifts of; and E; 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. The
sample a large volume is probed, even with a focused beamdpecimens were positioned between two crossed polarizers. Hence,
Thus, inhomogeneous strain would give rise to an inhomopright areas indicate where the sample is stressed. The bright white
geneous broadening of the lines. However, for the laser beanme is the sample edge. The dark areas in the upper right corners
passing through the sample center, the lines remain exive a reference without sample. Both samples are aboufuh®0
tremely narrof FWHM <1 peV) and Lorentzian in shape. thick.

IV. IMPACT OF STRAIN
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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 4 {
specimen. Only if the spectral positions of the exciton reso-
nances are independent of the sample section being probe% o | 3
the specimen is suited for our purposes, even though this stil2
does not prove that it is unstrained. It only shows that thew’ g |

E
strain induced perturbation is of the same magnitude as thé L
k2 exchange and homogenous across the crystal. 2 12113127 4% E,

As we still cannot exclude this perturbation, we have to
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 sarmr
symmetry as the SRR?-exchange terms? Therefore the ef-
fect of strain on|O,,), |0,y, and|Oy,) is described by the
same types of symmetry operators as given in E@s),
(30), and(34). Replacingkik;(i,j=x,y,2) by the correspond-
ing elementsg;; of the strain tensor we find

Ext €yt € 0 0
S=0;- 0 ExT €yt €7 0 )
0 0 Ext €yt €y
(35
2 T T L T T
Zeix_ Eﬁy_ €22 0 0 -10 -5 0 5 10
% = 53 0 26§y - 6)2(x - Egz 0 ) ¢ (deg)
0 0 2552_ Eﬁx_ ézyy FIG. 8. Orthoexciton energies as functiong@f{rotation 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 €Exz etersAq=5 ueV, As=2 ueV, andAz=- 1.3 ueV are plottedsolid
$=0; $=65| & 0 &2 |- (37) Ilnesl. In Eanel(b) the Ca|CU|§tI0n?_gSO|Id lineg also |ncludt_a strain
of I'; (83=— 1.4 ueV) and I's (65=-2.1 ueV) type, keeping the
€z €yz 0 exchange parameters fixed. The dashed lines give the strain offsets.

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

53, and 55, Wheresl S|mp|y shifts all three StateS, a@ and |eye|S [daShed lines in F|g(a)] As EVIdQnt from this mod-

S give rise to splittings. However, strain-induced shifts caneling, the ¢ (k) dependence solely arises from exchange,
be discriminated from exchange as they are fixed to the lathile the increased splittings arise from residual strain. Most
tice and hence depend only on the orientation of the crystalconvincingly, thek dependence is again very well described
line axes, but not ok. Therefore, when probing variokss by the set of exchange parameters derived above. The inclu-
(turning the Crysta|one would not expect any dependence ofsion of strain also gives the explanation for the shift toward

the energy levels o for strain-induced effects. lower ¢ observed in the data set. It simply originates from
In Fig. 8, the spectral positions of the orthoexciton reso-strain offsets.
nances are studied versygswith k=[111] at ¢=0 and rota- As a final test for the wave vector dependence of electron-

tion around[llE]. 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 Wwith
cording to the parameter set obtained above are skisoliu - i o }
traces. Apparently the calculations do not match the data, aglong[112] at ¢=0. The experimental findings are shown in
the E; E; splitting is by a factor of two too large in the Fig- 9, where the upper panels show spectra for the two
experiment. The experiments also show an asymmetry witpolarizationg110] 9(a) and[111] 9(b). For allk’s we have
respect top=0. The data seem to be shifted towards loweraccess to all fine structure components with comparable
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 offsets
tions include strain off’; and I'; type (8,=0), while the  again gives a good agreement between theory and experi-
exchange parameters remain unaltered. When neglecting timeent. Especially the characterisiicdependence is well de-
exchange induced shifts, we end up with constant energgcribed by the exchange parameters. As the exchange param-
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FIG. 10. (a) Exchange shifts of the orthoexcitons as function of
¢. k lies in the[001]-[110Q] plane.(b) Effective exciton mass as
function of ¢.

valence bandn, (Mg=my+m,) and the mass derived from
resonant Raman experiments. From the latter the authors ob-
tain M=(3.0+£0.2 m,, with the free electron masg,. From
cyclotron resonance experiments Goltzene and Schwab find
the band massa®s,=0.98m, and m,=0.66 m,.> Assuming
the crystals in the resonant Raman experiments were ori-
ented along thé&=[001], their results have to be interpreted
as follows: Looking at Fig. (b) we find that only theE, 3

level is optically allowed, which means that the investigated
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 fér
[001], theT] andT'; terms have to be included. The effec-
tive massM, 3 of the E; 3 resonance is then given by

hAG KA
V. INFLUENCE ON THE EFFECTIVE EXCITON MASS 2M1’3 B ZMO

¢ (deg)

FIG. 9. Transmission spectra &t=[112] (ds=95 um) for
=0 (e=[111)) (a) and y=90° (b) (e=[110]). (c) Orthoexciton ener-
gies as function ofp (k=[112] at ¢=0, axis of rotation[110]).
Squares correspond 63, open dots toE;, and triangles tde,.
Calculations based on the paramet&gs=5 ueV, As=2 ueV, Az
=-1.3ueV, §5=0.7 ueV, and 55=1.0 ueV are plotted as solid
lines. The strain offsets are given by dotted lingd. |QA|%s as
function of ¢. Solid traces give the calculaté@A|'s.

eters determine the mixing betwe#d,,), |O,,), and|Oy),
they also influence the corresponding quadrupole amplitudes.
In panel(d) the measuretQA?s are compared to the calcu-
lations and we find very good agreement.

+A; - A (39)

As the exchange terms discussed here scale quadraticayom resonant Raman scattering we know thigt; equals
in k, they can also be interpreted in terms dk-@lependent (3.0£0.2 m,.2%2°As we also know the individual masses of
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 ex-
As we have seen, the exchange shifts are on the order of feghange parameters. Taking the exchange into account the
peV and hence comparable to the kinetic energy of the exeontroversial reports on the exciton mass can be explained in
citon at the exciton-photon resonankg The wave-vector- a straight forward way. The exchange interaction between
dependent contributions to the effective mass are thus nahe exciton constituents gives thus rise to an effective mass
negligible. In the following, we will evaluate how exchange- different from the sum of the electron and hole masses. How-
induced contributions to the exciton mass affect such meaever, there might be additional reasons for this differefice.
surements. Obviously thek-dependence of the exchange gives rise to

As pointed out already by Yu and Sh&¥° there is a an anisotropy of the effective mass. Using E§8) and
discrepancy between the effective exciton migsderived  knowing the exchange shift frork, and A; we can now
from the band masses of the conduction bamdand the calculate the maskl; as function ofk:
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1 1 2 (A + A (K) (39) surements of the effective-exciton mass and the masses of its
= + — + A ; ;
M(K) ~ M1k =[001]) #2283 St constituents. The exchgnge parameters apply only for this
i) 13k =[001) ko specific exciton transition, however theé-dependent ex-
Figure 1@b) shows the exciton masses for thalirections in  change is a fundamental property. Even though this effect
the [001]-[110] plane. Indeed the anisotropy is significant. has not been observed before, it should be present for all
For example atk=[001] the effective mass of the two exciton transitions. The theoretical approach presented here

orthoexcitons differs by almost a factor of two. is semi-empirical and the magnitude of the exchange param-
eters is only accessible experimentally. We hope that our
VI. CONCLUSIONS experiments motivate microscopic calculations of the higher-

order exchange terms.

We have derived and demonstratéelependent electron-
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