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Strain splitting of 1 s yellow orthoexciton of epitaxial orthorhombic Cu,O films on MgO [110]
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We investigated the optical properties of epitaxial orthorhomic cuprous oxide films grown on[M@D
Absorption measurements show clear excitonic peaks up=tbp. Photoluminescence 2 K shows several
sharp emission peaks in the vicinity of 610 nm associated with a splitting of var®ostioexciton energy
levels. The evolution of the peaks with temperature indicates that three peaks at higher energy are due to direct
recombination of § yellow orthoexcitons and three corresponding peaks at lower energy are their phonon
replicas. The symmetry of each level is identified by the polarization properties of their photoluminescence
emissions. The observed splitting of the energy levels is used to calculate the coherency strain based on an
earlier-parametrized theory for the level splitting by Watetsal. based on the known symmetry of the
electronic states. This predicted strain is compared with that determined by x-ray diffraction measurements of
the measured lattice parameters.
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[. INTRODUCTION thy of optical studies of excitons were not realized. Bulk
Cw,O is known to have a structural instability with
Cu,0 is the first semiconductor which showed a hydro-pressuré;~*°and this may be relevant to film growth under
genic exciton absorption seriésSince then, its excitonic stress. By subtly controlling the temperature and partial pres-
properties have been extensively studied in bulk matédal. sure near the solid-liquid transition, we earlier achieved the
hole in the highestI(7) valence band and an electron in the 9growth of high-quality epitaxial orthorhombic @@ thin

. 7 .
lowest ("¢) conduction band form a 12—f0|d—degenerat<=:f'lmfst on Mq[q1t10] sul?)stratei. In this Eape_rt, we lrefFIJort threh
complex of exciton states, which split into four-fold- excitonic structure observed in such epitaxial fims. the

degenerate yellow exciton and eight-fold-degenerate gree?‘P“mng and shift of the 1s orthoexciton energy level were

exciton states due to spin-orbit coupling. Electron-hole eX_analyzed in terms of the distortion from the cubic structure

i ) . . of the bulk material.
change further splits the fourfold yellow excitons into triplet
(orthoexciton and singlet(paraexcitoh statess The three
degenerate yellow orthoexciton states transfornxyasyz, [l. SAMPLE PREPARATION AND CHARACTERIZATION

andzx under the symmetry (_)perations of tBg group. Due The CyO films were prepared by the following proce-
to the fact that the conduction and valence bands have th§,res cu was first deposited under high vacuum on MgO

same parity, the dirgct radiqtivg recombipation of orthoexcipstrates. These specimens were then placed in a quartz
tons, denoted aX,,, is electric-dipole forbidden but quadru- type within which the oxygen pressure could be controlled
pole allowed, while the paraexciton is optical inactive toand monitored; the tube was in turn located in a resistively
even higher order. The splitting of the exciton energy levelsheated furnace. The specimens were then heated and cooled
has been studied earlier in uniaxial-stressed bulgGCarys-  according to various protocols described elsewhérghe
tals with resonant-Raman-scattering spectroscopy. The yekey requirement is that the sample be heated to a temperature
low exciton series was observed to split into two or threeat or slightly above the melting temperature but not so high
lines for a stress applied along tt@01) or (110) directions, as to cause the film to “bead up” into islands. Under this
respectively’~® The energy levels were calculated using ancondition smooth shiny, epitaxial GO films often resulted.
effective Hamiltonian formalism. Deformation potential and This procedure could be classified as a variant of liquid-
spin-spin exchange terms were treated as perturbdtioims.  phase epitaxy.
the simulation, an exchange energy and three deformation Two films we investigated in the present work. Both films
potentials were used as adjustable parameters. The strain wiaad shiny surfaces with an orange-purplish color. However,
calculated from the applied stress using the known elastithe CyO film on sample A spread uniformly on the sub-
constants. strate, while for sample B was a 5 ma® mm island
CwO films have been prepared by a number ofwhich coalesced near the center of the 8 FriigO sub-
groups’~** MgO has usually been chosen as the substratetrate. The difference between the two samples results from
because of its close lattice match to that o,Oumismatch  the extreme temperature sensitivity of the wetting properties
~1.4%) 81 However, single-crystal-like GO films wor-  near solid-liquid equilibrium line. Sample A was likely closer
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TABLE |. Measured parameters and strain tensor elements.
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(a) Parameters determined by x-ray diffraction

Bulk Sample B Sample A
220 (d/26) 1.510 A/61.344° 1.520 A/60.890° 1.524 A/60.727°
200 (d/26) 2.135 A/42.297° 2.140 A/42.194° 2.144/42.115°
111 (d/26) 2.146 A/36.418° 2.473 A/36.290° 2.473 A/36.295°
w220 NA 0.130 0.2°
(b) Strain tensor elements determined fréan
£, 0 —0.0034 —0.0084
£xx 0 0.0031 0.0050
Exy 0 0.0045 0.0053

to the solid-liquid line, while the temperature for sample B iscentered orthorhombic structure, the strain tengpcan be
presumed to be slightly above this line. extracted from the abowspacings. Table(d) lists the peak

A Kappa diffractometer and Rikagu 18 KW rotating an- angles,d spacings, and rocking curve widths extracted from
ode x-ray generator were used 26, , and¢ scans. The a scan in thg220) plane. Table (b) lists the strain tensor
Kea, line was selected by a SiC monochromator. The fullelements calculated from the data of Tali®.|

width at half maximum(FWHM) of the rocking curve ob-
tained from arw scan is a measure of the mosaic spread. The
angular peak position of thé-260 curves gives the lattice
constants. We now describe the four-circle x-ray diffraction
(XRD) measurements used to determine the principal lattice
constants of the G films grown on MgQ(110. The #-26

scan gives the angular peak position for {220 planes
wheny=0. Titling y to 45° allows a measurement of thé 2
peak position to th€200) planes. Titlingy to 35.26° and
rotating ¢ to 90° allows a measurement of thé peak po-

sition for the(111) planes.

Using the & peak positions of the MgO substrate as the
calibration, we find that all the 2 peak positions measured
for our Cy,0 film were shifted to smaller values than those
of a bulk crystal, which implies that the film expanded in a
direction perpendicular to the substrate plane. Using Bragggi
law with A=1.54056 A and 2 peak positions, we can cal-
culate thed,,q, d,q9, @anddqq; Spacing. Considering a base-
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Ill. OPTICAL MEASUREMENTS

A. Instrumentation

To characterize the optical properties of the films, we

measured the transmission and photoluminescence spectra of
samples A and B. Absorption measurements opCCtilms

on MgO at room temperature were carried out using a Cary
1E UV/Vis Spectrometer. For absorption and photolumines-

cence spectra at low temperatures, the sample was loaded in

relative transmission

FIG. 1. Room-temperature transmission spectra giCClLine 1
is for a single 2.5am Cu,0O thin film. Line 2 is for a stack of five
2.5-um Cu,0 films. Line 3 is for a thin slab of natural GO single

crystal.
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the sample space of a Janis-variable-gas-flow cryostat. For
the absorption setup, incandescent light was passed through
several pinholes to reduce the beam size to around 2 mm;
this beam was incident normal to the film. A set of neutral-
,density filters were placed between the pinhole and cryostat
optical windows; the purpose was to improve the signal-to-
noise ratio by integrating the signal for a longer time without
simultaneously saturating the charge-coupled de(@eD).
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FIG. 2. Transmission spectra of a 2u8n Cy,0 thin film at 77
K; the n=2,3,4,5 exciton absorption peaks are marked.
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FIG. 4. Photoluminescence spectra from g@dilm for differ-
ent temperatures: 2 K, 18 K, and 30 K, from bottom to top, respec-
tively.

FIG. 3. Photoluminescence spectra of a,Gufilm on MgO
(110 at 2 K. Line(A) is for sample A, and lingB) is for sample B.
The dotted line at the bottom is from natural bulk crystal.

. ) _ . transitions involving the absorption and emission of g
The transmitted signal was collected by a lens comblnatlora,pticm phonort, respectively. The bandedge is around 595
whi_ch imaged the sz_imple onto the input surface of a fiberym other features may be due(f transitions of yellow &
optic bundle. The signal was detected by SpecOne S00Mihoexcitons involving other phonons a(@) transitions of
spectrometer equipped with a liquid-nitrogen-cooled CCD.q ¢ green excitons involving phonons. At 77 K, the absorp-
For the luminescence setup, the output beam of a CW 514§, spectrum reveals four distinct exciton transitions (
nm argon laser was filtered by a narrow-band pass fidten- =2p, 3p, 4p, 5p), as shown in Fig. 2. The <L (yellow)
tered at 514.5 nm with bandwidth 10 nnThe laser beam 4 inoexcitons cannot be seen in the absorption spectra since
was incident on the sample at an angle of 20° to the surfacga fiim is too thin (this transition is only quadrupole al-
normal. The luminescence was collected by the lens combig,yeq). we believe this is the first time that clean excitonic

nation from the direction normal to the film surface. An ghqorption lines have been observed in a heteroepitaxial
OG570 low-pass filter was placed after the lens to attenuatg, 5 fiim. Exciton peaks up tm=12p have been previ-

the pumping beam. To study the polarization properties of,qly reported on a high-quality thin natural bulk cryal.

the photoluminescence, we placed a cube polarizer after thge tested our system with a high quality natural crystal. It

lens. showed only then=2p—5p absorption peaks, which sug-
gests that the number of exciton lines observed in the films

B. Measurements of the absorption spectrum may be limited by the resolution of our detection system.

Absorption spectra were used to measure the band gap
and principal-exciton series in our g films. The absorp-
tion spectra are similar for the two samples. Figure 1 shows Since the one-photon direct transition to the drthoex-
the absorption spectra taken at room temperature. Line 1 igiton is only quadrupole allowed, our films are too thin to
Fig. 1 shows the room-temperature absorption spectrurshow this feature in absorption. However, as noted above,
from the 2.5xm film on MgO (110). To identify the features the photoluminescence from the film shows clearoithoe-
in the spectrum, we compared the absorption spectrum fromciton emission features. Figure 3 shows the photolumines-
the 2.5um Cw,0 film with that from a thin <10 um) slab  cence spectra of the film at 2 K. The solid line is from
of high-quality natural C30 single crystal; this is shown as sample A and the dotted line is from sample B. The dashed
line 3 in Fig. 1. To better show the detailed absorption feadine at the bottom of the figure is from a natural single crys-
tures, a film was cut into identical pieces and the absorptiofial. As the dashed line shows, the dominant spectral feature
spectrum was measured from a stack of five of them, a#or a C,O single crystal is the quadrupole direct recombi-
indicated by line 2. The absorption spectra of the film and thenation emission at 609.76 nm, denotedXas and itsI';,
high-quality natural single crystal show similar features. Thephonon replica at 613.73 nm. In these films, the orthoexciton
two features marked &8, andE, correspond to absorption degeneracy is totally lifted and it splits into three energy

C. Measurements of the emission spectra
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TABLE Il. Exciton parameters as determined from Raman measurer(iRats4).

Exciton (symmetry Wave function
1
Yellow paraexciton 1T";) b= ¢yn< T [Y"(aBe+ Bag)+2Y, BB~ 2Yiaa,]
12
Yellow orthoexciton ¢I';) P= ¢yn( N ) "(awag+ BB +2Y,  Bag—2Y3a 8]
(electric quadrupole b= ¢yn( é) [Y"(—aac+ BB)—2Y,  Bag—2Y3iaB,]
¢1O ¢yn( \/_—2 [Y'(Bac— a,BC)—ZY;l,B,BC—?_Y%aaC]
Green exciton {I's) Ps= ¢gn(ﬁ [Y"(aac+ BB +2Yi(aBe+ Bag) —2Y, N Bag+ aBy)]
(magnetic dipolg b= ¢>gn< %) [Y'(— aact BB:)+2Y3(aBct Bac) —2Y; H(Bact aB)]
i
¢i= %(E (Y taac— Y36
Green exciton[';) N f [Y2 aac—Y28B0)]
(electric quadrupole b= ¢gn( __\/gl [Y"(Bac+ aBe) —Y; BB+ Yiaa,]
Green exciton {T'2) =g \/_4[Y”(aac+ BB)+3(Y,  aB—YiBe )+ Y, taB— YiBac]
. 1
(electric quadrupole = ygn T, —Y"(— aact BB —3(Y, *aBc+ YiBec) + Y,  Bac+ YiaBe]

8= dgn [[Y”wac afe)+Yiaac+Y; BBc]

levels. The three peaks at higher energy are the direct recorergy level. We note slight differences in the peak positions
bination lines. The three peaks at lower energy, and adjacefidr X, emission and their associated phonon-assisted emis-
to them, are theid’;, phonon replicas. We identified the sion between the two samples. This is not surprising when
emission features based on two observations. First, the pheve consider the different lattice parameters for the two
ton energy differences between the 1-4, 2-5, and 3-6 peaksamples. We will discuss this energy splitting in Sec. IV. The
are the same and equal to the energy of HiJkphonons  linewidths of the threeX, emissions are~0.4 nm for
(~13 meV); second, as we increase the temperature, theample A and~0.27 nm for sample B, while the linewidth
intensity of the three peaks at higher energy decreases whilef X, emission for a natural crystal under the same experi-
the peaks at lower energy broaden and their intensity inmental conditions is~0.15 nm, which is the limit of our
creases, as shown in Fig. 4. A similar phenomenon is obresolution. The broadening of th&, emission peaks might
served in natural crystals. Since less excitons occupy tharise from two causesl) a distribution of lattice constants,
low-kinetic-energy states at high temperatures, the intensitgs characterized by the half width of the rocking curve, and
of the X, emission decreases and eventually disappears. TH2) a shortening of the exciton lifetime resulting from defects
broadening of the phonon-assisted emission features with ina the sample. Sample B has a smaller rocking curve FWHM
creasing bath temperature suggests that the excitonic ten9.13°) than that of sample A (0.2°); it also has a shakfer
perature is in equilibrium with the bath temperature. Theemission peak than that of sample A, which indicates that
small peak at 616.26 nrt616 nm for sample A(B) is the  strain inhomogenity is an important mechanism in broaden-
I';5 phonon-assisted emission of the lowest orthoexciton ening the X, emission peak. Since we do not have time-
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resolved data on orthoexciton photoluminesce(tek) for TABLE lII. Exciton wave functions for a base-centered ortho-
these films, it is not clear how seriously the defects affect thehombic CyO film on MgQ(110).
orthoexciton lifetime.

The polarization properties of each PL peak were studied h=—d
to identify their symmetry. The symmetry of an orthorhom-
bic Bravis lattice isD,;, . Thel ;5 O}, orthoexcitons split into V=2
Iy, T, , andl’; orthoexcitons. The basis functions 0% , 1
I';, andT'; are z(x—y), z(x+y), and xy.?® Using the ‘//3:$(¢2+¢6)

guadrupole operator to analyze tg emission, we see that
direct emission from thd'; state is not allowed. Th&,

-1
S
state is linearly polarized along th@01] direction, whilel ; v \/2(¢4 ¢

is linearly polarized along the110]. Our experimental re- -1

sult is that peak 2 is partially linearly polarized alof@1], Ys=—(s+ ¢g)
peak 3 is partially linearly polarized anrIngO], and peak 1 V2

is much weaker than peaks 2 and 3. This indicates that peak 1

lis al'; state, peak 2 is H, state, and peak 3 isl3; state. ¢e=$( ¢3~ ¢e)

The weak signal for peak 1 and the partially linear polariza-
tion of the remaining two can be the result of scattering and
light collection in a cone along thgL10] direction which

causes a deviation of the experimental results from the ideal

1
=—=(ds— ¢7)
/7 \/E 4~ P7

predictions of the theory. Using the dipole operator to ana- Yg=—(bs— bg)
lyze theT 1, phonon-assisted emissions, we see thatlthe V2
state is linearly polarized alor{@01], I'; is linearly polar- Wo= g
ized along 110], andT"; is linearly polarized alon§110]. _

X . ) ) . 10= P10
Experimentally we find that peak 4 is partially linearly po-
larized along[001], peak 5 is partially linearly polarized Y11= 11
along[110], and peak 6 is partially linearly polarized along Uio= 1y

[110].

Due to the reduced symmetry in the films, direct recom
bination of paraexcitons should be allowed, theoretically. A
close examination of peak 5 for sample A shows a small kin
on the left wing, which is more pronounced for sampléaB
613.07 nm. It may be due to paraexciton direct recombina-
tion.

I“’thermal contraction. The direct approach would be to mea-
sure the lattice constants at helium temperatures; however, a
cryogenic diffractometer was not locally set up. Furthermore,
the unusual behavior of GO reported in Refs. 14-16, and
the fact that the strain does not relax in our rather thick films
(which led us to earlier conjecture the possible presence of a

IV. PARAMETRIZATION OF THE ORTHOEXCITON metastable structure for strongly strained,Ousee Ref. 1)

EMISSION DATA suggest that a simple estimate of the effect of differential
contraction is not unreliable.

We now use the effective Hamiltonian formalism to ana- In the earlier Raman studies the strains were obtained
lyze the energy splitting oK, emission of the films. The 12 more or less directly from the applied stress and the known
exciton basis functions from Refs. 4 and 5 are listed in Tableslastic constants. We therefore elected to use#nker mea-

. To block diagonalize the effective Hamiltonian matrix, we sured parametergharacterizing the effects of strain on the
used a different 12-exciton basis set given in Table I, whichexciton spectrareported by Waterst al*® and given in
takes into account the different symmetries of the excitons imable V) and ourmeasured splittingf the exciton lines to

the orthorhombic structure. The effective Hamiltonian iscalculate the strairpresent in our film. The overall consis-
block diagonalized into four 83 blocks, the elements of tency is then judged by a comparison of telculated low
which are given in Table IV. The three orthoexcitongs(  temperature strainswvith our measured room temperature
g, 10) and paraexciton ,,) appear in separate blocks, strains as listed in Table I. The fitted and measured energy
which allows us to accurately solve for the eigenvalues. Thehifts of orthoexcitons for samples A and B and the predicted
parameters characterizing the exciton splitting were takestrains are listed in Table VI. The agreement between the
from Refs. 4 and 5 and are listed in Table V. low-temperature predicted and the room-temperature mea-

It is important to emphasize the strain tensor elements thagured strains for sample A is rather good, given the above-
we derived from our x-ray diffraction studies apply only to stated reservations. The agreement for sample B is more
room temperature, whereas our measurements of the splittingualitative. However, given our earlier discussion, in which
of the X, line were carried out at helium temperatures.it was emphasized that the overall quality of sample A was
Clearly one must be concerned about the effect of differentiasuperior to sample B, we judge these results reasonable.
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TABLE IV. Effective Hamiltonian matrix.

PHYSICAL REVIEW B56, 245315 (2002

U2 g Y10
2 A+EZ+3J,+aTre —6deyy —6d\2e,
—3b(exx—e2)
i —6de A+ES-23J),+aT 4
’ Y o~ 8YgTalle _J_sﬁb(sxx_szz)
—3b(exx— 222 3\/5
i —-6d.2¢ 4 EY—1J,+aT
10 Xy ﬁ\]_s\/ib(exx_szz) c—evytalre
V2 g Y10
U A+EZ+3J,+aTre —6deyy —6d12¢,,
—3b(exx— 222
s —6dey, A+Ed+33,+aTre ~3\2b(z 0 22)
—3b(exx—222
12 76d\/§8xy 73\/§b(8xx7822) E¥+%Jy+aTl’8
s s U
g_5 4 33
lr/j4 A+EC 6Jg+aTr8 ﬁJ_s\/gdSXy Tb(SXX_EZZ)
_3 _ 3
+3\/§d8xy 2b(exx— €22 +ﬁb(8xx_szz) +3ds><y
s i.]—3\/6dsx E)c/_ %Jy+aTr£ 3\/gb(sxx_szz)
32 Y
3
+ﬁb(8xx_gzz) +3\/§d8xy
" 33 3v2b(e,— 5,)) A+E%+ 13, +aTre
6 Tb(axx_azz) 20 (Exx™ €&z c' 2vg
+3d8><y +3\/§d8xy _3\/§d8xy+%b(8xx_szz)
3 e g
g_1 3\3 \/3
s A+EI-33,+aTre — b2 —3V3b(exx—22)
+3\3de,y+ 2b(exx— 222 +3de,, +3\2de,,
3\/§ + g_>5 + 4
b _Tb(sxx_szz) A EC 6‘]9 aTre ﬁJ"'S\/édsxy
+:Sidf':xy 73\/§d8xy7 %b(exxiezz) + ib(sxx_ezz)
2
4 _1
s _S@b(sxx_szz) —J+3\/€dsxy E sJytalre

+3\/§dsxy

3\2

3
+ _Zb(sxx_ €22

%
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TABLE V. Measured electron splitting parameters. When comparing a G® bulk crystal to CyO films, we note
: : several unique advantages for studying coherent excitonic
Exciton parameters as determined effects:(1) films provide at least a one-dimensional confine-
from Raman measurements ment of the excitons, which should lead to higher exciton
(Ref. 4 densities and a better estimate of that densgyfilms are in
- better thermal contact with the environment, which should
J —183 cm lead to more rapid cooling following a pump pulg8) the
Jy /2 strain induced by the lattice mismatch between the@u
Jg 2] film and the MgO substrate can lift the degeneracy of the
A 600 cnmi* orthoexcitons state@esulting in a higher density in the low-
a -1.8 eV est leve] and, theoretically, might lead to the direct observa-
b -0.3 eV tion of the optically-forbidden paraexcitons; aid) since
d 0.5 eV lithographic patterning and etching of the films is relatively
E, (18588-1242 cm™ - straightforward, high-quality patterned films with good opti-
E, (17523-795 cm™ - cal properties could be used to perform a variety of exciting

experiments, such as fabricating an exciton Josephson junc-
tion, confining an exciton condensate, propagating polaritons
in a waveguide, etc.
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TABLE VI. Predicted energy splittings.

Sample A: calculated,,=0.005, ¢,,=0.005299,¢,,= —0.0084

Energy Measured valu@V) Fitted value(eV) Error (%)
Eground Orthoexitons 2.034 2.040925 0.34
Energy splittings:
Es 0.00037 0.00037 0.03
Eio —0.00326 —0.000448 86.26
Eg 0.00515 0.004479 13.04

Sample B: calculated,,=0.004580,¢,,=0.003488,¢,,~= —0.017
Energy Measuredval(eV) FittedvalugeV) Erron%)

Energy splittings:

Es 0.0006 0.000583 2.76
Exo —0.00243 —0.002611 7.47
Eg 0.00508 0.00669 31.69

Fitting parametersa=0.05,b=0.32004,d=0.4876,A=0.094 eV,J=—-0.0227 eV.
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